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Preface

Rubber nanocomposites have attracted many researchers due to their unique properties. In

rubbers, fillers are used to achieve products with improved properties for end use applica-

tions. It is well known that for most of the applications, rubber must be reinforced with

certain fillers such as carbon blacks, silica, clay and so on. Rubber nanocomposites are

prepared through different techniques such as melt mixing, mill mixing, solution mixing,

latex stage mixing followed by a co-coagulation method and polymerization around the

filler particles. As compared with microfiller-reinforced rubber, nanofiller-reinforced rubber

exhibits high hardness, modulus, anti-aging and gas barrier properties. Therefore, the

nanoconcept is highly relevant for rubber compounds since their applications require filler

reinforcement.

The present book focuses on the synthesis, morphology, structure, properties and applica-

tions of natural and synthetic rubber nanocomposites. This book carefully debates the

preparation of unmodified and modified nanofillers, various manufacturing techniques of

rubber nanocomposites, structure, morphology, properties and applications of nanocompo-

sites. The text reviews the processing; characterization and properties of 0D, 1D and 2D

nanofiller-reinforced rubber nanocomposites. It examines the polymer/filler interaction, that is,

the compatibility between matrix and filler using unmodified and modified nanofillers. The

extraction of various nanofillers and nanocrystals from bioresources such as cellulose and

starch and their incorporation in natural rubber for the development of eco-friendly green bio-

nanocomposites is reviewed in detail. The book also examines the applications of rubber

nanocomposites in various engineering fields.

This book consists of 24 chapters and each chapter covers various relevant topics in rubber

nanocomposites. The state of the art, new challenges and opportunities in the area of rubber

nanocomposites are discussed in Chapter 1. Chapter 2 is devoted to various aspects and

technologies for the manufacture of rubber nanocomposites. The effect of various spherical

fillers on the properties of rubber by in situ generated filler particles through sol-gel process is

described in Chapter 3. Chapter 4 considers interface modifications in rubber nanocomposites

through reactive and nonreactive routes. Chapter 5 reviews the preparation, characterization and

properties of green rubber nanocomposites. It emphasizes the preparation of nanoparticles from

natural resourceswhich couldbe incorporated into natural rubbers to produce eco-friendly green

composites. Chapter 6 surveys the effects of the incorporation of carbon nanotubes on the

physical and mechanical properties of natural and synthetic rubbers. Chapter 7 deals with the

preparation, properties and applications of rubber/clay nanocomposites. The preparation,



characterization and properties of nanocellulose fiber-reinforced rubber nanocomposites are

discussed in Chapter 8.

Chapter 9 surveys the role of nanofillers for the interface modification and various other

properties of rubber–rubber blends. Chapter 10 focuses on nanofilled thermoplastic elastomers

and is exclusively dedicated to the properties of polyurethane nanocomposites. The major

developments in the morphology of rubber nanocomposites are extensively reported in

Chapter 11, with the morphology being analyzed using various microscopic techniques.

Chapter 12 describes major achievements in the physical properties of nanofilled rubber as

compared to microfilled systems. Chapter 13 deals with the nonlinear viscoelastic behavior of

rubbery nanocomposites. The rheological properties of rubber nanocomposites are described

in Chapter 14. An understanding of the rheological properties of polymer nanocomposites is

crucial to gain a fundamental knowledge of the processability and structure–property relations.

Chapter 15 discusses the electron spin resonance (ESR) method as an indirect method to

characterize rubber nanocomposites by introducing stable free radicals into the matrix.

Chapter 16 describes how solid-state nuclear magnetic resonance (NMR) and the surface

energetics of silicas can be used to improve filler–elastomer interactions in nanocomposites.

Chapter 17 deals with the characterization of rubber nanocomposites using wide-angle X-ray

diffraction and small-angle X-ray scattering techniques.

Chapter 18 surveys the effect of nanofillers on the barrier properties of rubber nanocompo-

site membranes. Chapter 19 describes conducting rubbers incorporated with nanographite and

graphite nanosheets as fillers. The aging and degradation of rubber nanocomposites under

various atmospheres such as temperature, ozone, oxygen and so on is discussed in Chapter 20.

The characterization of rubber nanocomposites, that is, the organization of filler particles and

filler–matrix interactions using positron annihilation spectroscopy (PAS) and nanoindentation

(NI) is discussed in Chapter 21. Chapter 22 describes the thermal properties of rubber

nanocomposites. The theoretical approach to the properties of rubber nanocomposites is

discussed in Chapter 23. Finally, the application of rubber nanocomposites in various fields

based on their properties are described in Chapter 24. Rubber nanocomposites find a large

number of applications in tire and non-tire engineering and also in biomedical field.

Sabu Thomas

Ranimol Stephen
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1.1 Introduction

Nanoscience and nanotechnology can be considered as a revolutionary science in the

multidisciplinary area combining chemistry, physics, material science, electronics and bios-

ciences. It is a fascinating technology of the twentyfirst century, ranging from novel building

materials tomedicine. Normally, the term nano encompasses the range 1–100 nm.With respect

to diversity in technological applications, nanotechnology offers novelty and versatility not

observed in any other field.

Nanoengineered polymeric materials are of great interest, rapidly growing new class of

materials alternative to conventional filled polymers or polymer blends. The value of

polymer nanocomposites (PNCs) not only solely based on the mechanical property

enhancement but also value-added properties without sacrificing the inherent processability

and mechanical properties of the polymer. The first industrial application of PNCs was

provided by Okada et al. [1] They synthesized a Nylon-6 nanocomposite by polymerization

in the presence of monomer. It was then marketed by UBE industries and Bayer; currently it

is used to make the timing belt cover of Toyota’s car engines and also for the production of

packaging film.

Elastomers are filled with small and hard particles to improve themechanical properties like

elasticmodulus or resistance to abrasion.Afine dispersion offiller resulting in good adhesion at

the polymer/filler interface is the basic requirement for attaining optimum reinforcement and
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low hysteresis in elastomers. Carbon black and mineral fillers such as silica has been widely

used in rubber industry for the past many decades to improve properties. However, due to

the high structure of carbon black strong shear fields or filler modification needed to ensure

fine dispersion.

Over the past few years rubber nanocomposites have been widely discussed by scientists by

considering the number of potential nanoelements such as layered silicates, talc, silica,

nanobiofillers and carbon nanotubes. Although all these nanofillers have been in use in rubber

nanocomposites for past 10 years, themajor interest is on the use of layered silicates and carbon

nanotubes. Incorporation of clay or layered silicates to polymer matrix provides four different

structures: (i) conventional, (ii) partially intercalated and exfoliated, (iii) fully intercalated and

dispersed and (iv) fully exfoliated and dispersed. It is interdependent on the clay concentration,

the degree of clay layer separation and distribution in the composites [2]. In microcomposites

or conventional composites the particles exist as aggregates with no insertion of polymer

matrix. Hence it cannot impart any enhancement in properties. Intercalated nanocomposites

consisting of a regular insertion of polymer in between the silicate layers in a crystallographi-

cally regular fashion [3–6]. In an exfoliated nanocomposite, the individual 1 nm silicate layers

are separated and dispersed in a continuous polymer matrix, with average distances between

layers depending on the clay concentration. Exfoliated nanocomposites exhibit better proper-

ties owing to the maximum polymer/filler interactions. In exfoliated structure, the entire

surfaces of the layers are available for interactions with the polymer. Therefore, it is a major

challenge in polymer nanocomposite field to achieve a fully exfoliated structure.

This chapter provides information about the developments in rubber nanocomposites. The

discussion focuses on the different types of potential nanofillers and their reinforcement in

various rubbers. Attempts have been made to establish the morphology-property correlations.

1.2 Various Nanofillers

1.2.1 Layered Silicates

Layered silicates (LS) are rock-forming minerals and are main active minerals in soils and

clays. Nowadays, they are important raw material in many areas, like construction, ceramics,

paper industry, cosmetic industry, biomaterials, electronic field and so on. The significant

potential of this material captured various applications which include composite materials,

molecular sieves, selective ion trap, catalytic support and so on.

LS/clay minerals are part of the class of silicate minerals, phyllosilicates. They include

natural and synthetic clays such as mica, bentonite, magadiite, laponite, fluorohectorite and so

on. LS are themost widely used 2-D nanofillers invarious fields. The structure of LS consists of

a 2-D layer of two fused silicate tetrahedral sheet with an edge-shared octahedral sheet ofmetal

atoms, such asAl orMg. Themodel crystal structure of LSwas proposed byHoffmann et al. [7]

In the case of phyllosilicates the neighboring layers are separated by aweak van derWaals bond

and the gap are called galleries or interstatum, the layers exist as small flake like structure. The

galleries are occupied by cations and they counterbalance the excess of negative charges due to

the isomorphous substitution of Si4þ for Al3þ in the tetrahedral sheet and Al3þ for Mg2þ in

the octahedral sheet. This will result in the partial positive charge in the gallery, considered as

the beauty of intercalation chemistry required for the dispersal of clay in the polymer on a

nanometer scale. Figure 1.1 gives the schematic structure of layered silicates.
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These sheet-like nanofillers are �1 nm thick and 100s to 1000s of nanometers long; as a

result they possess a high aspect ratio. Therefore, polymer/silicate nanocomposites provide an

attractive method to improve the polymer properties such as stiffness, strength and barrier

properties without any change in processing technique. Primarily, two types ofmicrostructures

could result from the interaction between polymer and the layered silicates: (i) intercalated and

(ii) exfoliated structure. A regular pattern of insertion of polymer in between the galleries of

silicates can be occurred in intercalated structure. However, in exfoliated structure, the

individual silicate layers of approximately 1 nm are separated and dispersed in a continuous

polymer matrix. The later system exhibits better properties due to the higher polymer/LS

interactions. The dispersion of inorganic fillers in organic polymers is like oil in water. Theway

to overcome this drawback is by transforming the organophobic galleries to organophilic. This

is achieved by replacing the cation originally present in the galleries with organic cation, which

has long organic chains with a positively charged end. It will act as a compatibilising agent

between organic and inorganic phase; since like dissolves like. Amino acids were the first

compatibilising agents used for the synthesis of polymer nanocomposites [9]. Alkyl ammoni-

um ions are the most widely used promising compatibilizing agent. It has the ability to lower

the surface energy of the layered silicates and as a result it reduces the electrostatic interactions

between the silicate layers and allowmolecules to diffuse between the layers [10, 11]. The basic

formula is [(CH3¼CH2¼)nNH
3þ ], where n is between 1 and 18. It is interesting to note that the

length of the ammonium ions has a strong influence on the resulting structure of nanocompo-

sites. Lan et al. [12] observed that alkyl ammonium ions with a chain length larger than eight

carbon atoms favored the synthesis of exfoliated nanocomposites whereas ammonium ions

with shorter chains led to the formation of intercalated nanocomposites. Examples of other

compatibilizing agents used for the organic modification of layered silicates include poly-

etheramines, dihydroimmidazolines, silanes and so on.

1.2.2 Nanotubes

Among different types of nanotubes, carbon nanotubes are the most widely used and accepted

in polymer research field and industry. Carbon nanotubes are allotropes of carbon and belong to

the fullerene structural family. As the name indicates, nanotubes are cylindrical in shapewith at

Octahedral sheet (Al, Mg, O, OH)

Tetrahedral sheet (Si, O, OH)

Tetrahedral sheet (Si, O, OH)

Various cations

4 Si

4 Si

6 (O)

6 (O)

4(O), 2 (OH)

6(Al, Fe, Mg)

4(O), 2(OH)

4 Si

6 (O)

Various cations

Figure 1.1 Schematic structure of LS, MMT 2:1 type (Reproduced with permission from S. Grunwald

and K. McSweeney, ‘‘Secondary Silicates,’’ University of Wisconsin-Madison, Department of Soil

Science, http://www.soils.wisc.edu/courses/SS325/silicates.htm#structsil (accessed July 3, 2007).)

Nanocomposites: State of the Art, New Challenges and Opportunities 3



least one end capped with a hemisphere of the buckyball structure; it is spherical in shape. The

structure of a carbon nanotube is shown in Figure 1.2 [13].

In nanotubes the diameters are in the order of a few nanometers; however, they are

millimeters or even centimeters long. Therefore, these nanotubes possess a high aspect ratio,

thereby imparting high strength to the polymer with a small weight percent. The excellent

properties of carbon nanotubes are a consequence of its bonding nature. The chemical bonding

of carbon nanotubes are sp2 hybridized as seen in graphene, which is stronger than sp3 as in

diamond. Nanotubes are classified into: (i) single-walled nanotubes (SWNTs) and (ii) multi-

walled nanotubes (MWNTs). Carbon nanotubes can be synthesized by different techniques,

such as arc discharge, laser ablation, high-pressure carbon monoxide (HiPCO) and various

catalytic chemical vapor deposition (CVD) techniques [14–20].

Carbon nanotube-reinforced composites are of particular interest in the field of material

science to develop significantly lightweight strong materials. A major problem in this field is

the failure to attain a homogeneous dispersion of nanotubes in the polymer matrix due to the

aggregation of these tubes. Researchers have employed different techniques to attain optimum

dispersion of nanotubes in the polymer matrix, including: (i) solution mixing [21],

Figure 1.2 Upper image: cluster of nanotubes and nanoparticles on lacey carbon support film. Lower

images: higher magnification images of nanotube/nanoparticle clusters (Reproduced with permission

from P.J.F. Harris, “Carbon Nanotubes and Other Graphitic Structures as Contaminants on Evaporated

Carbon Films,” Journal of Microscopy, 186, 88–90, � 1997, Wiley-Blackwell.)
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(ii) sonication [22], (iii) coagulation [23], (iv) melt compounding [24–27], (v) in situ emulsion

polymerisation [26, 27], (vi) the use of surfactants [28] and (vii) chemical functionalization of

nanotubes [29, 30]. Chemical modification of carbon nanotubes is the best technique to get

more homogeneous dispersion through covalent and noncovalent attachments of functional

groups in nanotubes with the matrix. Various strategies of functionalisation of carbon

nanotubes have been reported by researchers [31–37]. Among the different functionalisation

methods electrochemical modification and surface initiated in situ polymerization are the

appreciable means for the preparation of nanotubes reinforced polymers with maximum

properties and minimum damage of CNTs [38–42]. Owing to their structural characteristics,

electrical and mechanical properties, CNTs are used in a wide variety of applications in the

automotive and aerospace industries [43, 44], as nanoelectronic devices [45–47], as tips for

scanning probe microscopes [48–50] and so on.

A new class of naturally occurring nanotubes (silicates with a nanotubular structure) named

halloysite nanotubes (HNTs) have been reported and used as reinforcing filler in various

polymers [51, 52]. HNTs are aluminosilicates with nanodimensional tubular structure composed

of siloxanegroupson the surface alongwith a fewhydroxyl groups; theypossess abetter dispersion

property and the ability to formhydrogenbondingwith the functionalizedpolymermatrix [53, 54].

1.2.3 Spherical Particles

Nanofillers of isodimensional, that is, with three dimensions in the nanometer regime are the

spherical nanofillers generally obtained by a sol-gel process [55, 56]. In sol-gel processes

the organic/inorganic hybridmaterials can be formed by the condensation reaction between the

functionalized prepolymers and the metal alkoxides, leading to the formation of a chemical

bond between the polymer and the inorganic filler. Therefore, the incorporation of filler

particles in polymers through the sol-gel process avoids the aggregation of filler. Peng

et al. [57] have synthesized surface unmodified and modified silica nanoparticles from St€ober
synthesis (Figure 1.3).
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Figure 1.3 Synthesis and structure of “smart” nanosilica: (a) unmodified and (b)modified,where TEOS

is tetraethoxysilane and PTMS is phenyl trimethoxy silane (Reproducedwith permission fromC-C. Peng,

A. Gopfert, M. Drechsler and V. Abetz, “‘Smart’ Silica-Rubber Nanocomposites in Virtue of Hydrogen

Bonding Interaction,” Polymers for Advanced Technologies, 16, 770–782, � 2005, Wiley-Blackwell.)
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The strategy behind the surface modification of fillers is to enhance its interaction with the

polymer matrix through hydrogen bonding with the reactive site of polymer matrix. Various

polymers with functional groups have been incorporated into a sol-gel process resulted in a

material with high degree of homogeneity owing to the good interaction between the polymer

and filler in this process [58–64]. Kickelbic [65] has extensively studied the concept behind the

nanoscale incorporation of inorganic building blocks in organic polymer. Silica, TiO2, ZnO,

CaSO4, CaCO3, ZnFe2O4 and so on, are the widely used spherical inorganic nanofillers in the

polymer field [66–68].

1.2.4 Polyhedral Oligomeric Silsesquioxanes

Polyhedral oligomeric silsesquioxane (POSS) chemical technology is the recent development

in polymer science and technology. POSS molecules are considered as the smallest particles

possible for silica. Conversely, each POSS molecule possesses covalently bonded reactive

functionalities appropriate for polymerization or grafting POSS monomers to polymer chains.

Also, POSSmolecules have nonreactive organic active sites for solubility and compatibility of

the POSS segments with various polymer systems. The anatomy of POSS molecule is

displayed in Figure 1.4 [69].

The two unique features of POSS are the following: (i) the chemical composition is a hybrid

intermediate (RSiO 1.5) between that of silica (SiO 2) and silicone (R 2SiO) and (ii) these

molecules are physically largewith respect to polymer dimensions and nearly equivalent in size

to most polymer segments and coils [70]. A representation of the POSS polymer system is

given in Figure 1.5 [70].

POSS chemical technology has been successfully employed in plastics. The advantages of

POSS incorporation in polymers includes enhancement in physical properties, fire retardation,

a higher use temperature, improved mechanical properties and lightweight endproducts [70].
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Figure 1.4 The structure of a POSS, where R represents unreactive organic groups for solubilization

of the molecule and compatibility with other organic species. X represents reactive groups for grafting

or copolymerization. The Si¼Si distance is�0.5 nm, and the R–R distance is�1.5 nm (Reproduced with

permission from J. Lichtenhan, “What is POSS Technology?” Hybrid Plastics Inc., http://www.

hybridplastics.com/posstech.html (accessed December 17, 2008).)
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Owing to the nanoscopic size and its relationship to polymer dimensions, the incorporation of

POSS molecules in polymers results in an enhancement of properties. It has the ability to

control the motions of polymer chains whilst maintaining the polymer processability and

mechanical properties.

POSS was first developed by United States Air Force for aerospace applications. Research

works are going on in large number of POSS monomers and polymers. POSS technology can

incorporate into polymers through copolymerization and blending by the existing processing

techniques due to its chemical nature. Li et al. [71] reviewed the synthesis and properties

of homopolymers and copolymers of monomers containing inorganic/organic hybrid

POSS structures.

1.2.5 Bionanofillers

Currently, there is an interesting demand for biobased fillers in polymer industry to produce

low cost biodegradable materials. The instable price of petrochemicals also increases the

demand for fillers from natural resources such as natural fibers (hemp, flax, rutabaga, wheat,

and so on), wood fibers, starch and so on. These long fibers consist of stacks of strands with

thin layers of polysaccharides, pectin and lignin. Nanofibrils can be synthesized from these

natural fibers. Bhatnagar and Sain [72] have synthesized nanofibrils from various naturally

occurring plant fibers, such as bast, hemp, kraft pulp and rutabaga by different chemical

treatments. They have obtained nanofibers with diameters between 5 and 60 nm. They

have observed superior properties of composite film comprising of 90% polyvinyl alcohol

and 10% nanofibers.

Dufresne and coworkers [73, 74] have synthesized waxy maize starch nanocrystal platelets

of 6–8 nm thickness, 40–60 nm length and 15–30 nmwidth. They have analyzed the properties

of NR reinforced with these nanocrystals. Nanocrystals (rod-like) have been synthesized also

from cellulose and chitin, with 6–8 nm thickness, 20–40 nm length and 15–30 nm width [75].

Figure 1.5 Schematic representation of POSS/polymer system (Reproduced with permission from

J. Lichtenhan, “What is POSS Technology?” Hybrid Plastics Inc., http://www.hybridplastics.com/

posstech.html (accessed December 17, 2008).)
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Nanofibers have been successfully synthesized and reinforced in polymer matrices by Nunes

and coworkers [76].

1.3 Rubber Nanocomposites

According to the survey of 2006, the worldwide consumption of rubber rose to 21.5 million

tonnes. This statistical report explored the inevitability of rubber goods in the day to day life of

human beings. Worldwide, China is the largest consumer of rubber. Of the total vast

consumption, NR accounts for 43.1%, while synthetic rubber (SR) accounts for 56.9%. The

dominant market for rubber is the automotive industry, in the manufacture of tires and inner

tubes. Other industrial rubber goods include various belts, hoses, oil seals, gaskets and so on.

Table 1.1 presents regional total rubber consumption across the world.

Albeit the consumption of synthetic rubber is increasing, it is an authentic truth that NR is the

most fascinating and industrially relevant rubbery material. The foremost grounds behind it

include its high green strength due to the presence of nonrubber components such as

phospholipids and proteins, strain-induced crystallization behavior, easy vulcanization and

its stereoregularity. SBR is themost widely used SR, followed by PBR.However, to attain good

mechanical properties in accordance with the end use application the elastomers have to be

reinforced with particulate fillers such as carbon black and silica. Usually a high percentage,

around 20–40wt% conventional fillers are needed to get adequate reinforcement depends on

the application. There are certain drawbacks associated with these traditionally filled rubbers.

A higher content of filler: (i) reduces the processability and (ii) increases theweight of the final

product. Under these circumstances, the nano concept is highly relevant for rubber compounds

since their application requires filler reinforcement [77–83]. Okada et al. [84] found that 10 phr

of organoclay is enough to achieve a tensile strength of NBR as compared to 40 phr carbon

black loaded NBR. Similarly, Arroyo et al. [81] have compared the reinforcement imparted on

NR upon the addition of organoclay and carbon black. They observed that the mechanical

properties of NR with 10 phr organoclay have been comparable to the compound with 40 phr

carbon black. Based on the improvement in properties of nanofilled rubber, many researchers

and industrialists have prepared various rubber nanocomposites through different methods

such as melt mixing [85–88], two-roll mill mixing [89–94], solution mixing [95–101], latex

Table 1.1 World rubber consumption

Region Percentage

East Asia and India 48

European Union 17

North America 16

Rest of Europe 9

Latin America 6

Rest of the world 4

(Reproduced with permission fromH.P. Smit, “Rubber nanocomposites: state of the art,

new challenges and opportunities,” Outlook for Elastomers 2004–2005 and Rubber

Statistical Bulletin, Nov-Dec 2006.)
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stage mixing followed by coagulation method [102–109] and polymerization around the filler

particles [108, 109].

Rubber/clay nanocomposites have been of particular interest for the past few years due to

their unique physical and chemical properties. It has been proved that the dispersion state of the

clays and the polymer/clay interaction play a crucial role in the fine tuning of the ultimate

properties of nanocomposites. Rubber/LS nanocomposites exhibited excellent properties due

to the high aspect ratio of layered silicates arising from their platelet-likemorphology (lamellar

structure): 1 nm thick and 1000s of nanometers long. In the presence of LS, rubber nano-

composites can form either intercalated or exfoliated structure and partly intercalated and

exfoliated structure [110, 111]. In an intercalated structure a well defined arrangements of

rubber chains in between the layers of silicates leads to the formation of multilayered structure

with alternative rubber and silicate layers with increased d-spacing between the silicate layers.

However, in exfoliated structure the layers are highly disordered in rubber matrix. In principle,

the morphology of rubber nanocomposites are in between these two structures, that is, with a

partial intercalation and exfoliation. Due to the incompatibility between the organic (rubber)

and inorganic (silicates) components the maximum properties can only be attained by the

organic modification of the silicates. Thus the interaction between hydrophobic rubber and

hydrophilic filler has been improved to get unique physical and chemical properties.

The most commonly used LS in rubber industry are montmorrillonite (MMT), hectorite,

saponite and organically modified MMT. The literature reveals that unprecedented improve-

ment in properties has been observed in elastomers with these nanofillers [81–83, 85–88, 95,

102, 112–114]. Jeon et al. [115] have synthesized a modified Na-MMT using poly(ethylene

glycol)monooleate and poly(ethylene glycol) diacrylate as modifiers to enhance the

fine dispersion in rubber matrix. An appealing result has been obtained for PEG-modified

Na-MMT.

They have found that the 2y of Na-MMT is 7.3� while that of Na-MMT intercalated with

PEG-oleate and PEG-acrylate at 6.4� and 6.7� respectively. From Bragg’s equation, the

interlayer distance of MMT increased from 12.1A
�
to 13.8A

�
and 13.2A

�
respectively for the

intercalation of PEG-oleate and PEG-acrylate. They reported that the properties, morphology

as well as the cure characteristics of rubber filled with these modified MMT have been

improved. It has been revealed that the organic modification enhanced the fine dispersion of

Na-MMT effectively in the hydrophobic rubber matrix. Jia et al. [116] have observed a

significant improvement in the mechanical properties of SBR/organoclay nanocomposites.

According to them, the modifiers can improve the strength of the nanocomposites. The

modifiers of long chain alkyl ammonium salts mainly enhanced the tensile strength by physical

entanglements with rubber molecules. For the past few years, researchers have employed

various rubbers (both natural and synthetic) for the preparation of nanocomposites, viz,

NR [81, 88, 98–101, 117–124], SBR and XSBR [91, 125–131], HNBR and NBR [104,

132–137], IR and ENR [85, 88], EPDM [80, 138, 139], EVA [140, 141] and so on. The

developments in rubber/clay nanocomposites have been properly reviewed by Karger-Kocsis

and Wu [142] and Sengupta et al. [143].

Owing to the high modulus, aspect ratio and excellent thermal and electrical properties of

carbon nanotubes have been used as reinforcing filler in elastomers instead of conventional

fillers such as carbon black and silica. Liliane et al. [144–148] have studied the reinforcing

effect of multiwalled carbon nanotubes in SBR. They found that the elastic modulus of the

matrix increases substantially with a small amount of filler. Recently, Liliane et al. [149] have
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investigated and compared the reinforcement of SBR by single fillers of carbon black and

multiwalled carbon nanotubes and by mixture of carbon black and MWNTs. A significant

improvement in properties for samples containing dual phase aswell as the electrical resistivity

and percolation thresholdwere found to be lower for compositewith blends of fillers. Jacob and

coworkers [150] have synthesized the nanocomposite of crosslinked natural rubber and single-

walled carbon nanotubes. The crosslink density of the nanocomposites have been determined

by mechanical measurements and Raman spectroscopic analysis. They have compared the

results obtained from the mechanical measurements and Raman spectroscopic measurements

and found that the single walled nanotube Raman sensors are sensitive to the crosslinking

density in natural rubber. Therefore, it can be used to evaluate the crosslinking process of

rubbery materials. They also studied the effect of SiC nanoparticles and single-walled carbon

nanotubes in natural rubber [151]. They found that the tensile strength of the nanocomposite

was enhanced by incorporating SiC and SWNTs even at lower concentration (1.5 wt%).

Researchers have paid much interest in nancomposites of various rubbers and carbon

nanotubes (SWNTs and MWNTs) such as NR [152–156], SBR [157, 158], HNBR [159],

EPDM [160], PUR [161–168] and silicone rubbers [169–171]. Bhattacharyya et al. [172] have

reinforced natural rubber using carboxylated multiwalled carbon nanotubes (c-MWCNT)

dispersed with sodium dodecyl sulfate. The c-MWNTs was characterized by TEM,

Figure 1.6a. A 10-fold increase in Young’s modulus was observed with 8.3wt% of c-MWNTs.

The stress-strain curves are presented in Figure 1.6b. Dielectric measurements at room

temperature revealed a low percolation threshold (<1wt%) associated with formation of an

interconnected nanotube network.

Figure 1.6 (a) TEM images of c-MWCNTs. Inset: HR image showing the damaged outer shells of

c-MWCNTs and (b) Stress–strain curves for pure latex films and composites (Reprinted from Carbon,

46, S. Bhattacharyya, C. Sinturel, O. Bahloul,M-L. Saboungi and S. Thomas, “Improving Reinforcement

ofNatural Rubber byNetworking of Activated CarbonNanotubes,” 1037–1045,� 2008, with permission

from Elsevier.)
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Nano inorganic spherical filler silica has been extensively used in the rubber industry. The

introduction of Green Tire� has enhanced the demand for silica particles. Now scientists focus

on the in situ generation of silica particles to synthesize nanocomposites of polymer and silica

particles. Recently, Ikeda et al. [173] have synthesized nano silica particles up to approxi-

mately 80 parts per hundred rubber byweight in situ in the rubber matrix via sol-gel reaction of

tetraethoxy silane. Moreover, more homogeneous dispersion of silica in the rubber matrix has

been achieved than that of commercial silica dispersed by conventionalmethod.Due to the high

interaction between in situ generated silica and the rubbermatrix the tensile stress was found to

be higher.

Liu et al. [174] have used modified silica using basic cyclohexylamine incorporated into the

natural rubber. According to them the damping values decreased significantly, which resulted

in lower rolling resistance and heat generation of the filled natural rubber vulcanizates. Mishra

et al. [68] have compared the effect of commercial and nano CaSO4 filler particles on the

mechanical, physical and thermal properties of SBR. Thematrix SBR has been reinforced with

nano filler via in situ deposition technique. They have observed an enhancement in properties

of SBR with nano CaSO4 up to a filler loading of 10wt%. According to them at higher loading

all properties of SBR decreased due to the agglomeration of filler particles. The physical

properties of the copolymer of LDPE-EVA was improved by the incorporation of pristine

nanosilica. The interaction of hydrophilic silica filler with the copolymer has been improved in

the presence of silane coupling agents [175].

Polyhedral oligomeric silsesquioxane (POSS) is a new class of nanofillers with functional

groups that are widely using in thermoplastics and thermosets as reinforcing agents. Sahoo

et al. [176] have synthesized POSS with hydroxyl functional groups with an average diameter

of 50 nm. They have used POSS nanoparticles as curing agent in certain functionalized rubbers

such as fluorocarbon rubber (FKM) and carboxylated nitrile rubber (XNBR) and analyzed the

physical properties. The results revealed that the POSS nanoparticles crosslinked effectively in

FKM and XNBR. Composites of silicone rubber and POSS were prepared by melt blending

with special interest in the thermal stability of POSS macromers and the effects of mixing

temperature and the subsequent vulcanization of polysiloxane [177]. The results showed that

the condensation reaction could be possible at higher temperature, leading to a partially

amorphous structure of crystalline POSS; however, it was recrystallized upon cooling.

Nowadays efficient and environmentally friendly nanofillers are developed from natural fibers

and starch. NRfilled with waxymaize starch nanocrystals showed that upto a loading of 20wt%

the physical properties found to be higher. At 20wt% the relaxed modulus at room temperature

was 75-fold higher than that of unfilled matrix [70].

1.4 Future Outlook, Challenges and Opportunities

For the past 10 years, polymer nanocomposites are the dominating field in polymer science and

technology. The interest in polymer nanocomposites is due to the reinforcement effect of

nanofillers, better mechanical properties, thermal stability and barrier properties. Nanotech-

nology emerged to improve the physical properties of traditional materials at the molecular

level without affecting the processing. On reviewing the literature one can find that majority of

the research work in the field of rubber nanocomposites has been carried out in rubber/layered

silicates system, which includes unmodified and modified LS. In other words, we can say that
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rubber/LS have been the first generation of rubber nanocomposites. Modification of the matrix

rubber with LS can significantly improve the physical and barrier properties of the matrix even

at lower wt%. Due to the higher aspect ratio of LS better polymer/filler interaction could be

possible than conventional fillers. A major difficulty in rubber/LS nanocomposites is to attain

homogeneous dispersion of filler in the matrix. Basically, it can form intercalated and

exfoliated structure, while most of the nanocomposites form partially intercalated and

exfoliated structure. Exfoliated structure can impart better properties in the polymer nano-

composites. Comparatively, this problem has been overcome by the chemical modification of

LS. With the developments of nanotechnology, researchers have synthesized different types

of carbon nanotubes and incorporated in polymer matrices as reinforcing fillers. Incorporation

of carbon nanotubes to a lower scale of dimension to thematrixwould significantly increase the

modulus and strength. In elastomers, SWCNTs,MWCNTs and chemicallymodified nanotubes

are employed to reinforce the matrix. From the literature it is clear that the percolation

threshold increased even at a small wt% of carbon nanotubes.

Isodimensional nanofillers generated in situ through a sol-gel process in the polymer is of

particular interest because it will reduce the filler aggregation. A breakthrough in nanotech-

nology is the introduction ofPOSSchemical technology. POSSnanostructured chemicalswhen

incorporated in polymer can provide nanocomposite properties while maintaining the pro-

cessability. Its chemical diversity offered unique properties to the polymer. Eventhough it has

been incorporated in plastics successfully a fewworks have been carried out in rubber.But these

promising nanostructured chemicals will revolutionize the entire technological society. The

application of POSS chemical technology will cover the automobile, medical and electronic

industry in the near future. Another area to be explored effectively in rubber nanocomposites is

the incorporation of naturally derived nanofillers such as cellulose, starch and so on, in a rubber

matrix. The development of rubber/bionanofillers is still in its infancy due to the difficulty in the

extraction of nanofillers from naturally occurring fibers or from other sources.

There are several challenges in the area of rubber nanocomposites. Complete exfoliation and

uniform dispersion of nanofillers in rubber matrix still remains to be a dream. Efficient

surfactants have to be designed for the excellent dispersion. In the case of clay filled rubber

nanocomposites, the extent of exfoliation/intercalation has not been quantified yet. The

orientation of nanoplatelets in rubber matrix by special extrusion is also a major challenge.

The in situ monitoring of the flow of rubber nanocomposites during processing needs a lot of

attention. Finally, we still have to go a long way for the successful use of rubber nanocompo-

sites in various commercial applications.
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2.1 Introduction

Rubber, also called elastomer, is one of themost important commercial polymers. The polymer

chains in rubber are long and flexiblewith a coiled and kinked nature. In themolecular structure

of cured rubber, atoms are connected in long, randomly coil chains that are interlinked at a few

points. Between a pair of links each bond can rotate freely regardless of its neighbor. Thus,

rubber exhibits unique physical and chemical properties. Under stress the molecular chain

uncoils and an aligned structure results. Upon release of the stress the molecules rapidly

recover their coiled up randomness. This characteristic causes material stretch, large free

volume fraction, and amorphous and non-orientated state, which result in unique properties,

such as low hardness, high elasticity and high elongation at break. It swells tomore than double

its size in organic solvents but is impermeable to water. Unfortunately, these useful properties

of rubber cannot be obtained unless the rubber is chemically modified by sulfur atoms or other

curing agents, a process called vulcanization. Vulcanization of rubber creates more sulfide

bonds between chains so it makes each free section of chain shorter. The result is that the

chains tightenmore quickly for a given length of strain. This increases the elastic force constant

and makes rubber harder. Therefore raw rubber is often vulcanized for its applications in the

real world.
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2.1.1 Conventional Manufacturing Techniques

Traditionally, a typical manufacturing sequence comprisesmixing, forming and vulcanizing in

the rubber manufacturing industry.

2.1.1.1 Mixing

For dry rubber, the solid rubber and othermaterials (for example, softeners, fillers, pigments for

color, vulcanizing agents, additives) have to be mixed together. This is achieved with either of

two basicmachines: (i) a two-rollmill inwhich thematerial is passed between twometal rollers

mounted horizontally and (ii) an internal mixer in which the materials are sheared between the

internal rollers and the inside of the casing.

For mixing via rubber latex, compounds added to the raw latex must be in the form of

emulsions or dispersions. They can be prepared by milling the substances with distilled or

softenedwater in ball or gravelmills, which revolve froma fewhours up to several days.Gelatin,

casein, glues, soaps and so on, are used as wetting or dispersing agents. The latex is stabilized

with surfactants, which act by imparting a charge to the surface of the tiny rubber particles or by

holding an envelope of water around the particle, thereby preventing any aggregation.

2.1.1.2 Forming

After mixing, the compounded rubber is plastic and is now ready to be formed into a shape for

vulcanization. The most common process is by molding under pressure in a heated mould.

There are three important variants of the process–compression, transfer and injectionmolding–

of these, the compression mold is the most widely used.

2.1.1.3 Vulcanizing

The final step in the manufacturing sequence is vulcanization. Basically, the vulcanizing

process applies heat at an elevated temperature for a given time to cure the product so it takes up

a shape in mold. Curing involves the chemical reactions which occur in the rubber mixture to

produce the crosslinking. There are various vulcanizingmethods. The economically important

method (that is, the vulcanization of tires) uses increased pressure and temperature. Other

methods (for example, those used to make door profiles for cars) include hot air vulcanization

or microwave vulcanization.

2.1.2 Rubber Nanocomposites

In recent years researchers both in industry and universities have focused their interest on

polymeric nanocomposites, which represent a radical alternative to conventional filled

polymers. In contrast to conventional systems, the reinforcement in the nanocomposites has

at least one dimension in the nanometer size range, usually defined as 1–100 nm. Generally

rubber nanocomposites show advantageous mechanical properties, lower water sensitivity and

lower permeability to gases.
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2.1.2.1 Advantages of Rubber Nanocomposites

In comparison with conventional composites, the main advantages of nanoreinforcements are

summarized as follows:

1. Nanomaterials aremore effective reinforcements because smaller fraction of nanomaterials

causes a significant improvement of the matrix properties, leading to lightweight compo-

sites with lower cost and easy processability.

2. The load transfer from the matrix to the reinforcements is more efficient in case of

nanocomposites due to their increased surface area, assuming good adhesion at the interface.

3. The crack propagation length at the interface becomes longer because of the size reduction

of nanomaterials, which improves both strength and toughness.

It is well known that the particle size, structure and surface characteristics of reinforcing

agents are threemain factors that determine their reinforcing ability. Particle size is the primary

determinant among these three factors and this point is supported by Hamed [1]. In fact

reinforcement, especially reinforcement of nanofillers, is essential for rubber products.

2.1.2.2 Challenges of Rubber Nanocomposites

Although nanoreinforcements enhance overall material performance, there are still challenges

facing nanocomposites.

1. Nanoparticles tend to aggregate during manufacturing processes. The severe particle

aggregation is detrimental to the thermal andmechanical properties of the nanocomposites.

The homogeneous dispersion of the nanoparticles in matrix is critical to obtain high

performance nanocomposites.

2. Health and environmental threats can occur from the production, use and disposal of

nanoparticles. Nanoparticles can damage the body’s natural defenses or cause increased

responses to common allergens. Workers in nanotech industries are at risk of exposure to

high concentrations of nanoparticles. Nanoparticles used in consumer products may

threaten public health. Already it is known that nanoparticles in air pollution can be up

to 50 times more damaging to lung tissue than fine particles of the same chemicals.

2.1.3 Reinforcing Agent

The use of reinforcing agent in rubber is almost as old as the use of rubber itself. Figure 2.1 is the

schematic diagram of sizes and shapes of typical rubber fillers.

2.1.3.1 Carbon Black

Among fillers, carbon black (nanoparticles, spherical) was the first taken as a reinforcing filler

in 1904, and since then carbon black has been widely used in various rubber products,

such as tires, tubes and so on. It is the excellent nanoreinforcing effect of carbon

black that greatly upgrades the mechanical properties of rubber and produces a great

many applications.

Manufacturing Techniques of Rubber Nanocomposites 23



2.1.3.2 Clays and Clay Minerals

Although carbon black is an efficient agent used in the rubber industry, its polluting nature, its

monotonous black color and its dependence on petroleum caused researchers to develop other

reinforcement fillers. Clays such as montmorillonite and saponite, hectorite and so on, have

been widely used as fillers for rubber and plastic for many years ever since the Toyota research

group reported that nylon nanocomposites containing small amounts of clay (layered silicates)

possessed exceptional properties. Moreover, clay is abundant, inexpensive and natural.

Therefore clays have a great potential for use as rubber fillers.

As an inorganic, clay is hydrophilic in nature, and this makes it very difficult to disperse into

most polymer matrices. Generally, the hydrophilic pristine layered silicates are intercalated

using organicmodifiers via cation exchange reaction. This is themost commonway to improve

the affinity of inorganic layered silicates with organic polymers. The most popular modifiers

used are organic quarternized ammonium or phosphonium, preferably with long alkyl chains,

for instance, hexadecyl trimethyl ammonium bromide, octadecyl trimethyl ammonium

chloride, dodecyl trimethyl ammonium bromide and so forth. Silane coupling agents such

as 3-aminopropyl triethoxy silane are also used. The effect of clay modification on NBR/

organo-MMTnanocompositeswas studied byKim et al. [2]. Organoclaysweremodified by the

use of alkylamine cations and these nanocomposites were characterized by XRD, TEM, DMA

and a universal testing machine (UTM). These organoclay layers were uniformly dispersed in

the polymer matrix. With increasing organo-MMT content, the NBR/organo-MMT nano-

composites showed a substantial improvement in mechanical properties compared with

unfilled NBR. Zhang et al. combined in situ organic modification of montmorillonite (MMT)

with the latex compounding method to prepare high-performance SBR/MMT nanocom-

posites [3]. Unsaturated organic ammonium chloride (UOAC), viz. N-allyl-N, N-dimethy-

loctadecyl ammonium chloride, was used to achieve an in situ organic modification of MMT.

This modified MMTwas co-coagulated with SBR latex. The tensile strength of the obtained

nanocomposites was four times higher than that of SBR/MMT nanocomposites.
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Figure 2.1 Schematic of sizes and shapes of rubber fillers
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Organically modified clay (OMC) are now used as fillers in most polymer/clay nanocom-

posites. Melt blending organically modified clay with polymers has become popular, because

of its processing convenience.

2.2 Melt Compounding

Different from thermoplastic polymer/clay nanocomposites, rubber/clay nanocomposites

(RCNs) need vulcanization following the nanocompounding of rubber and clay. Given the

high chain flexibility and possible difference in crosslinking rate between the inner and outer

regions of clay galleries, the microstructures of RCNs are expected to change during

vulcanization. Nowadays technologies for the preparation of rubber/clay nanocomposites

mainly include the rubber melt or solution intercalation of organoclay and the latex route using

pristine clay. Of these, the melt compounding may be of great practical relevance, because the

current rubber processing facility can be used. From an industrial standpoint, it is the most

direct, most cost-effective, and environment friendly method (no organic solvent is needed).

SinceVaia et al. [4] reportedmixing polymerswith clays without the use of organic solvents,

there has been vigorous research in this field. Tian et al. reported the preparation of excellent

properties and low-cost SBR nanocomposites based on attapulgite (AT), a natural fibrillar

silicate clay material, by direct mill mixing [5]. The structure and properties of above

composites were carefully investigated by TEM, SEM and RPA. It was found that most AT

separated into dispersed units with diameters less than 100 nm in SBR. However, a few

dispersion units as large as 0.2–0.5mmand a clear network structure of dispersion units in SBR

were observed. AT can be purified, but purified AT cannot be easily dispersed in the rubber

matrix by melt blending. Silane coupling agent Si69 can improve the dispersion of AT and

enhance the chemical interfacial adhesion. At the same loading, AT (pretreated with Si69) was

found to have better reinforcing effect on SBR than: (i) carbon black SRF with particle size

60–100 nm and (ii) N330 with particle size 26–30 nm.

In a study conducted by Teh et al., onium ion-modified MMT (organoclay) at 2–10 phr

loading was melt compounded with NR in an internal mixer and cured using a CV system [6].

The stiffness of the nanocompositewas enhancedwith increasing filler content. The addition of

10 phr ENR50 as the compatibilizer in the NR/organoclay nanocomposites significantly

improved mechanical properties such as tensile strength, elongation at break, modulus and

tear strength. This was attributed to the better dispersion of the MMT in the nanocomposite as

supported TEM.

Kim et al. prepared nanocomposites of ODA-modified MMT and NBR by mixing at room

temperature in an internal mixer [7]. 3-(Mercaptopropyl) trimethoxysilane was used as a

coupling agent. TEM studies proved that the coupling agent was effective in enhancing the

dispersion of the organoclay.

2.2.1 Manufacturing Factors Control

The most important consideration to achieve RCNs is the dispersion of organoclay particles in

a rubber matrix. With such organoclay used as fillers, generally three types of composites

materials are obtained: conventional composites, intercalated nanocomposites and exfoliated

nanocomposites. Of the three types, the exfoliated structure is the most desired in terms of

Manufacturing Techniques of Rubber Nanocomposites 25



reinforcement. As long as the organoclay layers fully delaminate (that is, exfoliate), dispersing

less than 10wt% of them may replace a three- to fourfold amount of traditional fillers for

similar reinforcement. Furthermore, exfoliated clay strongly enhances the gas barrier property

and swelling resistance compared to pristine polymer. However, fully exfoliated RCNs are

difficult to produce. In most of reported RCNs prepared by melt compounding, the full

exfoliation of organoclay layers in rubbermatrix has not been obtained. There aremany factors

affecting the morphology of RCNs during melt compounding. Some previous works have

disclosed that the dispersion state of organoclay in rubber matrix is influenced by the type of

intercalates, compounding condition (shear rate and temperature) and the polarity of matrix

rubber. It was also found that the microstructures of some RCNs were changed by curing

processes and influenced by the type of curatives; this was attributed to the difference in curing

reactions between the inter and outer galleries of silicates by some researchers.

The heat (or temperature), pressure and crosslinking reaction during the manufacturing

process should be the main factors causing microstructural changes. Within the scorch period

(the initial stage of curing), the crosslinking reaction starts but does not proceed considerably.

Hence, most rubber macromolecules are still in the linear state and have mobility. The former

two factors, heat and pressure, are dominant in this stage; while after the scorch period, the

crosslinking reaction may also alter the microstructure and finally reserve the changed

microstructure through crosslinking bonds. Undoubtedly, the final properties of RCNs should

correspond to their finalmicrostructures derived from vulcanization. Therefore, the knowledge

of the vulcanization influence on the microstructures of RCNs is of great importance for the

control of morphology and property of RCNs.

The influence of heat/temperature and pressure on intercalated structures is revealed by the

study of melt-blended isobutyl-isoprene rubber/clay nanocomposites (IIRCNs) [8]. IIR and

organically modified clay (OMC) were compounded for about 15min using a laboratory 6-in

(15-cm) two-roll mill. The temperatures of two rolls were within the range 30–60 �C. None
additives were added to the mixture in order to avoid their disturbance on the morphology. The

thermal treatments of OMC and IIRCNs under atmosphere pressure were carried out in an

oven. By contrast, the thermal treatments of OMC and IIRCNs under high pressure were

performed on a press, which exerted the predetermined temperature and pressure on to a

standard mold containing the IIRCN and OMC samples.

The morphology of the IIRCN without thermal treatments is displayed in Figure 2.2, in

which the silicates are shown as dark lines. The low magnification TEM photograph clearly

shows that most intercalated silicate layers with about 15–30 nm in width and 100–300 nm in

length are homogeneously dispersed in the IIR matrix. Moreover, the intercalated silicate

layers are locally stacked in some regions of polymer matrix. The high magnification TEM

photograph in Figure 2.2 displays that there are also some finer silicate particles dispersing in

the IIRmatrix; the width of the particles is within the range 4–7 nm. Because thewidth of most

observed silicate particles are far larger than thewidth of single silicate layers (that is,�1 nm),

the IIRCN should not belong to exfoliated PCN.

Figure 2.3 reveals the changes in the intercalated structures of IIRCN caused by a thermal

treatment under atmospheric pressure (AP). In all treated IIRCN patterns, a broad intense peak

appears at around 2y¼ 4.31�, corresponding to a spacing of 2.05 nm. The intensity of the

reflection at 2y¼ 4.31� is considerably stronger than other reflections at lower 2y, and the order
spacing for this reflection is not in integral proportion to those at lower 2y. Therefore, this
reflection should not be classified as a high order reflection, and herein it is attributed to the
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Figure 2.2 TEM morphologies of IIRCN. Left – low magnification; right – high magnification

Figure 2.3 WAXD patterns of untreated IIRCN and IIRCN thermally treated at different temperatures

and AP for 1 h. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The dotted

line indicates the location of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically

for clarity
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coherent structures with a basal spacing of 2.05 nm, which is still less than that for the original

OMCbutmuch larger than that for pure clay. Thismeans the formation of un-interacted silicate

structures during the thermal treatment. It is also observed that with increasing the treating

temperature, the reflection corresponding to a spacing of�5.88 nm gradually disappears, and a

new reflection corresponding to a spacing of �3.30 nm appears. In the sample treated at

medium temperature (that is, 120 �C), the original and new intercalated structures coexist. The

new peak at 2y¼ 2.85� corresponding to the spacing of 3.10 nm in the pattern should be caused

by the overlapping of the basal reflection of the new intercalated structure (�3.30 nm) and the

(0 0 2) reflection of original intercalated one (�2.94 nm). It is also noticed that this evolvement

of intercalation structures is strongly dependant upon the treating temperature.When thermally

treated at 80 �C, the originally intercalated structure with a basal spacing of 5.88 nm is little

destroyed. When the treating temperature is increased to 160 �C, however, this original

intercalated structure is almost transformed to new intercalated structure with decreased

gallery height. In the IIRCN treated at 120 �C, there is a mixture of these two intercalated

structures. It should be pointed out that the appearance of the 2.05 nm reflection is little affected

by treating temperatures applied in this work. Therefore, it is assumed that there might be two

types of intercalated structures with different thermal stability existing in IIRCN prepared in

this study.

Figure 2.4 shows the TEM photographs of IIRCN treated at the conditions of 80 �C�AP�
1 h and 160 �C�AP� 1 h, respectively. In the TEM photograph of the 80 �C�AP� 1 h

sample (Figure 2.4a), the quantity of darker line-like materials are apparently reduced and are

replaced by small flocculent dispersions, compared with the untreated IIRCN. This result

implies that the assembly of intercalated silicates should occur more easily during the thermal

treatment than the extrusion of IIR chains from silicate galleries. The enlarged observation

reveals that most of flocculent structures were not comprised of orderly stacked silicate layers.

Moreover, on the left bottom of the highmagnification photograph of this sample, an extremely

darker dispersion can be observed, representing that this area is composed of very high density

of heavy elements (i.e., Si). This dispersion might correspond to the un-intercalated silicate

structure with the basal spacing of 2.05 nm disclosed in Figure 2.3. When the treating

temperature is increased to 160 �C, as shown in Figure 2.4b, some very large aggregations

are obvious, whose length is around 1 mm and width is several hundred nanometers; small

flocculent structures are reduced. The enlarged photograph discloses that many silicate layers

orderly stack to form these large aggregations. This kind of structure formed by the flocculation

of intercalated stacked silicate layers due to the hydroxylated edge-edge interactions was

defined as an intercalated-flocculated structure.

Figure 2.5 represents the effect of the treating time on the intercalation structures of

IIRCN treated at 120 �C and AP. It can be seen that the un-intercalated silicate layers with a

basal spacing of 2.05 nm appear relatively quickly. After only a 10-min thermal treatment at

120 �C, a considerable amount of this kind of structure appeared. In contrast, it takes a

longer time for transformation from the original intercalation structure with a basal spacing

of 5.87 nm to the new intercalated structure with a basal spacing of 3.30 nm. The 10-min

thermal treatment at 120 �C causes little change of these intercalated structures. These

results imply that two types of intercalated structures with different features might exist in

the untreated IIRCN.

The pressure is another important factor for curing process besides temperature (or heat) and

time. Figure 2.6 represents the time dependence of intercalated structures of IIRCN treated at
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Figure 2.4 TEM photographs of IIRCN treated at two temperatures and AP for 1 h: (a) 80 �C or

(b) 160 �C. Left – low magnification; right – high magnification
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Figure 2.5 WAXD patterns of untreated IIRCN and IIRCN thermally treated at 120 �C and AP for

different times. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The dotted

line indicates the location of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically

for clarity

Figure 2.6 WAXD patterns for IIRCN treated at 160 �C and 15MPa pressure for different times.

The asterisks indicate (0 0 1) peaks forOMCdispersed in IIRmatrix. The dotted line indicates the location

of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically for clarity
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160 �C with 15MPa pressure. Similar to the case of IIRCN treated at AP, un-intercalated

silicate structureswith a basal spacing of 2.05 nm formedmore quickly than the transformation

of original intercalated structures to new intercalated structures with smaller gallery height. In

contrast, the thermal treatment at high pressure (that is, 15MPa) results in a new intercalated

structure having a smaller gallery height, with a basal reflection which is much stronger and

sharper, comparedwith IIRCN treated atAP.Moreover, d002 reflection (¼1.49 nm) of this basal

reflection is also obvious in the pattern of the 160 �C� 15MPa� 60min sample. This result

suggests that high pressure can significantly increase the coherence length of the silicate

crystallites besides further extruding IIR chains out of the silicate galleries; this structural

transformation should be also kinetic.

Figure 2.7 depicts TEM photographs of IIRCN treated at 160 �C with 15MPa pressure for

1 h. In contrast to IIRCN thermally treated at AP, the dispersions are almost intercalated-

flocculated structures from 300 nm to 1.5mm in length and 100–300 nm in width. This

extensive flocculation of intercalated and stacked silicates greatly improves the order coher-

ency of silicate crystallites, causing a strong and sharp reflection peak in theWAXD pattern. It

should note that the high pressure does not change the intensity andwidth of the reflection peak

at�2.05 nm, meaning that un-intercalated silicate crystallites cannot be further assembled by

high pressure.

Figure 2.8 reveals that the magnitude of the extra pressure for thermal treatment has

significant influence on the intercalated structures of the treated IIRCNs. With increasing

pressure, theWAXDpattern of IIIRCN changes from the pattern ofAP sample to that of 15MPa

sample. It should note that the difference inWAXDpattern betweenAPand4.5MPa samples are

Figure 2.7 TEM photographs of IIRCN treated at 160 �C and 15MPa for 1 h. Left – lowmagnification;

right – high magnification
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much smaller than that between 4.5MPa and 5.0MPa samples; and if extra pressure is

beyond 5MPa, the further increase of extra pressure will impose little impact on WAXD

patterns. The previous results (Figures 2.6 and 2.8) revealed that the strong and sharp reflection,

corresponding to a basal spacing of �3.06 nm, is mainly attributed to extensive stacking and

flocculating of intercalated silicate layers. So there should exist a critical pressure value within

the range 4.5–5.0MPa for intercalated silicate layers starting to stack and flocculate across the

full scale of the nanocomposite.

Combining the WAXD analyses with TEM observations, the possible structural models

for untreated and treated IIRCNs are proposed in Figure 2.9. In untreated IIRCN, there are

two types of dispersion silicate structures with different thermal stabilities. Obviously, one

structure is intercalated silicate with a basal spacing of �5.88 nm [structure (a) in

Figure 2.9], which is transformed to new intercalated structures with decreased basal

spacing by the treatments. We assumed that the other structure might be partially

intercalated silicate [structure (b) in Figure 2.9], which is transformed to un-intercalated

silicates with a basal spacing of 2.05 nm by the treatments. There is evidence from two

experiments supporting our assumption: (i) Figures 2.6 and 2.8 show that the IIR chains in

the fully intercalated silicate gallery cannot be extruded out completely, even though in the

condition of high temperature and high pressure; (ii) Figures 2.3, 2.5–2.6 and 2.8 demon-

strate that the un-intercalated structures form easily and quickly during the treatments. Only

the partially intercalated structures, where the energy barrier against the extrusion of IIR

chains out of silicate gallery is low, can result in these behaviors. Since this partial

intercalation also disturbs the orderly stacking of silicate layers, no reflection signals can

be observed in WAXD pattern of untreated IIRCN. Through thermal treatments, those IIR

chains inserted in the edge region of silicate galleries are extruded completely and the orderly

Figure 2.8 Influence of pressure on WAXD patterns of IIRCN treated at 160 �C for 1 h. The asterisks

indicate (0 0 1) peaks forOMCdispersed in IIRmatrix. The dotted line indicates the location of the silicate

(0 0 1) reflection of pure OMC
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stacked silicate layers is regained, and as a result a correspondingWAXD reflection appears.

The thermal treatments also cause the tethered aliphatic chains of alklammonium salt in the

interlayer rearranging to pack at a more compact state, and as a result, the un-intercalated

structures has a basal spacing even less than that for pure OMC. As shown in Figure 2.9b,

there are four possible types of dispersion structures in the treated IIRCN. The fraction of

each structure varies from the condition of the treatment, some tendencies of which are

summarized as follows:

1. The fraction of un-intercalated structure is little affected by treating temperature, pressure

and time used in this work.

2. Thermal treatment at AP can cause the transformation from the original intercalated

structure to a new intercalated structure with a basal spacing of�3.30 nm. Both increasing

treating temperature and prolonging treating time can increase the extent of this structural

transformation.

3. Thermal treatment at AP can also cause intercalated silicates assembling and decrease the

homogenous degree of dispersion. With increasing the treating temperature, the assem-

bling fraction is increased and more and larger aggregated structures appear. In the

160 �C�AP� 1� sample, some intercalated-flocculated structures are obvious.

4. The IIR chains can be further extruded from the interlayer by extra pressure, with the

formation of other new intercalated structure with a basal spacing of 3.06 nm. The

assembling extent of intercalated silicates can also be increased by extra pressure. If it

is beyond a critical pressure between 4.5 and 5MPa, the intercalated-flocculated structures

are formed across the full scale of the IIRCN.

Figure 2.9 Schematic illustrations of possible types of dispersions in: (a) untreated and (b) treated

IIRCNs. All possible structures are labeled by letters: (a) intercalated structure with a basal spacing

of �5.87 nm; (b) partially intercalated structure; (c) intercalated structure with decreased basal spacing;

(d) intercalated–flocculated structure with decreased basal spacing; and (e) un-intercalated silicate with a

basal spacing of �2.06 nm
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In conclusion, bya process ofmelt blending, an IIRCNmainlyhaving the intercalated structure

was obtained. This original intercalated structure is thermodynamically unstable but frozen at

room temperature. The thermal treatment at AP can cause a transformation from the original

intercalated structure to a new intercalated one with a smaller gallery height and assembling of

some intercalated silicates.Exerting extra pressure during thermal treatment can cause the further

collapse of the intercalated structures and assembling of intercalated silicates. Themagnitudes of

treating temperature, pressure and time have tremendous impacts on the morphology of treated

IIRCN. If extra pressure is added beyond 5MPa, the intercalated-flocculated structure forms

across the full scale of the IIRCN. It iswell accepted that thePCNhavinghigher dispersion extent

of silicate layers possesses the better performance. Based upon the above results and discussions,

we proposed guidelines on how to obtain a desiredmorphology in the case of IIRCN prepared by

melt blending. The curing system should be selected to ensure that curing process could occur at

low temperature, the scorch period should be short and the curing rate should be high.

Additionally, relatively low pressure should be used during vulcanization.

2.2.2 Filler Surface Modification

Fibrillar silicate (FS) is one type of hydrated magnesium aluminum silicate clay, composed of

many single fibrillar nanocrystals. The dominant FS is attapulgite or palygorskite. FS has the

structural formulaMg5[Al]Si8O20(HO)2(OH2)4�H2O. The primary structural unit is the fibrillar

nano single crystal which is 100–3000 nm in length and 10–30 nm in diameter. Single crystals

compactly arrange in parallel to form into crystal bundles and these crystal bundles then

agglomerate into particles having diameters of 5–50 mm.According to Tian’s [9] investigation,

it was found that modified FS using silane coupling agent could also be directly separated into

nano single crystals or crystal bundles (also called nanofibrils) in rubber matrix under

mechanical shear during melt blending. In this way, various kinds of FS/rubber nanocompo-

sites with excellent performances have been achieved. It is promising that the composites will

be launched into future applications due to the cheap cost and simple preparation process.

2.2.2.1 Surface Modification of FS

In the experiments, 20–50wt% FS aqueous solution was put into a high-speed agitator and

agitated at the speed of 800 rpm to make FS separated into single crystals. Then a mixture of

Si69/alcohol (ratio about 1 : 5) was added slowly and uniformly to the above solution, which

was treated for 30min at 60 �C. After removal of the solvent to get dry solid particles, these

were then ground into powders. Herein the amount of Si69 alcohol solution added was

calculated according to a weight ratio of Si69:FS¼ 2.4:100.

2.2.2.2 Preparation of FS/SBR Composites

Adjusting the two rolls of a two-roll mill to the smallest distancewhen rubber becomes fluidic,

modified FS was then added into the rubber step by step to ensure good dispersion. Next,

vulcanizer and accelerator were added (as shown in Table 2.1), and the compound was finally

obtained and sliced at 1.5mm two-roll spacing to prepare for vulcanization. Cure time was

determined by a disc oscillating rheometer and the compound was vulcanized in a platen

presser at 25 t pressure. The vulcanization temperature of SBR was 150 �C.
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2.2.2.3 Properties of FS/SBR Composites

It can be seen fromTable 2.2, FS/SBRcomposites prepared by direct blending possessed higher

hardness, tensile stress at 100% strain, tensile strength and very high tear strength, which

demonstrated that modified FS showed an excellent reinforcing effect. As the loading level of

FS rose, the composites had a distinct increase in hardness and tear strength but a decrease in

elongation at break and permanent set.When the amount of FS was more than 60 g/100 g SBR,

the tensile stress at 100% strain and the tensile strength of the composites were remarkably

enhanced once again.

As shown in Figure 2.10, most of modified FS could be separated into fibrils with diameters

less than 100 nm and dispersed in SBR. Moreover, the greater the amount of FS added, the

greater the number of nanofibrils, which implied the separation of FS and the dispersion of FS

improved when the loading of FS was increased. As we observed, the uniformity of FS

dispersion was better when the loading level of FS was 50 g/100 g SBR or 60 g/100 g SBR.

This was likely explained that the maximal shear force acting on FS increased with the

Table 2.1 Compositions of materials

Rubber (g) 100

Vulcanizer and accelerator (g) 10

Modified FS (g) Variable

Figure 2.10 TEM observations of FS/SBR composites, containing x g/100 g SBR: (a) 30 g; (b) 40 g;

(c) 50 g; and (d) 60 g

Manufacturing Techniques of Rubber Nanocomposites 35



increasing viscosity of matrix and thus improved the separation and dispersion of FS. It is true

that the viscosity of matrix rose as the amount of FS increased.

Figures 2.11 and 2.12 show that, as the amount of FS increased, the dynamic elastic modulus

(E0) of the composites rose but themaximum loss tangent (tandmax) declined. This agreedwith a

spherical filler such as carbon black reinforced rubber. It was obvious that the rubber volume

fraction decreasedwith increasing FS amount. The temperature corresponded to tandmax could

be thought as the glass transmission temperature (Tg) of SBR, about at �50 �C. It could be

concluded that the content of FS had little effect on Tg. When the temperature is significantly

less than Tg, the rubber molecules are glassy and cannot move, hence the loss tangent (tand) is
very lowwhileE0 is very high. As the temperature rises but is less than Tg, the rubbermolecules

begin to move in limited volume, and tand gradually increases while E0 declines dramatically.

When the temperature is more than Tg, the rubber molecules can freely move due to the rise in

the freevolumeof rubber, and tand begins to declinewhileE0 decreases to aminimumvalue and

changes little. Therefore, tand of the composite appears to have a maximal value.
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Figure 2.11 The relation of dynamic elastic modulus of FS/SBR composites and temperature

Table 2.2 Mechanical properties of composites

Amount of modified FS

30 40 50 60

Unaged Aged Unaged Aged Unaged Aged Unaged Aged

Hardness (shore A) 69 78 73 80 75 83 79 85

Tensile stress at 100% strain (MPa) 7.3 8.4 7.6 10.4 7.8 12.2 10.2 13.7

Tensile strength (MPa) 14.1 14.3 14.7 16.0 14.4 17.5 18.8 20.5

Elongation at break (%) 350 260 344 238 336 233 309 233

Permanent set (%) 20 12 20 12 12 8 12 8

Tear strength (KNm�1) 58.0 60.8 67.4 64.7
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In order to discuss the anisotropy of FS/SBR composites during the preparation of the

composites, the two rolls were adjusted to the smallest interval so as to give maximal shear to

make the nanofibrils oriented when the compound was sliced. As seen in Figure 2.13, FS/SBR

composites exhibited higher stress in the tropism direction than that in the vertical to tropism

direction at the same amount of FS. It was obvious that the stress difference in the two directions

became more distinct with increasing FS content. Table 2.3 shows that it is also true for the

tensile Young’s modulus of the composites. The difference in tensile Young’s modulus in

the two directions became more visible when the content of FS was more than 60 g/100 g SBR.

Like short microfibers, nanofibrils could also be oriented along the shear direction. The greater
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Figure 2.12 The relation of loss tangent of FS/SBR composites and temperature
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Figure 2.13 The stress and strain relation of FS/SBR composites in two different directions
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the amount of FS, the greater is the number of nanofibrils and themore distinct is the orientation

of fibrils. As a result, the composites showed more evident anisotropy.

It could be concluded fromFigure 2.14 that theMooney viscosity of FS/SBR andWCB/SBR

compounds increased with the increasing amount of filler but the increment of the former was

more remarkable. It was very puzzling that theMooney viscosity of the FS/SBRcompoundwas

lower at the same loading level of filler. In addition, it is very easy to mix FS with rubber, and

FS/SBR composites show good appearance. As we knew, short microfiber-reinforced rubber

usually exhibited an undesirable flow property and appearance due to its large dimension.

Therefore, it is possible that FS can be used in some special rubber product instead of short

microfibers to some extent.

Cheap FS fibrils showed excellent reinforcing effect for SBR. FS/SBR composites

prepared by melt compounding exhibited the similar characteristics of short microfiber-

reinforced rubber, for examples, high stress at definite strain, high tear strength, low

elongation at break and anisotropy. In addition, the FS/SBR compound had a good flow

property.

Table 2.3 Tensile Young’s modulus of FS/SBR composites

The content of FS

(g/100 g SBR)

Tropism tensile

Young’s modulus (MPa)

Vertical tensile

Young’s modulus (MPa)

30 7.51 6.19

40 10.80 10.65

50 13.71 12.32

60 22.40 13.58

70 23.16 14.80

80 26.88 16.81
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Figure 2.14 Mooney viscosity of FS/SBR and WCB/SBR compounds
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2.3 Solution Blending

Different from melt compounding, organic solvent is needed to prepare rubber/clay nano-

composites by solution blending. In this method, dry rubber is dissolved in a suitable solvent

along with the organically modified clays or mixed together after dissolution in suitable

solvents. The solvent is evaporated to obtain the nanocomposite.

Ganter et al. prepared rubber nanocomposites based on styrene–butadiene rubber (SBR) and

butadiene rubber (BR) containing organophilic-layered silicates [10, 11]. They reported that

the intergallery distance of the organoclay increased more than twofold when it was

incorporated in SBR dissolved in toluene. The excellent dispersion of the organoclay

(exhibiting both intercalated and partially exfoliated layers) in rubber was demonstrated by

TEM and AFM. The organoclay vulcanizates exhibited enhanced hysteresis when compared

with silica-filled vulcanizates, which was explained by the orientation and sliding of the

anisotropic silicate layers.

In another study, Sadhu and Bhowmick studied the influence of the structural and processing

parameters on rubber-based nanocomposites prepared with ODA-modified MMT and SBR

with different styrene contents [12]. Toluene, chloroform and carbon tetrachloridewere used as

solvents and the composites were cured by dicumyl peroxide and sulfur cure systems. All the

composites were characterized by TEM, indicating a uniform distribution of the organoclay in

the SBR matrix. Even with a very low organoclay loading, the modified clay/SBR nano-

composites displayed improved mechanical properties and the styrene content of the rubber

had a pronounced effect on the properties of the nanocomposites. Increasing the styrene content

increased the tensile strength, modulus and elongation at break of SBR.

2.3.1 Manufacturing Factors Control

The effects of heat and pressure during solution blending on themicrostructures of isobutylene-

isoprene rubber/clay nanocomposites (IIRCNs) were investigated by Lu et al. [13]. To prepare

the nanocomposites, organically modified clay (OMC) was dispersed in toluene with vigorous

stirring, and then IIR/toluene solution was added into this suspension. The obtained mixture

was vigorously stirred for 24 h. After the solvent was evaporated, the IIR/OMC (100/10)

nanocomposite (IIRCN)was obtained. The vaporization of solventwas carried out in a vacuum

oven at 40 �C for 24 h. No other additives were added to the mixture in order to avoid their

disturbance of the morphology.

The thermal treatments of IIRCNs under atmospheric pressure (AP) were carried out in an

electrically heated oven. However, the thermal treatments of IIRCNs under high pressure (HP)

were performed on an electrically heated hydraulic press, which exerted the predetermined

temperature and pressure on a standard mold containing the IIRCN sample.

Figure 2.15 compares WAXD patterns of OMC and untreated IIRCN. In the OMC pattern,

there is a reflection signal at 2y¼ 3.92�, corresponding to a basal spacing of 2.24 nm.Whereas,

in that of S-IIRCN, the diffraction peak locates at 2y¼ 2.51�, corresponding to a basal spacing
of 3.50 nm, which is detectable of the intercalation structure. Additionally, there are no any

other higher order reflections in the pattern, which implies that the order degree of intercalated

structure in initial IIRCN is not high.

Figure 2.16 shows bright field TEM images of untreated IIRCN at two different magnifica-

tions, inwhich dark entities are the clay particles and bright areas are thematrix. From the TEM
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image of lowmagnification, it can be observed that silicate layers stacks and flocculates to form

large agglomerates 100–200 nm in width and 400–600 nm in length. Moreover, the dispersion

of these clay agglomerates in rubber matrix is inhomogeneous. The enlarged observation

reveals that the agglomerates are composed of many silicate tactoids; and in many parts of the

Figure 2.15 WAXD patterns of IIRCN (IIR/OMC¼ 100/10wt) and pure OMC. The asterisks indicate

(0 0 1) peaks for OMC dispersed in IIRmatrix and pure OMC. The curves are shifted vertically for clarity

Figure 2.16 TEM photographs of IIRCN (IIR/OMC¼ 100/10wt). Left – low magnification; right –

high magnification
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agglomerates, the silicate tactoids stacks in disrupted form. This observation is in accordance

with the WAXD data (Figure 2.15).

The initial IIRCN was thermally treated in free state, that is, under AP, and at 80, 100, 120,

140 and 160 �C, respectively, for 1 h. These treated IIRCNs were denoted by AP80, AP100,

AP120, AP140 and AP160, respectively. The WAXD patterns of these samples are shown in

Figure 2.17. In general, the structural changes of polymer based clay nanocomposites can be

determined by monitoring the position, intensity and full width at half maximum (FWHM) of

the (0 0 1) basal reflection of OMC. First, the change in the intensity caused by AP thermal

treatments is most apparent. Moreover, the intensity is strongly dependant on the thermal-

treating temperature, as shown in Figure 2.18 [the method for the measurement of (0 0 1)

peak intensity is shown in Figure 2.17]. This pattern can be divided into three regions. In the first

region (80–100 �C), the reflection intensity increaseswith the treating temperature increasing. In

the second region (100–140 �C), the intensity decreases sharply with the thermal-treating

temperature increasing. In the third region (140–180 �C), the rate for the (0 0 1) peak intensity
decreasing with the thermal-treating temperature becomes low. The (0 0 1) reflection peaks of

OMC inAP80, AP100 andAP120 samples are obviously stronger than that of untreated IIRCN.

Furthermore, the higher order reflections of the (0 0 1) basal peak are obvious in the WAXD

patterns of these samples. These phenomena indicate that the intercalated structures in these

IIRCNs are more ordered than those in the initial IIRCN. On the other hand, the (0 0 1) peak for

AP140 and AP160 samples are much weaker than that for untreated IIRCN.

There are two possible reasons resulting in the decrease in intensity of the (0 0 1) basal

reflection: (i) the decrease in the degree of coherent silicate layer stacking and (ii) the

occurrence of the exfoliation and destruction of some intercalated silicates. The FWHM of

the (0 0 1) basal reflection peak is inversely proportional to the coherence length of the

Figure 2.17 WAXD patterns of untreated IIRCN and IIRCNs treated at different temperatures and AP

for 1 h. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The curves are shifted

vertically for clarity
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OMC (L001) and therefore reflects the coherent order of the silicate layers. Table 2.4

summarizes the coherence lengths (L001) of the intercalated OMC for initial IIRCN and

thermally treated samples calculated from FWHM by using Scherer equation. It can be seen

that AP thermal treatments at different temperatures result in remarkable increase of L001, and

the treating temperature has little influence on the L001 of interacted silicate structures in

IIRCN treated underAP. Therefore, the increase in the intensity of the (0 0 1) reflection peak for

AP80, AP100 andAP120 samples should be caused by the improvement in the coherence order

degree of the intercalated OMC in these composites. The dramatic decrease in the intensity of

the (0 0 1) reflection for AP140 and AP160 samples should be essentially due to the exfoliation

of substantial OMC and the decrease in amount of intercalated structures. In these two

treated IIRCNs, the residual intercalated silicates still have higher coherence order in

comparison with the untreated IIRCN. Table 2.4 also compares the basal spacing of OMC

Figure 2.18 Influence of treating temperature (T) on relative intensity of (0 0 1) reflection peak

(I0001 ¼ IT001=I
untreated
001 ) for OMC dispersed in IIRCN thermally treated at AP for 1 h. The dotted line

indicates the level for untreated IIRCN

Table 2.4 The intensities of (0 0 1) peaks and crystalline parameters obtained fromWAXD analyses of

OMC dispersed in untreated IIRCN and IIRCNs treated at different temperatures and AP for 1 h

Temp (�C) I001
1 (Counts) d001 (nm) L001 (nm) L001=d001

2

Untreated 173 3.50 6.66 1.9

80 256 3.70 9.60 2.6

100 325 3.53 10.16 2.9

120 242 3.39 9.09 2.7

140 76 3.26 9.09 2.8

160 39 3.13 9.09 2.9

1The method for determining the intensity of (0 0 1) peak (I001) is shown in Figure 2.3.
2This ratio represents the mean number of silicate layers in basic intercalated structure.
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among initial and AP thermally treated IIRCNs. The result reveals that the gallery height of

OMC in the AP thermally treated nanocomposite decreases with the treating temperature

increasing and is smaller than that in untreated IIRCNwhen the treating temperature is beyond

100 �C. It should be pointed out that the change in the gallery heightwith treating temperature is

not much.

Figure 2.19 represents the TEM images of AP80 and AP160, which demonstrate that the

treating temperature possesses the essential influence on the dispersion state of silicate

particles in IIR matrix. In the AP80 sample, the majority of OMC particles are still dispersed

in stacked forms comprising several decade silicate layers, and the dispersion homogeneity of

them is little improved, comparedwith the initial IIRCN. In contrast, the exfoliated silicates are

dominant in theAP160 sample, but a small amount of stacked intercalated silicate structure still

remains. Furthermore, the dispersion homogeneity of silicate layers in this nanocomposite is

greatly improved. The high-magnification TEM images display that the intercalated silicates

stack more orderly in the AP80 and AP160 samples than in the untreated IIRCN. These TEM

observations are well consistent with the WAXD results.

On the basis of the WAXD patterns and TEM observation, the microstructural changes of

IIRCN caused by AP thermal treatments can be determined. AP thermal treatments at low

temperature (that is, 80, 100, 120 �C) mainly improve the coherence order of stacked

intercalated silicates, but little change the spatial distribution of silicate particles in IIR

matrix. However, AP thermal treatments at high temperature (that is, 140, 160 �C) not only
cause the exfoliation of majority of silicates, but also result in a dramatic improvement in the

dispersion homogeneity of silicate particles.

Figure 2.20 shows the effect of constant extra pressure (15MPa) on the structural change of

IIRCN treated at different temperatures. Among WAXD patterns of IIRCNs treated at

different temperature under 15MPa pressure, there might be a development of reflection

signal from a large 2y angle to a small one. In both patterns of IIRCN treated at 80 and 160 �C
under 15MPa pressure, only one reflection peak is obvious. The basal spacing of OMC in

IIRCN treated at 80 �C under 15MPa pressure is 2.08 nm, which is even smaller than that of

original OMC (2.24 nm), indicating the existence of un-intercalated structures. The basal

spacing of OMC in IIRCN treated at 160 �C under same pressure is 3.18 nm, which is

considerably larger than that of the original OMC, revealing the existence of intercalated

hybrid structures. In patterns of IIRCNs treated at 140 �C and 100 �C, there are two reflection
signals. The position of the low 2y angle reflection is stable at �2.12 nm, but its diffraction

intensity decreases as the treating temperature increases. In contrast, the position of the high 2y
angle reflection shifts to a high angle and its intensity increases as the treating temperature

increases. These results demonstrate that exerting extra pressure at low treating temperature

leads to the extrusion of initially intercalated rubber chains out of silicate galleries to even form

complete un-intercalated structures; but increasing treating temperature can effectively retard

this extrusion.

Figure 2.21 displays the influence of magnitude of extra pressure on the microstructure of

IIRCNwhen thermally treated at 160 �C. It can be seen that there is only one reflection signal in
all patterns, and the reflection position does not change considerably with extra pressure

changing. Figure 2.22 shows that the intensity of (0 0 1) reflection peak increases remarkably

with extra pressure, but changes little when extra pressure exceeds 5.2MPa. This phenomenon

demonstrates that high extra pressure may be favorable to form intercalated structures rather

than exfoliated ones.
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Figure 2.19 TEM photographs of IIRCN treated at the condition of: (a) AP� 80 �C� 1 h; and

(b) AP� 160 �C� 1 h. Left – low magnification; right – high magnification
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Figure 2.20 WAXD patterns of untreated IIRCN and IIRCNs treated by different temperatures and

15MPa pressure for 1 h. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIRmatrix. The dotted

line indicates the location of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically

for clarity

Figure 2.21 WAXD patterns of untreated IIRCN and IIRCNs treated at 160 �C and different pressures

for 1 h. The curves are shifted vertically for clarity
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On the basis of these experimental results, it can be concluded that:

1. By solution blending, an IIRCN having the intercalated-flocculated structures with low

coherence order was obtained, and a considerable amount of solvent molecules remained

within silicate interlayers.

2. The thermal treatment at AP and relatively low temperature considerably improves the

coherency of intercalated silicates.However, the thermal treatment atAPand relatively high

temperature can cause the exfoliation of silicate layers and improve the distribution

homogeneity of silicate particles in IIR matrix. In these treated IIRCN, the intercalated

structures with improved coherence order and exfoliated silicate layers coexist. When the

treating temperature is beyond 140 �C, the exfoliated structure is dominant. The exfoliation

of silicate layers is related to the vaporization of residual solvent molecules within silicate

interlayers. In addition, the small dimension of dispersed silicate layers facilitates exfolia-

tion during AP thermal treatment at high temperature. Exerting extra pressure during

thermal treatment at relative low temperature can cause complete de-intercalation because

the residual solventmoleculeswithin silicate interlayers favor themotion of intercalated IIR

chains. Increasing the treating temperature retards this de-intercalation, which is also

attributed to the vaporization of residual solvent molecules.

3. To obtain a desiredmorphology in the case of IIRCN: (i) the pressure applied invulcanization

shouldnot be high, (ii) the curingprocess shouldbeperformed at high temperature and (iii) the

curing system should be selected to ensure that the curing process has a long scorch period and

low curing rate, in order to allow the exfoliation of silicate layers to take place.

2.3.2 Preparing Exfoliated/Intercalated Nanocomposites

A novel method for preparation of exfoliated/intercalated nanocomposites is reported by

Ma et al. based on two steps, that is, preparation of treated montmorillonite (MMT) solution

Figure 2.22 The relationship between the intensity of (0 0 1) reflection peak (I001) and extra pressure

exerted

46 Rubber Nanocomposites



and solution blendingwith polymers [14].After in situpolymerization of dimethyldichlorosilane

between layers and separation ofmost polydimethylsiloxane (PDMS), the treatedMMT solution

shows good storage stability. Although the elemental analyzer shows no residue PDMS, NMR

proves residue PDMS still exists in the solution. A lower relaxation time of end-capped CH3 of

alkyl ammonium grafted onto layer surface via ion exchange in the solution shows that the layer

spacingwas increased significantly or even exfoliated.When the solutionwas blendedwith some

polar polymers, exfoliated nanocomposites were found. When it was blended with some

nonpolar polymers, however, intercalated nanocomposites were obtained. The reason was

explained in the light of compatibility between polymer matrix and MMT as well as alkyl

ammonium and PDMS grafted on the layer surface. For intercalated nanocomposites, different

layer spacing corresponds to different chain flexibility and the presence of multipeaks is caused

by the processing of these blends.

2.4 Latex Compounding

Most of the rubbers are available in the form of latex. The layered silicates are able to

suspend in water. The water swelling capability of the natural clays depends upon the type

of clay and its cation exchange capacity [15]. Compared with the melt or solution method,

the approach of co-coagulating rubber latex and clay aqueous suspension (namely LCM),

where pristine clay (non-organoclay) is employed, is promising for industrialization due

to the low cost of pristine clay, the simplicity of the preparation process and the superior

cost/performance ratio.

Zhang et al. pioneered this technology bymixing SBR latexwith a clay/water dispersion and

coagulating the mixture [16]. The structure of the dispersion of clay in the SBRwas studied by

TEM. The mechanical properties of clay/SBR nanocomposites with different filling amounts

of clay were studied. The results showed that the main structure of the dispersion of clay in the

SBRwas a layer bundlewhose thickness was 4–10 nm and its aggregation formed by several or

many layer bundles. Compared with the other filler, some mechanical properties of clay/SBR

nanocomposites exceeded those of carbon black/SBR composites and were higher than those

of clay/SBR composites produced by directly mixing clay with SBR through regular rubber

processing means.

Wu et al. prepared NBR/clay nanocomposites with excellent mechanical and gas barrier

properties by co-coagulating rubber latex and clay aqueous suspension [17]. TEM showed that

the silicate layers of clay were dispersed in the NBR matrix at the nanometer level and had a

planar orientation.

Rectorite/SBR nanocomposites were prepared by co-coagulating SBR latex and a rectorite/

water suspension by Wang et al. [18]. TEM showed that the layers of rectorite were well

dispersed in the SBRmatrix and the aspect ratio (width/thickness) of it was higher than that of

montmorillonite (MMT). X-ray diffraction indicated that the nanocomposite produced by this

method was of neither intercalated type nor exfoliated type. The gas barrier properties and

mechanical properties of the novel nanocomposites were excellent.

In general, polymer/clay nanocomposites are of two different types, namely intercalated

structure and exfoliated structure. Carboxylated NBR (CNBR)/clay mixtures were prepared

by LCM followed by traditional rubber compounding and vulcanization [19]. The silicate

layers were aligned in a more orderly fashion during the compounding. The structure of the
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clay/CNBR nanocomposites was a combination of exfoliated and intercalated silicate layers

dispersed in the continuous CNBR matrix. The structure was different from intercalated and

exfoliated clay nanocomposites, in which the rubber molecules “separated” the clay particles

into either individual layers or just silicate layer aggregates of nanometer thickness without the

intercalation of rubber molecules into clay galleries. Such a structure was found to result from

the competition between separation of rubber latex particles and re-aggregation of single

silicate layers during the co-coagulating process.

It was also reported that the flocculant cations, for instance Hþ , Ca2þ and RNH3
þ ,

intercalated into silicate layers. At the same time, the interfacial compatibility was poor

without special interfacial modification. It was also found in that way that there was a

competition of intercalation between the modifier cations and the flocculant cations, and the

amount of rubber-intercalated structure or modifier-intercalated structure strongly depended

on the result of the above competition.

2.4.1 Manufacturing Factors Control

A novel way to increase the interfacial interaction between pristine clay and rubber was

developed by Jia et al. [20]. First, a SBR/clay nanocomposite was prepared by LCM with

diluted sulfuric acid solution and calcium chloride aqueous solution as flocculating agents.

Then, hexadecyl trimethyl ammonium bromide (ab. C16) or 3-aminopropyl triethoxy silane

(ab. KH550) was directly introduced into the SBR/clay nanocompounds on a two-roll mill with

other ingredients to prepare SBR/clay nanocomposites. Compared with in situmodification in

suspension, this method seems to be simpler and more feasible. The results acquired can

provide some reference to the preparation of high performance rubber/clay nanocomposites

with good interfacial interaction.

In experiments, about 2% aqueous suspension of clay and the SBR latex were mixed and

vigorously stirred for a given period of time. After that, the mixture was co-coagulated in

electrolyte solution (1% calcium chloride aqueous solution, or 2% sulfuric acid solution),

washed in water and dried in an oven at 50 �C for 20 h, and then the SBR-clay nanocompound

was obtained. (Here it must be made clear that the nanocompounds are referred to as uncured

and the nanocomposites as cured.)

Themodifier (hexadecyl trimethyl ammonium bromide, or 3-aminopropyl triethoxy silane),

the vulcanizing ingredients and other additives were mixed into the nanocompound on a 6-in

two-roll mill, according to the recipe listed in Table 2.5. Then the compound was vulcanized

in a standard mold at about 15MPa pressure at 150 �C. The vulcanizates are referred to as

SBR/clay nanocomposites. Table 2.6 gives the sample designations of all the SBR/clay

nanocomposites.

In order to reveal the effect of heat and pressure on the structure of clay in the rubber matrix,

the uncured and cured modified SBR/clay nanocomposites were carefully studied by XRD.

The XRD patterns of SBR/clay nanocomposites prepared by different flocculants and organic

modifiers are shown in Figure 2.23.

Figure 2.23a gives the XRD patterns for the Hþ -flocculated SBR/clay nanocomposites. On

the curve of H-cured nanocomposite, there is one peak at 2y¼ 6.29�, corresponding to a basal
spacing of 1.43 nm, a little bit bigger than that of Naþ -MMT, which results from the

intercalation of flocculant ions into the clay galleries during the flocculating process.

However, this Hþ -intercalated structure is a “separated” structure. Although there is no rubber
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macromolecules intercalation, it is still a nanostructure, which can be proved by TEM. For

the uncured SBR/clay nanocompositewithC16 added on the two-rollmill, there are three peaks,

corresponding to basal spacings of 1.43 nm, 2.08 nm and 4.37 nm, respectively. Obviously the

addition of C16 intensively changes the structures of clay in the SBRmatrix. Although the Hþ -
intercalated structure remains, two new structures of C16-intercalated and SBR-intercalated

emerge, which indicate that C16 can intercalate into part of silicate layers during general

mechanical processing through ion exchange betweenHþ and C16. And this C16-intercalation

can further induce the intercalation of SBR macromolecules to clay galleries due to the strong

shearing force. After vulcanization, similar peaks but with stronger intensity appear for the

HC16-cured nanocomposite possibly because of the orientation and re-aggregate of clay layers

by hot pressure during vulcanization. Compared with C16, KH550 can completely intercalate

into the clay galleries during the compounding process, representing a single peak with a

1.82 nm layer spacing on the XRD patterns. Here the XRD peak of Hþ -intercalated structure

almost disappears.After vulcanization, this singepeak disappears, and as a result, twonewpeaks

emerge corresponding to layer spacings of 4.41 nm and 1.45 nm. This can be explained by the

strong intercalation betweenHþ and amine group ofKH550;KH550 easily intercalates into the

Hþ clay layers. However, on the one hand the layer space of KH550 intercalated clay is small,

and on the other hand the physical compatibility between KH550 and SBR rubber chains is not

good enough. So the rubber intercalation does not evidently happen during mixing. During the

curing process, the KH550 with amine group and ethyl hydroxyl group participates in

vulcanization and connects with rubber macromolecules by chemical bonding, so the SBR

macromolecules are drawn into some clay galleries and result in the small peak of 4.41 nmon the

XRD patterns. For the same reason, part of KH550 is drawn out from the clay galleries. Thus a

new peak with 1.45 nm layer spacing is observed.

Table 2.5 Formulation of the mixes

Ingredients Contents (phr1)

SBR 100

Clay 10

Hexadecyl trimethyl ammonium bromide

(or 3-aminopropyl triethoxy silane)

5 (or 4)

Zinc oxide 5.0

Stearic acid 2.0

Diphenyl guanidine 0.5

Dibenzothiazode disulfide 0.5

Tetramethyl thiuram disulfide 0.2

N-isopropyl-N0-phenyl-p-phenylene diamine 1.0

Sulfur 2.0

1phr is the abbreviation of weight parts per 100 weight parts rubber.

Table 2.6 Designation of the SBR-clay (100/10) nanocomposites

Flocculant ions Hþ Ca2þ Hþ Hþ Ca2þ Ca2þ

Modifier No modifier No modifier C16 KH550 C16 KH550

Nanocomposite designation H Ca HC16 HKH550 CaC16 CaKH550

Manufacturing Techniques of Rubber Nanocomposites 49



In the case of Ca2þ as flocculant, similar results can be gained except that the clay layer

spacings of all kinds of intercalated structures are different. With the bigger size of Ca2þ , the
layer spacing of a Ca2þ -intercalated structure is 1.51 nm. But for uncured and cured CaC16

nanocomposites, the layer spacing of a SBR-intercalated structure changes from about 4.40 nm

to 3.83 nm, possibly on account of the strong layer-layer intercalation led by Ca2þ . In
comparison with Figure 2.23a, the biggest difference in Figure 2.23b is the curve of

CaKH550-cured nanocomposite, in which only a single peak is observed, weak but very

broad, corresponding to the KH550-intercalated structure of 1.9 nm layer spacing. That is still

because that the strong layer-layer interaction of clay led by Ca2þ makes it very difficult for

KH550 to intercalate into clay galleries during the vulcanization process.
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Figure 2.23 X-ray diffraction spectra of SBR-clay nanocomposites flocculated by different flocculating

agents: (a) Hþ -flocculated system and (b) Ca2þ -flocculated system
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To investigate the effect of modifiers and flocculating agents on the dispersion of clay and

interfacial interaction between clay and SBRmatrix, the morphologies of a series of SBR/clay

nanocomposites were observed with TEM, as shown in Figure 2.24. The dark lines in the

photographs are the intersections of the dispersed silicate layers or layer aggregates. It is worth

to note that the dispersion of clay in each photo is good. For un-modified SBR/clay nano-

composite, seen in Figure 2.24a and b, the dimensions of the dispersed clay layers are quite fine

and their spatial distributions are homogeneous. All the clay layers exist in aggregation with

10–20 nm thickness. In Figure 2.24b, some cavities are observed near the interface between clay

layers and rubber matrix, which is caused by the poor interfacial interaction between pristine

clay and SBR. Compared with those of a nanocomposite of Ca, the clay layers of a

nanocomposite of H disperse more finely and the interfacial strength seems a little better.

Figure 2.24 TEM photos of SBR-clay nanocomposites: (a) H; (b) Ca; (c) HKH550; and (d) KC16
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When KH550 or C16 is used to modify SBR/clay nanocomposites, the dimension of most

dispersed clay layers and the amount of clay aggregates are larger. However, no cavity is found

on the interface, and dispersion is homogenous. That not only means that the modifier improves

the compatibility of nanodispersed clay and rubber, but that organic modifier assembles some

layers or aggregates to form layer aggregates assisted by pressure during vulcanization. This

implies KH550 and C16 are efficient compatibilizers of clay and SBR. With KH550 modifica-

tion, in Figure 2.24c, the dispersion of clay is more homogeneous. Comparison of these photos

initially demonstrates that KH550 is more efficient. All these results are consistent with that

from XRD.

The effect of the amplitude-dependence of the dynamic viscoelastic properties of filled

rubbers was performed using RPA2000, which can carry out strain and frequency scanning in a

Figure 2.24 (Continued)

52 Rubber Nanocomposites



board range, showing information on the dispersion of filler particles in the rubber matrix.

Figure 2.25 shows the dependency of the storage modulus (G0) of the uncured modified rubber

nanocompounds on the strain amplitude, and a highly nonlinear behavior is observed for each

one. It is found that themodulus decreases dramaticallywith increasing the strain amplitude for

all the SBR/clay nanocompounds. This can be explained by “the Payne effect.” The severe

decrease in the modulus with increasing deformation ratio is due to the disentanglement of

uncured rubber macromolecules, and the breakdown of filler-rubber network constructed by

filler-filler interaction and filler-rubber interaction. Another observation is that compared with

KH550modified SBR/clay nanocompounds, C16modified SBR/clay nanocompounds possess

higher moduli. At the same time, the moduli of C16 modified SBR/clay nanocompounds

decrease faster when the strain is over 40%. This is probably because that the longer alkyl

chains of C16 provide strong entanglements with SBR chains or by themselves, which can be

described by the sketch in Figure 2.26. However, compared with C16, KH550 has lower

compatibility with SBR, thus its effect on helping constructing network is relatively weak.

Different from the modified SBR/clay nanocompounds, the reason why the unmodified

nanocompounds possess high moduli is that in those nanocompounds, although both the

clay-rubber interaction and the compatibility between clay and SBR are weak, the filler-filler

interaction is very strong due to filler aggregation.

In order to investigate the dynamic properties of cured modified SBR-clay nanocomposites,

the dynamic storage modulus (G0) and mechanical loss factor (tand) were also studied. Two

zones are found in Figure 2.27a. Zone 1 is the modulus-strain pattern under the 100% strain, in

which the dynamic shear storage modulus remains constant. When the strain is over 100%,

zone 2 is formed, inwhich themodulus decreases dramatically, similarwithwhat in Figure 2.25

due to the same reason. In contrast, it can be found that the order inG0 of all the modified SBR/

clay nanocomposites is HKH550 > CaKH550 > HC16 > CaC16 and the difference between

them is very big, different from that observed in Figure 2.25.Onemust note that, comparedwith
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Figure 2.25 RPA analysis of uncured SBR-clay nanocompounds
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Figure 2.27a, the order in the tand of all the modified SBR/clay nanocomposites is reversed in

Figure 2.27b. Tand is dependent on the elasticity of the filled rubber nanocomposites. It is well

known that the lower the tand, the higher the elasticity. High elasticity implies that the material

has an excellent interface. To understand this, the interfacial interaction among these

nanocomposites must be analyzed. At first, we must realize that the layer surface interaction

is more important compared with edge interaction since the former is much bigger than the

latter in area. C16 is physically absorbed on the clay layers, its long alkyl chains only physically

interact with rubber molecules chains even after vulcanization. So the interfacial strength of

C16modified SBR/clay nanocomposites is not strong, which results in interface sliding during

tensile and high hysteresis during dynamic deformation. However, the¼NH2 and¼OC2H5 of

KH550 can chemically bond with rubber molecules through participating in a complex curing

reaction. Consequently, clay layers act as the chemical crosslinking points, which further

markedly increase the modulus of nanocomposites and remarkably reduce the interfacial

hysteresis.

In order to test this, the effect ofmodification on curing characteristics is given inFigure 2.28.

Vulcanization is a vital step for rubber product, and the rubber modulus increases dramatically

during curing; thus it is used as a monitor to investigate the progress of curing. In Figure 2.28,

for unmodified SBR/clay nanocomposites, the occurrence of vulcanization is delayed. This is

caused by the combination of the curing agents with fillers by hydrogen bonding. The

combined agents do not crosslink SBR until the combination begins to vanish at the curing

temperature. The existing of C16 and KH550 can evidently accelerate the occurrence of

vulcanization, as shown in curves for modified nanocomposites. For C16-modified SBR/clay

nanocomposites, the maximum torque is reached soon and remains constant. Different from

this, KH550 can obviously shorten the scorch time at first. But as curing progresses, the curing

speed decreases, and the cure time is protracted. Simultaneously the torque keeps increasing all

the time. Thus it can be concluded that the existing KH550 participates in the curing reaction

and significantly influences the intercrosslinking structure of SBR/clay nanocomposites.

Table 2.7 shows the mechanical properties of pure SBR, unmodified andmodified SBR/clay

nanocomposites; the corresponding stress-strain curves are presented in Figure 2.29.While the

Figure 2.26 Sketch of the physical entanglement between C16 and SBR
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tensile strength of pure SBR is measured at 2.3MPa, without organic modification, it is only

improved to 4.3 or 4.4MPa with the addition of 10 phr nanoclay by using Hþ or Ca2þ as the

flocculating agent, respectively. This improvement is big but not enough for the application

requirement. Compared with that of un-modified SBR/clay nanocomposite, no obvious

improvement in tear strength, or stress at 100% or 300% elongation is found, but tensile

strength is improved to about 9.0MPa for the C16-modified nanocomposites, over 100%

improvement, in both systems with Hþ or Ca2þ as flocculating agent. With almost the same

amount of KH550, the tear strength and the modulus at 100% and 300% of the modified

nanocomposites are improved more than 30%, and the tensile strength is also improved 2.5

times of that of un-modified nanocomposites.

As shown in Figure 2.29, the obvious difference appears even at a very small elongation with

a value around 40%; and with further increase of elongation, the difference among all the
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curves becomesmore andmore distinct. It can be concluded that in the range ofmedian to large

strain (for example, 300%elongation), the stress ofHþ -flocculated nanocomposites are higher

than that of Ca2þ -flocculated nanocomposites for each similar system in which the flocculat-

ing agent is the only difference. Likewise, the stress at 300% elongation of the modified

nanocomposites is much higher than that of unmodified counterparts. Moreover, the stress at

300%elongation ofKH550-modified nanocomposites is higher than that of C16-modified ones

in each systemusing eitherHþ orCa2þ . In the following part, themechanismof reinforcement

is discussed from the point of interface sliding and interfacial interaction during the tensile

process. It is well known that the modulus at a very small strain provides very important

information. Here the modulus mainly relies on the strength of network, indicating the filler

dispersion and hardness of the vulcanizate. With 100% elongation, the order of stress of cured

nanocomposites is HC16 > CaC16 > CaKH550 > HKH550, which is consistent with the

RPA result of uncured SBR/clay nanocompounds and the Shore A hardness of cured SBR/

clay nanocomposites. For nanocomposites of H and Ca, the moduli of their uncured

nanocompounds are higher than those of the modified nanocompounds because of higher
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Table 2.7 Mechanical properties of SBR-clay nanocomposites

Nanocomposite Shore A

hardness

Modulus at

100%

strain (MPa)

Modulus

at 300%

strain (MPa)

Tensile

strength

(MPa)

Elongation

at break

(%)

Permanent

set (%)

Tear

strength

(KNm�1)

Pure SBR 47 0.9 1.1 2.3 632 8 9

H 58 1.4 2.6 4.3 592 24 21

Ca 60 1.2 1.7 4.4 751 36 21

HC16 64 1.9 2.9 9.0 516 28 21

CaC16 62 1.7 2.3 9.4 598 40 20

HKH550 55 1.8 6.8 12.4 504 16 27

CaKH550 57 1.9 5.2 10.1 513 28 26
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filler-filler interaction. However, the stress of their cured nanocomposites is the lowest among

all of the SBR/clay nanocomposites because of the worst clay dispersion in the SBR matrix.

With increasing strain, the interface interaction between filler and matrix dominates the

increase in stress. In general, when the interfacial interaction between clay and rubber is

chemical linking, the stress at a certain strain will be dramatically improved. That is why the

curve of KH550-modified SBR/clay nanocomposites is in the highest position when the strain

level is over 200% and takes on a steep rise. For C16 modified SBR/clay nanocomposites, the

interaction between clay and SBR matrix is physical interaction, that is, weak Van der Waals

forces. However, the interfacial compatibility between clay and SBR is improved due to the

existing of C16. During the tensile process, interface sliding between clay layers and SBR

matrix occurs, and the rubber macromolecules chains can gradually make an orientation. At

that moment, C16 acts as a bridge, which can delay the detaching between clay and rubber

molecules. Thus C16 improves the interfacial compatibility and promotes the rise of stress. For

the same modifier-modified system, the stress at same strain level of Hþ -flocculated
nanocomposite is always higher than that of the Ca2þ -flocculated nanocomposite. The

difference in stress-stain curvesmight attributemore to the influence ofHþ on the crosslinking

degree of nanocomposites than Ca2þ .

2.4.2 The Effect of Rubber Type

To investigate the effect of rubber type on the dispersion of clay in the rubber/clay nano-

composites prepared by LCM, Wu et al. [21] prepared four rubber/clay nanocomposites

containing 20 phr clay, NR-clay, SBR-clay, NBR-clay, and CNBR-clay by directly co-

coagulating the rubber latex and clay aqueous suspension.

In the TEM micrographs shown in Figure 2.30, the dark lines represent the intersections of

the silicate layers. Figure 2.30a–d shows that there are both individual layers and stacking
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silicate layerswith a thickness of 10–30 nm. It isworth to note that the dispersion of clay in each

of the four rubber matrices is excellent.

The mechanical properties of three rubber/clay nanocomposites, SBR-clay, NR-clay and

CNBR-clay, are listed in Table 2.8. Compared to the corresponding conventional rubber/clay

composites containing the equivalent amount of clay (20 phr), all three nanocomposites exhibit

substantially higher 300% stress, shore A hardness, tensile strength and tear strength. Of

particular note is that the tensile strength of SBR-clay nanocomposite exhibited a six times

Figure 2.30 TEM micrographs of four rubber/clay nanocomposites: (a) NR-clay; (b) SBR-clay;

(c) NBR-clay; and (d) CNBR-clay
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higher value than that of the conventional SBR-clay composite. The largely increased

reinforcement and the tear resistance of the nanocomposites should be ascribed to the

dispersed structure of clay at the nano level, the high aspect ratio and the planar orientation

of the silicate layers.

The gas permeabilities of SBR-clay, NR-clay and NBR-clay nanocomposites with 20 phr

clay are presented in Table 2.9. Compared to the corresponding gum vulcanizates, the nitrogen

permeability of SBR-clay, NR-clay and NBR-clay nanocomposites reduced by 54.1%, 46.7%

and 47.8%, respectively, and the decrease amplitude is about 50% for all of the three

nanocomposites. This implies that the dispersion of silicate layers in SBR, NR and NBR

matrix is almost the same.

It can be seen that these novel nanocomposites exhibit excellent mechanical and gas barrier

properties. Therefore, a conclusion can be made that the method of co-coagulation for

preparing rubber/clay nanocomposites is widely applicable to rubbers that exist as a latex.

As mentioned above, the rubber/clay nanocomposites prepared by LCM are different from

those of intercalated and exfoliated polymer/clay nanocomposites. They have a kind of partly

exfoliated structure, in which the rubber molecules “separate” the clay into either individual

layers or just silicate layer aggregates of nanometer thickness without the intercalation of

rubber molecules into clay galleries. Therefore, the mechanism for forming nanocomposite

structure by the latex route is put forward.

The non-exfoliated layer aggregates in rubber/clay nanocomposites prepared by co-

coagulation are formed by the re-aggregation of exfoliated clay layers during the co-

coagulating process. Therefore, it is according to the unique nanocompouding mechanism

that this kind of structure prepared by co-coagulation is named “separated” structure, where

the rubber molecules “separate” the clay into either individual layers or just silicate layer

aggregates of nanometer thickness without the intercalation of rubber molecules into clay

galleries. In addition, the concept of “separated” structure can also present the difference

from partly exfoliated structure prepared by melt blending.

Table 2.8 Mechanical properties of rubber-clay nanocomposites (NC samples) and conventional

rubber-clay composites (MC samples) with 20 phr clay

Sample SBR-clay NR-clay CNBR-clay

MC NC MC NC MC NC

Stress at 300% strain (MPa) 2.1 7.4 2.7 12.3 5.2 —

Tensile strength (MPa) 2.4 14.5 11.6 26.8 9.0 18.0

Elongation at break (%) 400 548 568 644 444 228

Shore A hardness 52 60 41 54 60 82

Tear strength (KNm�1) 16.5 45.3 22.8 44.1 24.4 46.5

Table 2.9 Nitrogen permeabilities of clay/rubber nanocomposites with 20 phr clay (10�17m2 Pa�1 s�1)

Materials Pure SBR SBR-clay Pure NR NR-clay Pure NBR NBR-clay

Permeability 7.4 3.4 13.7 7.3 2.3 1.2
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The formation mechanism of “separated” structure can be illustrated by a schematic of the

mixing and co-coagulating process (Figure 2.31).

At the stage ofmixing, the rubber latex particles aremixedwith the clay aqueous suspension,

in which clay is dispersed as individual silicate layers. After adding a flocculant, the flocculant

coagulates the rubber latex and the silicate layers simultaneously, but the rubber macro-

molecules do not exactly intercalate into the galleries of clay. This mainly results from the

competition between separation of rubber latex particles and re-aggregation of single silicate

layers upon the addition of flocculant. Since rubber latex particles are composed of several

molecules, the existence of latex particles between the galleries of silicate layers in the water

medium should result in a completely separated (exfoliated) silicate layers. However, cations

of flocculant cause separated silicate layers to re-aggregate so that the rubber latex particles

between the silicate layersmay be expelled. As a result, there are some non-exfoliated layers in

the nanocomposites. In themeantime, due to the fact that the amount of latex is greater than that

of silicate layers and the latex particles agglomerate rapidly, the re-aggregation of silicate

layers is evidently obstructed to some extent by the agglomerated latex particles around the

silicate layers. Consequently, the size of aggregates of silicate layers is at the nanometer level,

and the thus obtained nanocomposites contain both exfoliated silicate layers and non-

exfoliated (not intercalated) aggregates of nanometer thickness in the rubber matrix.

According to the above nanocompounding mechanism, the factors affecting the final

dispersion level of nanocomposites mainly include the size of rubber latex particles, the ratio

of rubber latex to clay suspension and the speed of co-coagulation.

It can be expected that the smaller latex particles, the greater latex content and the faster

speed of co-coagulating rubber latex and clay layers will provide nanocomposites with fewer

non-exfoliated layer aggregates and even completely exfoliated nanocomposites.

Wang et al. compared the mechanical properties of clay (fractionated bentonite)/SBR

nanocomposites prepared by the solution and latex blending techniques [22] and found that, at

equivalent clay loadings, the nanocomposites prepared by the latex routewere better than those

prepared by the solution blending technique. Moreover, the set properties of the nanocompo-

sites prepared by the latex routewere lower than those prepared by solution blending. The TEM

Figure 2.31 Schematic illustration of the mixing and co-coagulating process
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shows that claywas dispersed as one or several layers. TheXRD shows that the basal spacing in

the clay was increased. It was evident that some macromolecules intercalated to the clay layer

galleries. The clay layer could be uniformly dispersed in the rubber matrix on the nanometer

level. Themechanical testing shows that the nanocomposites have goodmechanical properties.

Some properties exceeded those of rubber reinforced with carbon black, so the clay layers

could be used as an important reinforcing agent in the same way as carbon black.

2.5 Summary

Rubber/clay nanocomposites can be prepared via melt compounding or solution blending. In

the melt compounding method, it is difficult to exfoliate the clay because of the high viscosity

due to the polymer highmolecular weight. In the solutionmethod, organized clay ismixedwith

a polymer solution, followed by the evaporation of solvents. However, it is difficult to

intercalate polymer chains into the silicate layers in a solution state, and the solvent removal

process is troublesome.

A new method named the latex method was developed recently by our group. In the latex

method, a clay layer was dispersed in deionized water, followed by mixing with rubber latex.

The mixture was then co-coagulated by flocculants. At this stage, exfoliated silicate layers re-

aggregated to several layers of silicates of nanometer thickness, and rubber molecules dwelled

between several layers of silicates during the co-coagulation process. The advantages of this

method are (1) no solvent involved; and (2) readily available intercalation/exfoliation co-

existence, leading to highly improved mechanical and barrier performance. In addition, the

rubber supplied in the state of latex can be readily used, so that the dispersion effect of

nanofillers can be maximized.
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Reinforcement of Silicone Rubbers
by Sol-Gel In Situ Generated Filler
Particles

Liliane Bokobza and Amadou Lamine Diop
E.S.P.C.I., Laboratoire PPMD, 10 rue Vauquelin, 75231 Paris Cedex, France

3.1 Introduction

During the past decade, organic-inorganic hybrid materials have attracted tremendous interest

because they offer improved properties compared with the corresponding properties in pure

organic or inorganic materials. In elastomeric composites, the incorporation of filler particles

leads to an increase in stiffness resulting from the inclusion of rigid particles in the soft matrix

and also from additional crosslinking sites at the particle-matrix interface. But besides the

extent of interaction between the organic and inorganic phases, the level of matrix reinforce-

ment depends on several filler parameters such as the volume fraction of the particles, their size

and especially their state of dispersion within the host matrix. The reinforcing qualities of

conventional fillers such as carbon blacks and silicas have been widely demonstrated in the

literature. These fillers are physicallymixed into the polymers before the crosslinking reaction,

which tends to produce rather inhomogeneous materials. An alternative synthetic route based

on the sol-gel method usually allows the precipitation of the reinforcing phase that is more

finely dispersed than in the case of a mechanical mixture. Many organic-inorganic hybrids can

be obtained through a sol-gel process, which has proved to be a very simple and efficient

approach for the synthesis of composites where an inorganic network is formed within

a polymer matrix. Further, this process allows a tailored manipulation of the organic and

inorganic phases at a nanometer scale for the synthesis of newmaterials exhibiting synergistic

mechanical and thermal responses.
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The sol-gel process involves inorganic alkoxides ([M (OR)x], where M¼ Si, Ti, Zr, Al,. . .
and R is an aliphatic group) that are hydrolyzed and condensed in the presence of a catalyst, in

order to form M�O�M bridging units.

The structure of the generated inorganic particles depends on the hydrolysis and condensa-

tion conditions and especially on the type of alkoxide and catalyst. The molecular weight

of the polymer, the filler concentration and the nature of the interfacial interactions between

the organic and inorganic phases are additional factors that have a significant effect on the

morphology of the composite.

A controlled combination of the different factors that affect the composite structure leads to

the synthesis of composite materials with tailored properties. But, incorporating particles

through sol-gel in situ precipitations avoids agglomeration of the reinforcing filler frequently

obtained by the usual blending of the filler into the polymer prior to its crosslinking into an

elastomeric network.

The primary goal of this chapter is to give a better understanding of the structure-property

relationships in some hybrid organic-inorganic materials obtained by means of a sol-gel

process. Silica and titania are chosen as the inorganic phases and poly(dimethylsiloxane)

(PDMS) as the organic phase.

3.2 Synthetic Aspects

3.2.1 General Considerations

Pioneered by Mark for essentially filling silicone rubbers [1–7], the sol-gel process has

been successfully extended to various other polymers [8–20]. The in situ organic-

inorganic systems are often called nanocomposites on account of the small size of the

generated structures.

The work previously reported on the reinforcement of PDMS by in situ generated filler

particles [1–7], is essentially related to silicone elastomers formed by the use of functionally

terminated PDMS fluids that undergo catalyzed crosslinking reactions.

Typically, silica formation via the sol-gel process based on the polymerization of tetra-

ethoxysilane (TEOS) used as the inorganic precursor can be carried out before or after or

alternatively during curing [21]. In the third procedure, hydroxyl-terminated PDMS chains are

blended with enough TEOS to simultaneously end-link the precursor chains and provide the

silica particles.

Two reactions are generally used to describe the sol-gel synthesis of silica from TEOS:

SiðOC2H5Þ4 �������!hydrolysis
SiðOHÞ4 þC2H5OH

SiðOHÞ4 þ SiðOHÞ4 ������������!polycondensation ðOHÞ3Si � � � O � � � SiðOHÞ3 þH2O

This process which can be carried out at relatively low temperatures in host polymeric

matrices, leads to samples exhibiting excellentmechanical properties and optical transparency.

The generated inorganic structures highly depend on the hydrolysis and condensation

conditions and essentially on the nature of the catalyst used to accelerate the gelation process.

The role played by the catalytst in the sol-gel processing of silica has been thoroughly examined

byPopeandMackenzie [22].Also, themechanismsandkinetics of thehydrolysis-condensation
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reactions havebeenwidelydiscussedon thebasis of thewater content andon thepHdependence

of the gelation process [23, 24].

Large spherical particles are expected in the case of base-catalyzed reaction while linear

chain growth is suggested via acid catalysis. Silica polymerization in the solution precursor is

generally described bymodels of nucleation, growth and aggregation. Kineticmodels based on

fractal geometry concepts were developed and applied for the analysis of small-angle X-ray

scattering profiles in order to gain information on the morphology of the inorganic entities.

Awide range of complex structures were obtained for in situ silica-filled poly(dimethylsi-

loxane) networks prepared by various synthetic protocols [4, 7]. Nevertheless, the typical

fractal patterns and morphologies described in the case of the polymerization of silica in

solution are not exactly those observed when the polymerization is carried out in PDMS [4].

This is most probably due to the constraints provided by the polymer environment. Jackson

et al. [25] have analyzed the changes in the morphology of organic-inorganic hybrid materials

when the relative rates of polymerization of the organic and inorganic phases are changed. A

strong phase separation has been observed when the polymerization is fast with respect to the

sol-gel reaction while a faster sol-gel polymerization leads to a finer morphology and more

diffuse interfacial regions between the two phases.

3.2.2 Adopted Protocols

This chapter concentrates essentially on the sol-gel process carried out under different catalytic

conditions in already formed networks by using a synthetic protocole different from those

previously reported. Generating silica structures within a preformed PDMS network is

expected to prevent the formation of large silica aggregates. But the synthetic protocol for

the filling process before the crosslinking reaction is also presented for purpose of comparison.

We deal with the synthesis, characterization and properties of the filled systems with a special

emphasis on the polymer-filler interface, which plays a crucial role on the mechanical

properties of the resulting materials.

3.2.2.1 Synthesis of the Unfilled Networks

Unfilled PDMS networks can be obtained by end-linking polymer chains by means of

a multifunctional crosslinking agent. This type of process using a,o-bifunctional polymers

of known molecular weight reacting with adequate multifunctional reagent are widely used to

obtain elastomeric networks with structures expected to be as close as possible to ideality [21,

26, 27]. Samples can be obtained by the hydrosilylation reaction (that is, the addition of a silyl

function�SiH of precursor chains of hydride-terminated PDMS to an unsaturated C¼C bond

of the crosslinkingmolecule [27] or the addition of vinyl functional polymers to a SiH group of

a tetrafunctional siloxane [28]). In both cases, the hydrosilylation reaction is catalyzed by

a platinum complex (that is, platinum-divinyltetramethyldisiloxane). Alternatively, terminal

silanol functional PDMS are able to condense to alkoxy systems (the most widely used being

TEOS) under a tin compound catalyst. Nevertheless the reaction between hydroxyl-terminated

PDMS and TEOS is difficult to control and, to be efficient, requires, as often reported in the

literature [29, 30], larger amounts of TEOS than the stochiometric equivalent. A typical

synthesis started from OH-terminated precursor chains is described below.
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Hydroxyl-terminated PDMS (molecular weight¼ 18 000) supplied by Gelest is mixed for

30min with TEOS, in excess of 50%, and used here as the crosslinking agent. A small amount

of stannous-2-ethyl-hexanoate used as catalyst, is then added to the mixture under mechanical

stirring just for 5min to avoid a crosslinking reaction during mixing. The reacting mixture is

slowly cast into a Teflon mold and left for a few minutes at room temperature then at 80 �C for

one day for complete curing. The films are extracted with toluene for 72 h to remove any

unreacted materials. The sol fractions are between 4 and 5%.

In the previous studies, PDMS networks were synthesized by using a stochiometric balance

between ethoxy groups of the tetrafunctional alkoxysilane crosslinker and the hydroxyl chain

ends of the hydroxyl-terminated PDMS precursor chains in order to get model networks

characterized by constant junction functionality and known molecular weight between cross-

links (close to the number average molecular weight of precursor chains) [1–7]. In fact,

networks prepared at stoichiometric conditions have an elastic modulus lower than that

deduced from the molecular weight between crosslinks and great soluble fraction (around

10%). This may be due to the volatility of TEOS thus reducing the amount of crosslinker

required for the alkoxy-functional condensation reaction. Much greater ratios of crosslinker

functions to chain ends than that required by stoichiometry have already been used in the

literature [29, 30] but in our case, we carried out a systematic study of the effect of excess of

TEOS on the mechanical properties of networks synthesized from OH-terminated chains. A

50% excess (and not higher values as already reported) are enough to ensure correct modulus

and reasonable soluble fraction.

3.2.2.2 Procedures for Composite Preparation

In Situ Filling Process of Already Formed Networks
For silica in situ precipitation, the PDMS films are swollen in TEOS in the presence of a pH-

neutral catalyst: dibutyltin diacetate (DBTDA) or an acid catalyst (HCl) used at 3 wt%. The

swelling time determines the degree of TEOS absorption and thus the filler loading. Both the

TEOS-swollen film and a beaker containing water are placed for 48 h into a desiccator

maintained at a constant temperature (30 �C) thus exposing the swollen film to saturated water

vapor. The film is then vacuum-dried at 80 �C for several days to constant weight in order to

remove any alcohol generated from the reaction and also the remaining TEOS which has not

been hydrolyzed.

Some samples are also prepared according to the procedure already reported [4, 7] which

consists of immersing theTEOS-swollen network into an aqueous solution containing 3wt%of

a base catalyst (diethyl amine (DEA) or ammonia) for one day. The films were then removed

from solution and vacuum-dried as described above.

The amount of filler incorporated into the network was calculated from the weights of the

films before and after the generation of the filler.

PDMS elastomeric composites containing titania (TiO2) instead of silica (SiO2) can be also

prepared by replacing the hydrolysis of TEOS by the hydrolysis of an organo-titanate. Titania is

well known to improve weather resistance and heat stability of silicone rubbers [3]. But in

comparison with silica alkoxides, titanium alkoxides have much higher reactivity, resulting in

the formation of precipitates. It has been shown that the resistance to hydrolysis increases with

the increase in chain length of the alkyl chain [31]. Therefore, as in other studies [32, 33]

titanium n-butoxide (TBO) has been chosen as the precursor of TiO2 in the sol-gel process.
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Figure 3.1 compares the time dependence of the degree of swelling of PDMSfilms (around 1

mm thick) in the two alkoxides at room temperature. It has to be mentioned first that the

swelling behavior of the film is not affected by the presence of the catalyst. Second, at a given

swelling time, amuch higher swelling ratio is obtainedwith TEOSmost probably on account of

the easier diffusion of TEOS into the elastomer due to its lower viscosity.

One way to quantify the diffusion phenomenon of the alkoxide into the polymer film, is to

plot the experimental data according to a Fick model (Figure 3.2):

malkoxide=m1 / D1=2t1=2e�1

where malkoxide is the mass of absorbed alkoxide at a given time, m1 is the mass of absorbed

alkoxide at t ! 1,D is the diffusion coefficient and e is the thickness of the sample. It can be

seen that the rate of diffusion of TEOS is much faster than that of TBO in PDMS films.

Nevertheless, under the described experimental conditions, at small filler loadings the films

are not swollen to equilibrium and onemay expect the diffusion phenomenon to go on, once the

film is removed from the alkoxide, in order to ensure a homogeneous distribution of the filler

particles within the matrix. This point was checked by transmission electron microscopy

(TEM) of a sample microtomed at �140 �C, without the use of any dye, to obtain the cross-

section through the thickness of the sample. The TEM image of a PDMS film filled with 23 phr

(phr ¼ parts of filler per hundred parts of elastomer) of TiO2 catalyzed by 3 wt% of DBTDA

does not display any gradient of filler concentration, the filler particles being homogeneously

dispersed throughout the thickness of the film (Figure 3.3).

Fourier transform infrared spectroscopy (FTIR) using attenuated total reflection technique

(ATR), which is particularly well-suited for the study of thick films, allows the analysis of the

changes in the infrared spectra occuring during the hydrolysis reaction. The n-butoxide displays

two absorption bands located at 1461 and 1374 cm�1, assigned to the deformation modes of the

methyl and methylene groups [34] (1461 cm�1 corresponds to the scissoring vibration of the
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Figure 3.1 Time dependence of the degree of swelling of PDMS films around 1 mm thick in the pure

respective alkoxides: (a) tetraethoxysilane (TEOS) or (b) titanium n-butoxide (TBO), and in the presence

of HCl or dibutyltin diacetate (DBTDA) used as catalysts
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Figure 3.3 TEM image of a DBTDA-catalyzed PDMS composite containing 23 phr of TiO2, sliced

through the thickness of the film
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CH2 group and asymmetric CH3 bending, while the band at 1374 cm�1 corresponds to

symmetric CH3 deformation; Figure 3.4). We note a progressive reduction in intensity of these

two bands during the hydrolysis process and a total disapperance after total reaction.

In contrast, silica formation within the preformed PDMS network can be visualized in the

infrared spectra of the silica-filled PDMS networks, where it is seen that the bands associated

with silica increase with the silica content in the composite (Figure 3.5). It is interesting to

mention that, on account of similar chemical structure, the matrix which is constituted of poly

(dimethylsiloxane) polymer chains has an infrared spectrum very similar to that of the bulk

spectrum of silica itself.

As seen in Figure 3.6, our synthetic protocols ensure that the real filler loading is very close

to the theoretical one, represented as the straight lines and calculated by assuming a total

conversion of the alkoxide into silica or titania.

In Situ Filling Process Before the Crosslinking Reaction
In the second protocol in which the sol-gel reaction is conducted before the crosslinking

process, low viscosity silanol terminated PDMS fluids (viscosity� 100 cSt and molecular

weight� 4000) aremixedwith a given amount of TEOS (calculated in order to get a given filler

loading) added with 3wt% of dibutyl diacetate. A small beaker full of water is maintained on

the top of the jar holding the reaction mixture. The jar is closed and the mixture is exposed for

48 h, under continuous magnetic stirring, to saturated water. A further addition of TEOS in

excess of 50%with regard to the stoichiometric balance is carried out in order to proceed to the

endlinking reaction and after further stirring for 30min, followed by the incorporation of the

0

0.02

0.04

0.06

0.08

0.1

1300135014001450150015501600

A
bs

or
ba

nc
e

Wavenumbers (cm-1)

t = 0

15 mn

Pure PDMS1h

2h

1h

2h

Figure 3.4 ATR spectra of a PDMS film swollen with titanium n-butoxide (TBO) and taken at different

times (0min, 15min, 1 h, 2 h) during the hydrolysis process
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catalyst (stannous-2-ethyl-hexanoate), the reactingmixture is cast into a Teflonmold and cured

at 80 �C as described above.

The present chapter only concentrates on the sol-gel process carried out in already formed

PDMS networks.

3.3 Properties of the Hybrid Materials

3.3.1 State of Dispersion

Filled elastomeric materials usually display improved bulk properties relative to the base

polymer. In particular, the incorporation of filler particles leads to an increase in stiffness

resulting from the inclusion of rigid particles in the soft matrix and also from additional

crosslinking sites at the particle-matrix interface [35–37]. In addition to the volume fraction of

the particles, filler parameters such as specific primary particle and aggregate size, spatial

morphology or “structure” and surface characteristics arewell known to have a strong influence

on the mechanical response of the resulting material. However, full realization of the filler

capability can only be achieved if the filler is well dispersed in the rubbery matrix.

Figure 3.7 shows TEM images of DBTDA-catalyzed composites filled with SiO2

(Figure 3.7a and c) or TiO2 (Figure 3.7b and d) particles in situ generated in already formed

PDMS networks. The in situ technique is seen to give much better dispersions than simple

blending of the particles into the polymers prior to the crosslinking process. But although in situ

precipitated filler particles seem uniformly dispersed in both cases, different morphologies are

revealed. The diameter of the generated silica particles is seen to be much smaller than that of

titanium dioxide particles. The composite containing 10 phr of SiO2 (Figure 3.7a) shows an

excellent dispersion of the mineral phase in the polymer with small silica domains around

�5 nm in diameter and rather diffuse interfaces. For the higher content, a fine morphology of

the silicate structure is still obtained suggesting an interpenetrated polymer-silica structure.

TEM images of titania-filled PDMS composites indicate an obvious two-phase structure with

particles approximately spherical in shape and diameters between 20 and 40 nm in size. The

interface between the polymer and the particles is better defined than in the case of silica-filled

systems and even at the lowest filler content (Figure 3.7b), the titania particles are almost

connected in a branched network structure.

3.3.2 Stress-Strain Curves

Stress-strain curves for pure PDMS and DBTDA-catalyzed PDMS composites are shown in

Figure 3.8. Themeasurementswere carried out simply by stretching strips ofmaterials between

two clamps by means of a sequence of increasing weights attached to the lower clamp. The

distance between two marks was measured with a cathetometer after allowing sufficient time

for equilibration.

With regard to the unfilled state which displays extremely poor mechanical strength, great

improvements in modulus and rupture properties are achieved with the use of in-situ generated

filler particles. For each type of particles, the stress increases with the increase in the amount of

filler precipitated into the networks. In order to quantify the extent of reinforcement provided

by each type of filler, values of stress at a given deformation are reported in Table 3.1. It is

interesting to mention for both types of composites that at high filler loadings, a change in the
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shape of the curve is observed: the mechanical behavior is close to that of a thermoplastic

polymer with a well defined yield point followed by a smaller strain dependence of the stress.

This plastic behavior, which may be the result of the formation of an interconnecting filler

network, is much more pronounced for the PDMS/TiO2 composite as it can be seen in

Figure 3.9 which compares the strain dependence of the nominal stress (Figure 3.9a) and the

reduced stress, s�, (s� ¼ s/[a� a�2], where s is the nominal stress and a is the extension ratio),
for composites containing almost the same amount of filler. The PDMS/SiO2 composite shows

better reinforcement at large elongations which is also visualized by the higher value of the

reduced stress (Figure 3.9b). But the large decrease in the reduced stress observed at small

deformations for the sample filled with titania results from the destruction of the filler network

upon application of the deformation. This “Payne effect” is generally demonstrated through the

analysis of the low strain dynamic mechanical properties which describe the viscoelastic

response of the rubbery material to periodic deformation. This effect will be discussed below.

Figure 3.7 TEM images ofDBTDA-catalyzed PDMS composites filledwith in situ generated particles:

(a) 10 phr of SiO2; (b) 12 phr of TiO2; (c) 28 phr of SiO2; and (d) 25 phr ofTiO2 (Reprinted fromPolymer,

46, L. Dewimille, B. Bresson and L. Bokobza, “Synthesis, Structure and Morphology of Poly(dimethyl-

siloxane) Networks Filled with in situ Generated Silica Particles,” 4135–4143,� 2005, with permission

from Elsevier.)
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Another interesting point appearing in Table 3.1 is the fact that, at constant wt% content, the

TiO2 composite has a somewhat lower volume fraction of filler because TiO2 has a higher

density than SiO2. As the theoretical models intended to predict the mechanical properties of

composite materials are essentially based on the volume fraction of filler, it was interesting to

compare the dependence of the stress at a given strain value on the filler volume fraction

(Figure 3.9c). The two sets of data do not significantly differ but there is a very large

discrepancy between the experimental data and the Guth and Gold equation [38] which

predicts the increase in the modulus imparted to the soft matrix by the inclusion of rigid

spherical particles:

G ¼ G0ð1þ 2:5Fþ 14:1F2Þ
where G0 is the modulus of the matrix and F is the volume fraction of filler. The difference

arises from interactions between the elastomer and the filler leading to an increase in the

effective degree of crosslinking.
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Figure 3.8 Stress-strain curves at room temperature for PDMS filled with in situ generated particles

(SiO2, TiO2) in the presence of dibutyltin diacetate as catalyst

Table 3.1 Mechanical properties of PDMS and PDMS filled with in situ generated particles

Sample Volume fraction

of filler

Stress at 50%

(MPa)

Stress at 100%

(MPa)

Stress at 150%

(MPa)

Pure PDMS 0 0.155 0.244 0.319

PDMS þ 6 phr SiO2 0.0283 0.259 0.399 0.518

PDMS þ 12 phr SiO2 0.0550 0.487 0.897 1.495

PDMS þ 22 phr SiO2 0.0964 0.957 1.754 2.551

PDMS þ 28 phr SiO2 0.1195 1.575 2.512 3.329

PDMS þ 41 phr SiO2 0.1660 2.950 3.688 4.266

PDMS þ 3 phr TiO2 0.0072 0.299 0.419 0.533

PDMS þ 9 phr TiO2 0.0214 0.454 0.618 0.770

PDMS þ 15 phr TiO2 0.0351 0.673 0.862 1.027

PDMS þ 29 phr TiO2 0.0657 0.942 1.146 1.365

Reinforcement of Silicone Rubbers by Sol-Gel In Situ Generated Filler Particles 73



3.3.3 Low Strain Dynamic Properties

The addition of mineral fillers into elastomeric matrices strongly modifies the viscoelastic

behavior of the material at small strains and leads to the occurrence of a nonlinear behavior, the

Payne effect [39], characterized by a drop in the elastic modulus G0 with an increase in the

amplitude of small-strain oscillations, while the loss modulus G00 passes through a maximum.

The dynamic behavior of filled rubbers is of great importance in the performance of rubber

engineering and is essential in tire applications thus explaining the considerable interest in the

past decade for the Payne effect [40–44]. The amplitudeDG0 ¼ ðG0
0�G01Þ of the Payne effect,

whereG0
0 andG

01 are themaximum andminimumvalues of the storagemodulus respectively,

depends on several filler parameters: concentration, surface area, surface characteristics, and

temperature. At larger deformations, the difference between unfilled and filled rubber (G01)

contains the contribution arising from the inclusion of rigid particles (accounted for by the

Guth and Gold expression [38] and also the contribution of the polymer-filler crosslinks to the

network structure (Figure 3.10).
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Based on an agglomeration-deagglomeration mechanism of the filler structures, Kraus [45]

developed a model which describes the strain dependence of the dynamic storage and loss

moduli of carbon black filled rubbers. Another analysis of the Payne effect based on

interactions between network chains and the filler surface was proposed by Maier and

Goritz [46]. This model explains the breakdown of the dynamic modulus of filled elastomers

to a desorption of the chains with increasing amplitude. In a recent work of Ramier

et al. [44], filler-matrix interactions via chemical grafting were tailored in order to evaluate

the influence of the filler surface modification on the Payne effect in silica-filled SBR

vulcanizates. The main idea was to discriminate between the two different pictures

commonly used to explain the Payne effect and involving filler-filler interaction or filler-

matrix interaction. Unfortunately, it was impossible to the authors to distinguish both

scenarios because filler-filler and filler-matrix interactions are modified in the same manner

by the grafting covering agent.

ForPDMSfilledwith in situgenerated silicas, noPayne effect is observed:G0 increaseswith the
filler content but remains constant in thewhole range of deformation investigated (Figure 3.11a).

This could be due to the excellent dispersion of the filler particles in the elastomericmatrix. In the

description of thePayne effect basedon agglomeration/disagglomerationof the filler structures, if

no aggregates or agglomerates are formed, no destruction of the filler structures could occur by

applying the oscillatory shear. At higher filler loadings, a continuous filler network is formed that

is not broken either at least within the strain range. This would show that the silica network of

generated particles is much more resistant to the applied mechanical work than that formed by

conventional silicas. These behaviors, quite different from that observed with pyrogenic

silicas [43], may be regarded as different nanocomposites morphologies: a common particle-

matrix morphology where silica particles tend to form aggregates in the continuous matrix is

expected for a classical material while an open mass-fractal silica structure believed to be

bicontinuous with the polymer phase, at a molecular level, is expected in the case where the

mineral part is synthesized in situ.

A Payne effect is observed for the PDMS/TiO2 composites (Figure 3.11b) which is

consistent with the analysis of the tensile properties and also with the TEM image of the
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composite showing the for mation of a filler network even at a relatively low filler fraction of

titania particles.

3.3.4 Mullins Effect

Filled elastomers display, at large deformations, a characteristic stress-strain behavior after

a prestretching. After being stretched to a given strain then released and stretched again, the

filled sample appears softer on the second stretch exhibiting the so-called stress-softening

phenomenon, also known as the “Mullins effect” [47]. Bueche [48] has developed a molecular

interpretation of the Mullins effect based on the breakage of elastomeric chains between filler

particles. When the rubber is stretched, the network chains which are fastened at both ends to

filler particles break when the filler particles are separated enough to stretch the chains to their

limit of extensibility. The loss of these chains causes a prestretched rubber to exhibit a much

lower modulus than the original rubber. The chains are expected to reach their limited

extensibility by strain amplification effects. The Bueche model has the drawback to consider

a unique interparticle distance, which is equivalent to consider that the strain amplification is

uniform within the whole sample. Cl�ement et al. [49] go beyond this simplified picture and

show that the strain amplification factor and consequently the macroscopic strain at which

chains reach their limit of extensibility strongly depends on the local volume fraction of filler

around these chains, in other words on the state of filler dispersion. On account of strain

amplification phenomenon, the rubber is muchmore deformed in regions of the sample of high

volume fractions of filler and consequently the chains reach their limit of extensibility at low

strains and detach from the filler surface thus causing the loss of elastic chains. The other

regions of lower filler volume fraction are not concerned at this stage of deformation but

become affected at increasing strains.

Figure 3.12 compares first and second stretchings, performed at different strain values, of

a PDMS composite filled with fumed silica with those of composites prepared by the in situ

sol-gel process. After stretching and release, the filled elastomers show a permanent deforma-

tion, which was assigned by Kilian et al. [50] to an irreversible deformation of the filler
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network. After stretching at 200%, it is about 10% for the silica-filled PDMS sample obtained

by the usual mechanical mixing (Figure 3.12a) and much more pronounced for the samples

filled with in situ precipitated silicas (Figure 3.12b and c). The composites filled with in situ

precipitated silicas possess a very fine and interpenetrated polymer-silica morphology. The
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Figure 3.12 (a) Mullins effect for PDMS filled with 40 phr of fumed silica; (b,c) composites of PDMS/

SiO2; and (d) PDMS/TiO2

Reinforcement of Silicone Rubbers by Sol-Gel In Situ Generated Filler Particles 77



significant residual deformation obtained in that case, may be explained by the breaking up of

both the filler network and the rubber:filler bonds. Moreover, the amount of stress-softening for

the sample filled with 17 phr of silica (Figure 3.12b) is much smaller than that exhibited by the

high loaded polymer. This may be due to the good dispersion of silica and consequently to

a narrow distribution of chain lengths between fillers. Less residual deformation is obtained for

thePDMS/TiO2compositewhichdoesnotexhibitaninterpenetratedpolymer-fillermorphology:

the condensed titania structures arewell distributed in thematrix in a classical organic-inorganic

hybrid. In contrast, after stretching to 200% then release, the second stretching does not display

the plastics behavior because the filler network has been destroyed during the first stretching.

3.3.5 Characterization of the Polymer-Filler Interface

Compared with a classical composite filled with fumed silica, the sol-gel process provides

inorganic particles with greatly improved reinforcing properties on account of the small size of

the particles and of the hydrophilic character of the filler surface thus allowing strong

interactions with the polymer chains. In fact, the interfacial interaction between the organic

and inorganic phases plays a crucial role in the reinforcement effects and in filled PDMS

samples, hydroxyl species, present in the filler structure, are involved. The amount and the

nature of the hydroxyl groups are expected to depend on the synthetic conditions. In a previous

paper [28], solid-state 29Si NMRspectroscopy has been shown to be particularlywell suited for

a detailed analysis of the surface silanol hydroxyl groups (isolated and geminal, also denoted

Q3 andQ2, Q4 being related to SiO4 species). It was demonstrated that silica particles generated

by the sol-gel process display a higher content of Q3 species than that reported for fumed

silica [51]. However, at a same filler loading, less Q3 sites were found for the composite

prepared under base catalysis, which would indicate that more condensed silica structures are

obtained in the base-catalyzed samples.

Hydroxyl groups, present on the filler surface, are generally recognized as hydration sites

and the water physisorption can induce a change in the mechanical properties of the filled

compounds. So the surface hydration of silica, which depends on the surface silanol distribu-

tion, has received considerable interest [52, 53]. States of physisorbed water can be character-

ized by infrared spectroscopy through the bands associated with the OH stretching vibrations

and located in the 3800–3200 cm�1 range. These vibrations usually give rise to very strong

absorption bands, so it is convenient to analyze the band assigned to a combination of the

bending (d) and one of the stretchingmodes (n) of thewater molecule located in the 5050–5350

cm�1 range (Figure 3.13). In both cases, the absorptions associated with the water molecule

increase with the amount of filler but the two types of composites display a different water

interface. In addition to a difference in the spectral pattern, the wavenumbers for the PDMS/

TiO2 composites are lower than those observed for the silica-filled sample, suggesting

a clustering of water around the first adsorption sites. As explained by Burneau et al. [54],

additional water adsorption can take place around the first layer of water molecules interacting

with the solid surface. This can be understood by the fact that the titania particles are more

condensed and thus more accessible to water molecules at the outer interface in contrast to the

open-fractal structure of the silica particles.

The polymer-filler interactions which largely govern the mechanical properties of the

composite material contribute to the formation of an adsorption layer whose thickness is
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estimated around 2 nm for PDMS filled with in situ generated silica particles and where

motions of chain units are more restricted than those in the mobile phase, as evidenced by
1H NMR relaxation methods using spin-echo techniques. The transverse nuclear magnetic

relaxation time, T2, has been shown to be affected by physical and chemical crosslinks in filled

elastomers and subsequently to give access to the determination of the proportion of polymer

with restricted mobility, in the adsorption layer surrounding the filler particles [55–58]. In a

filled system where strong interactions are established between the active sites on the filler

surface and polymer chains, T2 values for the individual components can be extracted from the

transverse magnetization relaxation function and the thickness of the adsorption layer can be

evaluated by the following expression [28]:

e ¼ R 1þ oð1�fÞ
f

� �1=3

�1

" #

where R is the radius of the particles estimated by TEM, o is the fraction of immobilized

polymer and f is the volume fraction of filler.

Dielectric techniques also give evidence that the segmental motions of a fraction of the

polymer phase are retarded by filler particles. In addition to the a relaxation associated with the
glass transition of the polymer matrix, an additional slower a relaxation, assigned to polymer

chains close to the polymer-filler interface and whose mobility is restricted, has been observed

for PDMS filled with silica particles synthesized in situ [59, 60].

The adsorption interactions taking place at the polymer-filler interface have also an impact

on the thermal characteristics of the filled systems and essentially on the crystallization

process. In fact, differential scanning calorimetry measurements (DSC) show that besides the

lowglass transition temperature, one important characteristics of PDMS is the exothermic peak

ascribed to crystallization (Figure 3.14). In systems filled with silica or titania particles

(Figure 3.15), it is seen that the temperature of crystallization as well as the degree of

crystallinity (measured from the area under the peak) decrease in both cases with the filler

content. Crystallization is obtained by cooling the sample at a cooling rate of 1.5 �Cmin�1

underN2 atmosphere. This fact has already been reported byAranguren [61] in an investigation
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of unfilled PDMS and filled with pyrogenic silica in uncured and cured states. The decrease in

crystallinity with the filler content may be regarded as the result of an increase in the apparent

crosslinking density due to polymer-filler interactions, the ability of polymer to crystallize

being reduced when the apparent molecular weight between crosslinks decreases. This

interpretation is close to that reached by Patel et al. [62] in a study on the effect of the

crosslinking density on the crystallization characteristics of PDMS.

3.3.6 Thermal Properties

Thermogravimetric analysis (TGA) is widely used to study the thermal stability of a polymer

and its composites. TGA of unfilled PDMS and of composites, ramped at 10 �Cmin�1 from

room temperature to 800 �C under nitrogen atmosphere at a flow rate of 100mlmin�1, are

shown in Figure 3.16. The neat PDMS shows a one-step weight loss as previously reported [63]

and there is almost no residue at the end of the degradation. The thermal degradation of PDMS

in inert atmosphere and under vacuum results in depolymerization to produce cyclic oligo-

mers [64, 65]. The TGA curves of the two composites show that the two types of particles affect

differently the thermal decomposition of the polymer. There is more residue left for the

composites after the degradation with weight losses about 24 and 48% respectively for PDMS

samples both filled with 18 phr of in situ silica and titania particles, which have been generated

in the presence of dibutyltin diacetate as catalyst. Interestingly, the presence of in situ

precipitated silica increases the onset of degradation with regard to the pure polymer. This

delay to the depolymerization process may be due to the interaction by hydrogen bonding

between the hydroxyl groups on the filler surface and the PDMS chains. Two stages of

degradation are observed for the PDMS/TiO2 composite: the first stage starts around 100 �C,

Figure 3.14 DSC thermogram for unfilled PDMS after cooling and heating at 1.5 �Cmin�1
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which is well below the temperature at which the pure PDMS begins to degrade, whereas the

second begins at a comparable temperature (T� 410 �C) to that of the silica-filled composite.

This result is quite similar to what was already published by Murugesan et al. [66] for PDMS/

TiO2 composites prepared by the sol-gel technique. The first stepwas expected to correspond to

the loss of titanium butoxide not hydrolyzed [3] but in our case, we have demonstrated from

infrared spectroscopy the absence of any organic precursor. One possible suggestion is to

ascribe the first loss to the elimination of adsorbed water. This hypothesis has also been

considered by other authors [67, 68]. The residue left above 700 �C is much larger than the

0.4

0.5

0.6

-50-55-60-65-70-75-80-85-90

H
ea

t f
lo

w
 (W

/g
)

Temperature (ºC)(a)

(b) Temperature (ºC)

PDMS / SiO2
Unfilled
-69.2  C

12 phr
-72.3  C

24 phr
-74.5  C

34 phr
-75.4  C

0.4

0.5

0.6

-50-55-60-65-70-75-80-85-90

H
ea

t f
lo

w
 (W

/g
)

PDMS / TiO2 Unfilled
-69.2  C

12 phr
-72.6  C

26 phr
-74.2  C
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amount of filler contained in the PDMS network. This residue contains a small black powder

and also silica (confirmed by an infrared analysis).

3.4 Conclusions

Silica and titania particles can be in situ precipitated into a PDMSelastomeric network by a sol-

gel approach. After a description of the synthetic protocols, the respective reinforcing ability

of each type of particles is discussed through the mechanical and thermal properties of the

composites. Additional information frommolecular spectroscopies bring new insights into the

polymer-filler interface and allow a further understanding of the improvement of elastomeric

properties of these filled systems.
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4.1 Introduction

Of all the ingredients used tomodify the properties of elastomers, fillers occupy a dominant role

because of their significant contribution to the reinforcement and processability of elastomers.

Particle size and surface activity are the two main factors determining the interaction of fillers

with elastomers.

4.1.1 Particle Size

Fillers with particles sizes larger than 1mm in diameter usually have unobvious reinforcement

effect on rubber products. Fillers ranging from 100 nm to 1mm offer moderate reinforcement

effect. Nanofillers, which range from 1 to 100 nm, are able to significantly improve the

mechanical performance of the rubber products. The dependence of the reinforcement on

particle size is explained from two aspects, that is, surface area and particle mass.

The surface area of a particle is inversely proportional to its particle size. If all particles are

spheres of the same size, the surface area AS per gram of filler is given by the equation:

AS ¼ pd2

1
6
pd3r

¼ 6

dr

Where d is the diameter and r is the density. The difference between micron-size and

nanoscale filler surface area can be a factor of 10–100.
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The mass of a particulate solid which directly relates to its particle size is given by

the equation

G ¼ 4

3
p

d

2

� �3

rg

The effect of fillers on rubber reinforcement depends on the quantity of polymer chains

physically or chemically attached to the filler surface and the mass and volume fraction of the

particles. In comparison with microparticles, the high surface area of nanoparticles leads to

more polymer chains attached to the surface. This restricts the movement of polymer chains

under loading, resulting in high reinforcement. Therefore, nanoparticles are profoundly

important to the reinforcement of elastomers.

4.1.2 Surface Activity

Significant reinforcement can be generated by compounding the nanofillers of high surface

activity into elastomers. Carbon black has been remaining a dominant nanofiller in rubber

industry due to its high surface activity: (i) Carbon black particles have carboxyl, lactone quinone

and other organic functional groups which promote a high affinity of rubber to filler; (ii) it has

chemically active sites (less than 5% of particle surface) that arise from broken carbon–carbon

bonds as a consequence ofmanufacturing and that chemically reactwith the elastomer chains.The

importance of the high surface activity of carbon black is evidenced by heat treatment at

1600–3000 �C, through which all the organic functional groups and the active sites are lost as a
result of graphitization. Table 4.1 shows the dramatic effect of the loss of the surface activity on

the mechanical properties. Upon heat treatment, both the modulus and the tensile strength

significantly reduced. The abrasion loss was also obviously deteriorated by the treatment.

The foregoing example shows that high surface activity is dispensable to nanoparticles in

rubber matrix. Nevertheless, it is argued that stronger interface by chemical bonding may be

unnecessary. This argument is supported by an example in which micron-sized brass powder

was used as a filler accompanied by a large amount of sulfur for curing rubber matrix as well as

for producing chemical bond between the powder and the matrix. Final compound obtained a

very higher modulus but poor tensile strength and elongation. In the authors’ view, however,

significant reinforcement may be obtained if nanoscale brass particles are used.

Based upon the nanoparticle dispersion and interface adhesion, rubber nanocomposites

can be divided into two types: miscible and immiscible nanocomposites. Miscible rubber

Table 4.1 Effect of surface activity of carbon black (ISAF1) on mechanical properties of rubber

Carbon black (ISAF) Modulus at

300%, kg/cm2
Tensile strength, kg/cm2 Abrasion loss, cc/106 rev.

Original 105 280 67

Heat treated 30 230 142

1ISAF: Intermediate super abrasion furnace.

(Adapted with kind permission from Springer ScienceþBusiness Media: “Fillers: carbon black

and nonblack,” in M. Morton (ed.), Rubber Technology, 2nd ed., Table 3.3, Van Nostrand Reinhold

Company, New York. � 1973 [1].)
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nanocomposite is characterized by uniform nanoparticle dispersion and strong interface

adhesion, resulting in significant reinforcement and/or new functional properties. However,

the vast majority of inorganic fillers are immiscible with rubbers. Due to the nanofiller high

specific surface area and the hydrophilic surface, these fillers form aggregates or clusters during

fabrication; the poor interface between hydrophilic fillers and hydrophobic rubbers leads to

little improved mechanical properties. Therefore, a fundamental aspect in rubber nanotech-

nology is the interface modification which is accomplished by nonreactive routes and/or

reactive routes as explained below.

This chapter attempts to classify representative interface modification by the different

methods described in the open literature. The emphasis is on illustrating the scope of these

typical methods, and not on presenting each known example of interface modification.

The characterization of the interface modification is also introduced. Since the majority of

the rubber nanocomposites developed in recent years sits in the category of rubber/clay

nanocomposites, this chapter focuses on the nanoclay modification and characterization.

4.2 Rubber Nanocomposites Without Interface Modification

Clay is a widely used nanomaterial in material science and technology. Its structure and

compounds with polymers were reviewed elsewhere [2]. Zhang et al. pioneered the field of

rubber nanocomposites by creating a new manufacturing method – latex-coagulating mont-

morillonite (a main type of clay) with styrene-butadiene rubber (SBR), carboxylated acrylo-

nitrile-butadiene rubber and natural rubber (NR) [3–5]. A typical procedure is to disperse

4wt% clay in water by strong stirring, followed by mixing with SBR latex for a period of time.

Then themixture is coagulated by 2wt%hydrochloric acid solution. The coagulation iswashed

withwater until pH 7 and is then dried at 80 �C for 24 h. The remaining procedure proceeds on a

two-rollmill, similar to common rubber processing. Thismethod of producing an intercalation/

exfoliation-coexisting structure is denoted LCM.

Figure 4.1 contains the mechanical properties of SBR/clay composites in comparison with a

range of composites blended with conventional reinforcing fillers, including high-abrasion

furnace carbon black (CB), silica, short fibre (SRF) and talc (TC). The effect of clay on the

mechanical properties is discussed below in comparison with conventional fillers.

4.2.1 Hardness and 300% Tensile Modulus

With similar filler loading, as shown in Figure 4.1a and b, the hardness of SBR/clay

nanocomposites is higher than other composites. It is attributed to the high specific surface

of the clay. In particular the hardness of the nanocomposites is also much higher than that of

SBR/clay composites, because the composites were prepared by melt mixing, which made

intercalation/exfoliation unlikely to occur.

4.2.2 Tensile Strength

When clay loading is lower than 20 phr, in Figure 4.1c, the nanocomposite exhibits the

highest tensile strength. With 10 phr filler content, the nanocomposite demonstrates higher
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tensile strength than the other composites. When 40 phr of clay is used, however,

the tensile strength of the nanocomposites is lower than SBR/HAF, but still higher than

SBR/silica.

4.2.3 Tensile Strain

In Figure 4.1d, the tensile strain of the nanocomposites increases and then drops with

increasing clay loading. With 40 phr clay, the tensile strain of the nanocomposites achieves

the same reinforcement level as SBR/HAF.

4.2.4 Tear Strength

The nanocomposites exhibit excellent tear strength at all clay loadings in comparison with

other composites in Figure 4.1e. This is due to the intercalation/exfoliation-coexisting structure

of the nanocomposites, which could improve resistance to crack propagation.

4.2.5 Rebound Resilience

In Figure 4.1f, the rebound resilience of the nanocomposites reaches the level of SBR/silica but

is lower than other composites.

4.2.6 Processing Properties

TheMooney viscosity of the nanocomposites is far higher than the SBR/TC composite. This is

because the layered structure effectively restricted the macromolecular movement. The other

phenomenon observed is that the mixing time was shortened during processing due to the

presence of intercalated/exfoliated clay in the matrix.

4.2.7 Advantages

Most mechanical properties of the SBR/clay nanocomposite, including the hardness, 300%

tensile stress, tensile strength, tear strength and tensile strain, reach the level of the SBR/

HAF composites.

4.2.8 Disadvantages

Most of the properties of the nanocomposites reach maximum at the 40 phr loading and then

decrease. The rebound resilience of the nanocomposites is not satisfied.

This LCM method produces an intercalation/exfoliation-coexisting structure with highly

improved mechanical properties, which are superior to SBR/HAF composites at low filler

loadings. However, it is noteworthy that no interface modification has been made in this

method. Since hydrophilic clay is incompatible with hydrophobic rubbers, interface modifi-

cation is essential tomake them compatible. Significant improvement ofmechanical properties
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has been obtained through nanofiller-matrix interface modification, which is elaborated in the

following discussion.

4.3 Interface Modification by Nonreactive Routes

Since exchangeable ions locate on hydrophilic clay surface, the most common modification

method is to graft a low molecular weight surfactant to the clay surface via ion exchange.

According to the arrangement of the silicate layers in a polymer matrix, two types of

morphology are differentiated in terms of intercalation and exfoliation. Exfoliated structure

has been well recognized as the best morphology for higher performance with lower clay

loading. However, exfoliation is difficult to achieve.

LeBaron and Pinnavaia first modified clay (lithium fluorohectorite) with hexadecyl tri-

methyl ammonium bromide and obtained an intercalated structure [6]. With 5wt% clay, the

tensile strength of silicone elastomer increased from 152 to 361MPa.

Ma proposed a strategy for clay modification based on a two-step procedure: preparation of

treated clay (montmorillonit) solution and a subsequent solution blending with polymers [7].

A typical procedure is as follows.

1. Preparation of treated clay solution: 5 g of o-clay (montmorillonite modified by

hexadecyl trimethyl ammonium bromide) were immersed in 50 g of chloroform for

10 h and then 25 g of monomer (dimethyldichlorosilane) were added to the solution

followed by sonication using an ultrasonic generator for about 60min. 10ml of H2O,

30ml of CH3OH and 30ml of CHCl3 were mixed in a three-neck reactor. The above

sonicated solution was then dropped into this reactor at a speed of 1 drop/s at 0 �C while

under vigorous stirring. After dropping, the obtained solution was washed with deionized

water until no chloride ion was detected by one drop of 0.1N AgNO3 solution. The

solution was then mixed with 200ml of tetrahydrofuran, which is a good solvent for

polydimethylsiloxane (PDMS, the product of reacted monomers) but a poor solvent for

org-clay, under stirring for 5min. Then the mixture was loaded into polypropylene tubes

and centrifugated at 3000 rpm for 5min. The opaque whitish layer accumulated at the

bottom of the tubes was dissolved in 500ml of CHCl3 under stirring for 10min. The

obtained solution is named as the treated clay solution.

2. Preparation of polymer/clay nanocomposites: a given amount of the treated clay solution

was added into a three-neck reactor. Polymer, such as PDMS, polyvinyl chloride (PVC),

SBR, polystyrene (PS) and ethylene propylene diene monomer rubber (EPDM), was

mixed into the solution and kept at 50 �C under stirring for 1 h. Then polymer/clay was

precipitated by a large amount of methanol. Since polycarbonate (PC) was poorly

dissolved in chloroform, toluene and higher blending temperature were employed to

prepare PC/clay nanocomposites.

Figure 4.2 shows a series of XRD patterns of treated clay nanocomposites containing

various polymer matrix. The featureless patterns of nanocomposites suggest that exfoliation

hybrids might be present as opposed to the diffraction peak at 2 nm for org-clay in

Figure 4.3, indicating the possibility of having exfoliated silicate layers of clay dispersed in

polymer matrices.
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Figure 4.4 shows TEM images of SBR/clay nanocomposite prepared as above. The low

magnification image in Figure 4.4a reveals that the clay is uniformly dispersed into matrix.

Figure 4.4b shows a highermagnification imagewhich reveals that clay is well exfoliated in the

matrix and the individual layers are aligned along the flow axis during the crosslinking of SBR,

corresponding to XRD pattern analysis. The dark lines in Figure 4.4a are the cross-sections of

single or possibly multiple silicate platelets. The platelets are flexible and, thus, show some

curvature. The average thickness of the clay platelets appears to be approximately 3 nm while

the average length is about 120 nm. The thickness deduced from these photomicrographs is

higher than that of a single clay layer of�1 nm. This is because that the microtoming direction
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Figure 4.3 XRD patterns of o-clay and PC/clay, PS/clay and EPDM/clay nanocomposites containing

10wt% clay
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Figure 4.2 XRD patterns of PDMS/clay, PVC/clay and SBR/clay nanocomposites
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is not perpendicular to the surface of the platelets and therefore the image of such a tilted

platelet appears thicker than it actually is.

Table 4.2 shows the TGA analysis for both pristine SBS and PDMS and their nanocompo-

sites containing 10wt% clay. An increase in decomposition temperature of 68.2 �C was

observed for PDMS/clay nanocomposite, while SBR/clay nanocomposite shows only 13.0 �C
of increase in decomposition temperature with the same amount of clay. The nanocomposites

show delayed decomposition temperature compared to the pristine polymers, as is attributed to

hindered diffusion of the volatile decomposition products.

The XRD patterns of intercalated polymer/clay are presented in Figure 4.2. It is notable that,

although exfoliated SBR/clay, PDMS/clay and PVC/clay were obtained as discussed above,

intercalatednanocompositeswere still presentedwhile usingalmost the same fabricationmethod.

Figure 4.4 TEM images of SBR/clay nanocomposite

Table 4.2 Thermal decomposition temperatures of polymers and their nanocomposites with 10wt% of

clay

Polymer

type

Decomposition temperature

of pristine polymer, �C
Decomposition temp. of

nanocomposite, �C
Increase of decomposition

temp. after adding clay, �C

SBR 428.7 441.7 13.0

PDMS 395.4 463.6 68.2
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The difference between them is explained by compatibility. Both the grafted PDMS on clay

surface and the silicate layers that comprise silicone, oxygen and carbon are polar. Therefore,

both are compatible with the polar chains of SBR, PDMS and PVC. The compatibility

promoted the intercalation/exfoliation of the layers by the polymer chains, leading to

exfoliation. PC, PS and EPDM are nonpolar polymers, which are not compatible with clay

and the grafted molecules. The poor compatibility impedes intercalation/exfoliation and

results in the intercalated nanocomposites.

As shown inFigure 4.3, the layer spacings of intercalate nanocomposites decrease in the order:

EPDM/clay > PS/clay > PC/clay, which should be explained according to macromolecular

flexibility. The EPDM macromolecules are flexible and its molecular weight is high, which

facilitate the EPDM molecular movement into the silicate layer spacing during the solution

blending. The PS chain is not flexible because it contains a styrene group and so it is difficult to

intercalate into clay layers. The PC chain is so rigid that it is the most difficult to intercalate.

For PC/clay and PS/clay nanocomposites, multipeaks were shown in Figure 4.3 and the

reason can be found in the processing of these nanocomposites. When nanocomposites

were precipated from solution by a large amount of methanol, the polymer either stayed in

the silicate layer space or moved out. It is well known that the layer spacing of clay increases

from 1 to 2 nm after treatment using ammonium surfactants. In this study, the increase of clay

layer spacing should be due to the existence of organic ammonium molecules and PDMS

grafted onto the clay surface. When the polymer chains were moving out of the space, some

grafted molecules might be also taken out of the space by this movement. Therefore, the layer

spacing of some part of o-clay was decreased after precipitation.

The foregoing work yielded a range of polymer/clay nanocomposites taking advantage of

the further modification of o-clay. However, matrix modification also promotes interface

adhesion. Hasegawa developed exfoliated ethylene propylene rubber (EPR)/clay nanocom-

posites by melt mixing maleic anhydride-modified EPR with organophilic clay [8]. In

comparison with conventional rubber/carbon black composites, the nanocomposite exhibited

higher storage modulus, tensile strength and creep and swelling resistance.

Zhang further developed the LCM method for SBR/clay (montmorillonite) composites by

mixing hexadecyl trimethylammonium bromide (C16) and 3-aminopropyl triethoxy silane

(KH550) into the coagulated mixture via a two-roll mill [9]. The C16 and KH550 were used to

improve the interface interaction. In Table 4.3, the tensile strength and the modulus at 300%

elongation of interface-modified nanocomposites are significantly improvedwith 10wt% clay.

Carbon-based surfactants were used in the majority of studies to improve the compatibility

of clay with polymer matrix. As silicone polymer is incompatible with the carbon-based

surfactant, it is imperative to employ silicone-based surfactants to modify clay. Thus, Ma

proposed a unique siloxane surfactant with aweight-averagemolecular weight (Mw) of 1900 to

modify clay [10].

Table 4.3 Mechanical properties of SBR/clay nanocomposites

Shore A

hardness

Tensile

strength, MPa

Elongation

at break, %

Tear

strength, kN/m

Neat SBR 47 2.3 632 9

SBR/modified clay 55 12.4 504 27

96 Rubber Nanocomposites



A typical procedure is described as follows.

1. Preparation of modified clay: 1 g of sodium clay (montmorillonite with CEC 80mequiv/

100 g from Southern Clay Product) was added to 1 kg of boiling distilled water, mixed and

heated for 5min. 3 g of a siloxane surfactant (provided by Siltech Corporation), whose

structure is shown in Figure 4.5, were dissolved in 100 g of water and then 0.3ml of 2M

hydrochloric acid were added and stirred by a glass rod. The modified clay is denoted

“sil-clay”. The solution was slowly added to the sil-clay suspension and then the blend was

vigorously stirred for 4min at 80–90 �C. After modification, the suspension was repeatedly

washed with water until no chloride ion was detected by AgNO3. The suspension was then

condensed until flowable sil-clay slurry was obtained.

2. Preparation of silicon rubber/clay nanocomposite: sil-clay slurry was mixed with silicone

rubber (Dow Corning 3110) with a spoon for 3min until a homogeneous blend with

supernatant water obtained. Water was removed and then the compound was degassed at

100 �C for 1 h to get rid of the water residue. 5 g of curing agent (Catalyst F, Dow Corning

Product) were added to 100 g of the compound, mixed and cured at room temperature for

subsequent characterization.

In Figure 4.6, the XRD results of sodium clay indicate a diffraction pattern at about 7.5� for
an interlayer spacing of 1.2 nm. After modification with the siloxane surfactant, a wide pattern

is seen from1.5 to 5.5� corresponding to interlayer spacing of 1.6 to 6.0 nm. This unique pattern

shows a disordered arrangement of the siloxane surfactant grafted on the clay layer surfaces.

The siloxane chain is flexible so that this highmolecular weight surfactant can assume different

conformations between the clay layers and hence different layer spacing is found after the

surface modification. The XRD pattern, when the modified clay is mixed with silicon rubber

before curing, shows that all the peaks have disappeared. This means that the silicone rubber

macromolecules are fully embedded in the clay layer spacing driven by diffusion and

intercalation. After curing, the featureless XRD pattern shows sil-clay is orderly exfoliated

with layer spacing larger than 8 nm or even disorderly exfoliated. The exfoliation is confirmed

by a TEM micrograph in Figure 4.7. Previous studies on silicone rubber/clay nanocom-

posites [6, 11–13] modified clay using a rigid carbon-based surfactant. LeBaron and

Pinnavaia prepared silicone rubber/clay nanocomposites by mixing synthetic fluorohectorite

with silicone rubber for 12 h [11]. However, the mixture still had an intercalated structure,

CH3 Si O Si O Si O Si CH3m n

CH3

CH3 CH3 CH2 CH3

CH3CH3CH3

3

O

CH2 CHCH2 N+

CH2CH3

CH2CH3

CH3

OH

Figure 4.5 Silicone surfactant used in this study
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though exfoliation occurred during curing. Nonetheless, the method of milling and mixing

clay with the matrix for 12 h is complicated and time consuming. Our simple method is to:

(i) modify clay with the siloxane surfactant and (ii) mix the modified clay with silicone rubber

manually just for 3min.
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Figure 4.6 In situ XRDs of clay modified with siloxane surfactant and its compounding with silicon

rubber before and after crosslinking

Figure 4.7 TEM micrograph of silicone rubber/sil-clay nanocomposite containing 2.0wt% sil-clay
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Exfoliated silicone rubber/clay nanocomposites were prepared in this work by modify-

ing clay with a flexible, high molecular weight siloxane surfactant. This strategy is

different to previous studies because of its special exfoliation mechanism. Traditionally,

clay is modified by using carbon-based surfactants, such as hexadecyl trimethylammonium

bromide. The molecular chains of this type of surfactant are stiffer and shorter than

the siloxane surfactant adopted here. During mixing of the matrix polymers with the sil-

clay, as confirmed in Figure 4.6, the grafted siloxane surfactants on the clay layer

surfaces enable the diffusion and intercalation of the polymer chains in the inter-galleries

causing exfoliation.

There are three main reasons associated with the siloxane surfactant.

1. High molecular weight: the siloxane surfactant used in this research has a higher molecular

weight (Mw¼ 1900) than the common surfactants and is capable ofmolecular entanglement

with the polymer matrix molecules, thus forming a thicker clay-matrix interface than the

carbon-based surfactants.

2. Flexibility: Siloxane chain is more flexible than the carbon chain; this promotes molecular

entanglement and facilitates intercalation and diffusion of the matrix molecules into

the intergalleries.

3. Direct slurry-polymer compounding: the basic idea is first to increase the clay interlayer

spacing through polymerization or suspension in water/solvents and then to intercalate the

matrix polymer in this enlarged spacing.Here, direct clay slurry-polymer compoundingwas

helpful to promote molecular entanglement. Thus, for the silicone rubber/clay nanocom-

posites, the clay slurry modified by the siloxane surfactant was hand-mixed with silicone

rubber; duringmixing, thewater between layers was replaced by rubber and the supernatant

water was finally removed.

Clay modified by carbon-based surfactants is not thermally stable and this impedes the

application of polymer/clay nanocomposites, since various polymers are processed and/or used

at above 200 �C. We found (not shown here) that the 5wt% decomposition temperature of sil-

clay is 46.7 �C higher than clay-30b (a conventional organic clay by Southern Clay Products).

This means sil-clay prepared in this research has a higher thermal stability than the common

organic clay modified by carbon-based surfactants.

Silicone rubber is one of themost thermal-resistant rubbers, but unfortunately itsmechanical

properties are poor. Previous work showed the tensile strength of neat silicone rubber could be

increased 100%with addition of 2–5wt% of clay depending on the types of clay and thematrix

molecular weight [6, 11–13]. In this study, silicone rubber Dow Corning 3110 was chosen to

compound with sil-clay as reported earlier. It is seen from Table 4.4 that both tensile strength

and tear strength increase with sil-clay loading and reach maximum at 2.0 wt% clay. Since sil-

clay modified by siloxane surfactant is very well compatible with silicone rubber, disorderly

exfoliated structure can be readily achieved.

Li applied the sil-clay to fibre/silicone composite [14]. It shows an orderly exfoliated

structure andmuch improved thermal stability. By incorporation ofmerely 0.3 wt% of the clay,

the flexural modulus and strengths of fiber/PMSQ laminate are increased by 21 and 62%,

respectively. This study illuminates the importance of the compatibility of the grafted siloxane

surfactant with the matrix polymer in achieving both exfoliation and dispersion of clay as well

as highly improved mechanical properties for silicone-based polymers.
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The interface modification is able to produce superior reinforcement, but in a few cases

it induced inferior mechanical properties to unmodified nanocomposites. Nair chemically

modified the surface of chitin whiskers and compounded it into NR [15]. The mechanical

properties were found to be inferior to those of unmodified chitin/NR composites. It is

concluded that this loss of performance is due to the partial destruction of the three-dimensional

network of chitin whiskers assumed to be present in the unmodified composites. Bhowmick

prepared rubber/clay nanocomposites bymixing fluoroelastomers with unmodified clay and o-

clay [16], respectively. Exfoliation was observed with both the unmodified and the modified

clays at low loading in fluoroelastomer, but higher mechanical properties were found with the

unmodified clay due to its best compatibility with the elastomer.

4.4 Interface Modification by Reactive Routes

Disorderly exfoliated structure of rubber/clay nanocomposite is well recognized for optimum

reinforcement, but it is difficult to achieve due to the weak interface strength/toughness unless

chemical reaction bridges claywith rubbermolecules. Thus,Ma andZhang adopted three types

of surfactants (shown in Figure 4.8), that is, triisopropanolamine (TA), m-xylylenediamine

(MXD) and allylamine (AA), to modify S-clay (sodium montmorillonite with a CEC of

85mequiv/100 g, provided by Southern Clay Products). The three types of modified clay were

denoted as TA-clay, MXD-clay and AA-clay, respectively.

The SBR/clay composites were prepared following the four steps below.

1. Modification of clay by TA andAA: 10 g of claywas added to 5 kg of boiling distilledwater,

mixed and heated for 10min. Stoichiometric TA or AAwas dissolved in 500 g of water and

then a given quantity of hydrochloric acid was added and stirred by a glass rod. The solution

Table 4.4 Mechanical properties of silicone rubber/sil-clay nanocomposites

Sil-clay content

in silicone rubber, wt%

Tensile strength

at 100% elongation, MPa

Tensile strength,

MPa

Tear strength,

kN/m

Elongation

at break, %

0 0.47 0.79 2.71 162

0.5 0.91 1.23 2.91 140

1.0 0.82 1.45 3.20 150

2.0 1.22 1.62 4.55 149

3.0 1.05 1.53 4.45 145

N

CH2 CH
OH

CH3

CH2 CH
OH

CH3

CH2 CH
OH

CH3

CH2

CH2

NH2

NH2

NH2 CH2 CHCH 2

allylaminem-xylylenediaminetriisopropanolamine

Figure 4.8 Three types of surfactants used in this study
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was added slowly to the clay suspension and then the blend was vigorously stirred for

10min at 80–90 �C. After modification, the clay suspension was repeatedly washed with

water until no chloride ion was detected by AgNO3. Then, the suspension was condensed

to 1500ml by heating. The modification of clay by MXD was conducted according to

Ma’s previous work [17].

2. Emulsion compounding: the desired amount of the condensed suspension was added to a

given quantity of SBR latex followed bymixing for 5min. Then themixturewas coagulated

by diluted H2SO4 solution and washed with water until neutral. After being dried at 60 �C
for 6 h, the SBR/clay was ready for shear mixing with additives.

3. Shear mixing; 4. Vulcanization: since steps (3) and (4) are common techniques in rubber

processing, both have been omitted.

Figure 4.9a shows the XRD patterns of various SBR/clay nanocomposites. As a benchmark,

we prepared and characterized SBR/S-clay nanocomposite by the LCMmethod. A significant

diffraction pattern was found for SBR/S-clay nanocomposite at 2y¼ 6.2�, corresponding to a
layer spacing of 1.4 nm, indicating that direct compounding achieved a nonexfoliated structure.

For TA-treated clay, however, a diffraction peak was found at 2y¼ 5.9� for a layer spacing of
1.5 nm. The reduced pattern intensity suggests that some amount of clay was fully intercalated

or even exfoliated in comparisonwith SBR/S-clay nanocomposite. As claywas treated byTA, a

large quantity of hydroxyl group and organic units were introduced on the clay layer surface,

which could endow TA-clay both good suspending ability in water and a certain compatibility

between SBR and clay. Hence, parts of clay were fully intercalated or exfoliated. For SBR/

MXD-clay nanocomposite, a decreased diffraction pattern was also found at 2y¼ 5.9�,
inferring the same layer spacing of 1.5 nm. This can be caused by the enhanced compatibility

between SBR and MXD-clay. However, no obvious diffraction peak was observed on SBR/

AA-clay nanocomposite, which might indicate fully intercalated structure or exfoliation.

Figure 4.9b shows the changes of the layer spacing of clay during the various processing stages,

indicating the layer spacing was increased each step and finally exfoliation was achieved and

stabilized by the reaction of the double bonds of SBR and those on the clay layer surface, which

consequently confers a strong interface to the nanocomposite.
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Figure 4.9 XRD patterns of: (a) various SBR/clay nanocomposites and (b) in situ characterization of

SBR/AA-clay nanocomposites
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Figure 4.10a is a low magnification TEM micrograph for SBR/AA-clay nanocomposite, in

which exfoliated layers were observed. Some small aggregates were also found, which might

comprise of exfoliated layers or intercalate layers. A typical aggregate was observed at higher

magnification in Figure 4.10b, which indicates disorderly exfoliated structure. Based on the

XRD result and TEM micrographs, it can be concluded that exfoliation has been achieved in

SBR/AA-clay nanocomposite.

Critical questions may now be asked, since disorderly exfoliated structure is obtained for

SBR/AA-clay nanocomposite: when does the exfoliation occur and what is the exfoliation

mechanism? The proposed mechanism is shown in Figure 4.11. After modification, the

hydrophilic sodium clay becomes more or less hydrophobic depending on the surfactant

molecular size and composition. The AA-clay prepared in this study is both hydrophobic and

hydrophilic because the size of AA molecular is much smaller compared to other common

surfactants, such as octadecylammonium. Thus, AA-clay could form a stable suspension in

water even at a low concentration 0.05wt%, which is the prerequisite for the emulsion

compounding method. After coagulation, an initially intercalated structure will be obtained

since rubber molecules trapped in latex particles have just a little chance to intercalate in the

clay interlayer spacing during the stir mixing and the subsequent coagulating. When the dried

SBR/clay is shear mixed with additives, more rubber molecules intercalate into the interlayer

spaces. Ultimate exfoliation is achieved and stabilized during vulcanization in which a fierce

driving force for exfoliation is provided by the reaction of the double bond of SBR molecule

with that of AA grafted on clay.

Figure 4.10 TEM images of SBR/AA-clay nanocomposite prepared by the novel approach, revealing

the disorderly exfoliated silicate layer structure in SBR
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The proposed mechanism can be verified by tracking the gradual intercalation of SBR

molecule into the clay layer spacing in situ asmeasured byXRDduring the procedure shown in

Figure 4.9b. AA-clay shows a strong diffraction pattern at 2y¼ 7.2�, indicating a layer spacing
of 1.2 nm. For SBR/AA-clay after coagulation, a down-shifted pattern occurs at 2y¼ 6.0�,
corresponding to a layer spacing of 1.5 nm,whichmay be caused by the intercalation of a small

amount of SBR molecule into the interlayer spacing. After shear mixing, the intensity of the

diffraction pattern at 6.0� is significantly decreased and this indicates more rubber molecule

intercalate into the interlayer spacing due to the good compatibility between thematrix and the

N
CCC

SBR latex

Coagulated and dried

Shear mixed

Vulcanized

Figure 4.11 Schematic of exfoliation mechanisms
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surfactant grafted onto the clay layer. In addition, a newpeak is found at 2y¼ 2.2�, whichmight

show amuch larger layer spacing of 4.0 nm. It is concluded that shear mixing is helpful to melt

intercalation. In our recent study, shear mixing was found to be an efficient method for

preparing rubber/clay nanocomposite, since no obvious XRD peak was found for butyl rubber/

organic clay (90/10 by weight) nanocomposite. After curing, the intercalation pattern at 2.2�

disappeared and exfoliated layers were shown on TEM, demonstrating that exfoliation had

occurred and been stabilized finally.

The exfoliated SBR/AA-clay nanocomposite with strong interface shows promising me-

chanical properties. With only 4wt% of AA-clay, the tensile strength improves from 2.2 to

9.0MPa and the elongation at break from 261 to 588% while the hardness remains low at 51

ShoreA.These property enhancements are equivalent towhatwould be achievedby addition of

at least 10wt%CBand also higher than that reported by our previous works [4]. It confirms that

both full exfoliation and strong interface are crucial factors in achieving these results.

Zhang also introduced a method to modify clay (montmorillonite) based upon a reactive

surfactant N-Allyl-N,N-dimethyl-octadecylammonium chloride (CH3CH¼CHC18H37(CH3)2
NþCl�) for the SBR using the LCM method [18]. An intercalation/exfoliation-coexisting

structure was obtained. Nevertheless, it shows significantly improved mechanical properties

in Table 4.5.

Adding a third reactive component is another method to improve the compatibility between

rubber and o-clay. Liu mixed the resorcinol and hexamethylenetetramine complex (RH) with

nitrile-butadiene rubber (NBR) and o-clay in a two-roll mill [19]. The clay layer spacing

increased substantially with RH addition, resulting in highly improved thermal properties and

mechanical performance. This is explained as the RH could enhance the interface between

rubber and o-clay.

4.5 Characterization of Interface Modification

The interface modification of rubber nanocomposites was characterized by two categories of

methods: direct and indirect methods. Direct methods are the use of instruments to identify

specific reactions occurred on nanofiller surface,withinmatrix or between nanofiller andmatrix.

These methods include Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic

resonance (NMR) spectrometry, Elemental analysis (EA), and so on. As a result of interface

modification, nanofiller dispersion and mechanical/funtional properties are expected to change

dramatically (improve in most cases and deteriorate in rare cases). Indirect methods identify

the interface modification by investigating the morphology, the mechanical property, the

dynamic mechanical property, the swelling and other properties of the nanocomposites.

Table 4.5 Mechanical properties of SBR/clay nanocomposites

Shore A hardness Tensile strength, MPa Elongation at break, %

Neat SBR 58 4.3 592

SBR/clay, 10wt% 59 16.5 734

SBR/clay, 20wt% 57 18.7 638
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4.5.1 Direct Methods for Interface Characterization

Nanofiller modification is often made by a grafting reaction on nanofiller surface using an

organic molecule which may contain functional groups for creating molecular entanglements

with or producing chemical links tomatrix. Upon grafting an organicmolecule to nanofiller, the

molecule units will demonstrate a distinctive absorption on FTIR [15] and NMR spectrum

indicating the interface modification.

The following example is NMR characterization for the modification of clay by

M-xylylenediamine (MXD) which subsequently reacted with diglycidyl ether of bisphenol

A (DGEBA) [17].Although it is derived fromepoxy/clay nanocomposites, the characterization

method is applicable to rubber/clay nanocomposites.

Figure 4.12 shows the 1H NMRspectra of the reactive surfactantMXDand themodified clay.

In the free MXD molecule the methylene protons are chemically equivalent and appear as a

single resonance at 3.85 ppm. Upon grafting MXD to the clay layer surface via one quaternary

ammonium center, the methylene units would no longer be equivalent, and a downfield shift in

resonance would be expected for the methylene moiety adjacent to the grafted ammonium

center. The 1H NMRspectrum form-clay exhibits two distinct resonances at 3.87 and 3.98 ppm,

and this implies that the two ammonium groups on theMXDmolecule are in different chemical

environments, with one ammonium group grafted onto the clay layer surface and the other

unchanged.This result confirms the reactionof theDGEBAwith thedangling ammoniumgroup.

When the clay was further modified with epoxy, abundant epoxy signal in 1H NMR (not shown

here) was found due to a large amount of DGEBA grafted onto clay via MXD.

In the case of a large amount of or a high molecular weight surfactant grafted on the

nanofiller surface, EA is used for characterization [7].

An important means tomeasure the degree of clay layer dispersion and exfoliation is usually

obtained by XRDmeasurements. Generally intense reflections in the range 2y¼ 3–9� indicate
an orderly intercalated system with alternating polymer/silicate layers. In exfoliated nano-

composites, on the other hand, where single silicate layers (1 nm thick) are homogeneously

dispersed in the polymer matrix, XRD patterns with no distinct features in the low 2y range are
anticipated due to the loss of structural registry.

Figure 4.12 1H NMR spectra of MXD (top) and m-clay (bottom)
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Kimmodified clay (montmorillonite)with octylamineCH3(CH2)7NH2 and themodified clay

is denoted C8-clay. Similarly, the clay modified by dodecylamine amine CH3(CH2)11NH2

is denoted C12-clay and the clay modified by octadecylamine CH3(CH2)17NH2 is denoted

C18-clay [20]. The X-ray diffraction patterns of o-clay are shown in Figure 4.13. The peaks of

C8-clay, C12-clay and C18-clay are shifted to lower angles compared with the unmodified clay,

which shows a characteristic peak (d001¼ 1.23 nm) at 7.16�. The d-spacings of the C8-clay,
C12-clay andC18-clay correspond to 1.36, 1.52 and2.18 nm, respectively. This clearly indicates

the graftion of alkylammonium cations onto the silicate layer surface.

Figure 4.14 shows the XRD patterns of NBR/neat clay and NBR/organoclay hybrids. The

diffraction peak of NBR/C8-clay are observed at 2y¼ 3.92� (d001¼ 2.25 nm) compared with

C8-clay of 6.5� of 2y (d001¼ 1.36 nm). In the case of NBR/C12-clay and NBR/C18-clay

nanocomposites, the characteristic peaks disappear. These results imply that the intercalated

silicate layers are probably exfoliated through the melt compounding process.

4.5.2 Indirect Methods for Interface Characterization

Interface modification leads to the uniform dispersion of nanofiller and improved properties.

Indirect methods for interface characterization are usually based on the morphology investi-

gation using TEM and on the measurement of properties, such as mechanical property,

swelling [19], dynamic mechanical property [20] and other properties of the nanocomposites.

Unmodified nanofillers are often incompatible with polymer matrices, leading to the agglome-

ration of nanofillers. Interfacemodification is able to improve the compatibility of nanofillerswith

polymer matrices, and thus nanofillers are often more separately dispersed in matrices. TEM is a
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Figure 4.13 X-ray diffraction patterns of (a) Naþ -clay and organoclays: (b) C8-clay, (c) C12-clay and
(d) C18-clay (“Preparation and characteristics of nitrile rubber (NBR) nanocomposites based on

organophilic layered clay,” J.T. Kim, T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058,

� 2003, Copyright Society of Chemical Industry. Reproduced with permission. Permission is granted by

John Wiley & Sons Ltd on behalf of the SCI.)

106 Rubber Nanocomposites



powerful tool to monitor the nanofiller dispersion. It is the most authoritative method to

characterize the clay exfoliation. Based on extensive TEM observation, Zhang et al. draw a

conclusion that the structure of rubber/clay nanocomposites prepared by the LCM, method is

different from conventional intercalated/exfoliated nanocomposites, because in LCM, the rubber

molecules separate the clay particles into either individual layers or just silicate layer aggregates

with several nm thickness without intercalation of rubber molecules. Such a structure resulted

from the competition between separation of rubber latex particles and re-aggregation of single

silicate layers during the coagulation process [21].

Mechanical property testing might be the most convenient characterization for the interface

modification of rubber nanocomposites.

Continued from 4.5.1, Kim characterized the interface modification of clay using

mechanical property investigation as shown in Figures 4.15–4.17. In the cases of C12-

clay and C18-clay, the tensile strength increases rapidly with the clay content in the range

0–8.7 wt%. In the case of C8-clay, significant increase is found for clay content from 0 to

4.52wt%, and the tensile strength changes less for clay content higher than 4.52wt%. The

tensile moduli of NBR/C12-clay and NBR/C18-clay nanocomposites increase rapidly with

increasing clay content. In contrast, the tensile modulus increases slightly with increasing

C8-clay content. The elongation at break of the nanocomposites approaches maximum at

about 8.7 wt% loading and then decreases with further increase of the clay content.

The differences in mechanical properties among the NBR/C8-clay, NBR/C12-clay and

NBR/C18-clay hybrids are caused by the modification of organoclay. As illustrated in

Figures 4.15–4.17, the mechanical properties of NBR/organoclay hybrids increase in the

order: C8-clay <C12-clay <C18-clay, depending on the length of the alkyl chain in the alkyl

ammonium, as a longer alkyl chain length means a higher level of interface modification

towards compatibilization.
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Figure 4.14 X-ray diffraction patterns of NBR hybrids with 4.52wt% clay (“Preparation

and characteristics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,”

J.T. Kim, T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058,� 2003, Copyright Society of

Chemical Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on

behalf of the SCI.)
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Figure 4.16 Effect of organoclay content on tensile modulus of NBR nanocomposites at room

temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and character-

istics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim, T.S. Oh and

D.H. Lee, Polymer International, 52, no. 7, 1058, � 2003, Copyright Society of Chemical

Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of

the SCI.)

Figure 4.15 Effect of organoclay content on tensile strength of NBR nanocomposites at room

temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and character-

istics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim, T.S. Oh

and D.H. Lee, Polymer International, 52, no. 7, 1058, � 2003, Copyright Society of Chemical

Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of

the SCI.)

108 Rubber Nanocomposites



The interface modification leads to a strong interaction between nanofillers and matrices,

which can be measured as a free volume by Positron annihilation lifetime spectroscopy.

Zhang et al. [22] prepared the rubber nanocomposites by LCM and melt blending methods

as follows:

1. Latex compounding: about 3% clay aqueous suspension and SBR latex were mixed and

vigorously stirred for 20min. Afterwards, the mixture was co-coagulated in 2% dilute

sulfuric acid solution, washed with water, and then dried in an oven at 70 �C for 24 h, and

SBR/clay nanocompounds (SBRN/clay) were obtained.

2. Melt blending: organic clay was directly mixed with SBR (not latex) on a two-roll mill for

5min to obtain SBR/clay nanocompounds (SBRN/o-clay).

The nanocompounds of SBRN/clay and SBRN/o-clay were mixed with other additives on a

two-roll mill for 10min, and then vulcanized at 150 �C in a hot press for the optimum cure time

determined by a disk rheometer.

SBR/clay microcomposites (SBRM/clay) and SBR composites filled with carbon black

N330 (SBR/N330) were prepared using the samemelt-blending procedure as described above.

Figure 4.18 shows the dependence of the free volume of the nanocomposites on the filler

volume fraction. SBRN/clay shows the highest free volume (I30), implying the lowest

nanofiller interaction with the matrix. A lower free volume was found for SBRM/clay and

SBRN/o-clay. SBR/N330 indicates the lowest free volume, meaning the highest interfacial

interaction between nanofiller and matrix.
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Figure 4.17 Effect of organoclay content on elongation at break of NBR nanocomposites at

room temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and

characteristics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim,

T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058,� 2003, Copyright Society of Chemical

Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of

the SCI.)
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4.6 Conclusion

Although unmodified nanofillers might be able to disperse in rubber matrix, interface

modification is preferred for the purpose of significant property enhancement. The interface

modification can be accomplished by two routes: the reactive and the nonreactive route.

The reactive route employed functionalmolecules, whichwould usually contain two reactive

cites, one grated onto the nanofiller surface and the other reacted with matrix. This route

achieved strong interface as well as clay exfoliation, but not many rubbers contain certain

amount of reactive sites for grafting. The nonreactive route involves the filler surface

modification using high molecular surfactants to form a core-shell structure. As these

surfactants offer high levels of compatibility and chain entanglement with matrix polymers,

it actually plays the role of compatibilizers, leading to the uniform dispersion of nanopar-

ticles with good interface. This routine has no specific requirement in terms of the reactive

sites for matrix rubber, and the modified nanofillers suit more classes of rubbers.

Mechanical property measurement is the most convenient indirect method to characterize

the interface modification, as nonocomposites with strong interface often demonstrate

distinctive improvement of mechanical properties. The other indirect methods include

morphology observation using transmission electron microscopy (TEM), X-ray diffraction

(XRD) testing, dynamic mechanical property measurement, swelling investigation and so on.

The direct methods include Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic

resonance (NMR) spectrometry, elemental analysis (EA), and so on. These methods quantita-

tively measure the degree of interface modification.

List of Abbreviations

AA allylamine

CB carbon black

C8-clay clay modified by octylamine CH3(CH2)7NH2

Figure 4.18 Effect of nanofiller volume fraction on the orthopositronium (o-Ps) intensity for

nanocomposites
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C12-clay clay modified by dodecylamine amine CH3(CH2)11NH2

C16 hexadecyl trimethyl ammonium bromide

C18-clay octadecylamine CH3(CH2)17NH2

DGEBA diglycidyl ether of bisphenol A

EA elemental analyser

EPDM ethylene propylene diene monomer rubber

EPR ethylene propylene rubber

FTIR Fourier transform infrared spectroscopy

ISAF intermediate super abrasion furnace

KH550 3-aminopropyl triethoxy silane

Mw weight-average molecular weight

MXD m-xylylenediamine

NBR nitrile butadiene rubber

NMR nuclear magnetic resonance

NR natural rubber

PDMS polydimethylsiloxane

PVC polyvinyl chloride

PS polystyrene

PC polycarbonate

RH resorcinol and hexamethylenetetramine complex

SBR styrene butadiene rubber

S-clay sodium montmorillonite

SRF short fibre

TC talc

TA triisopropanolamine

XRD X-ray diffraction
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5.1 Introduction

Latex from rubber trees (Hevea brasiliensis) is virtually the source of all commercial natural

rubber (NR; cis-1,4-polyisoprene). Both NR and synthetic rubbers like styrene butadiene

rubber (SBR) display mechanical properties which make them important and irreplaceable

materials in dynamically loaded applications such as tires and enginemounts [1]. NR ismainly

used inwinter tires and truck tires. Small solid tires are usually made of SBR. The consumption

of NR and SBR is equal and thematerials can be used interchangeably. The uniquemechanical

properties of NR result from its highly stereo-regular microstructure, the rotational freedom of

the a-methylenic C�C bonds and the entanglements which result from the high molecular

weight and contribute to its high elasticity.

The properties of rubbers can be tailored by the addition of fillers [2, 3]. A wide range of

fillers are used in the rubber industry to improve and modify the physical properties of

elastomeric materials. The addition of the filler usually results in the improvement of the

stiffness and hardness, and also of the resistance to abrasion, tear, cutting and rupture. The

increase in themodulus is due to the inclusion of rigid filler particles in the soft matrix. Another

contribution arises from filler-rubber interactions leading to additional crosslinks in the

network structure. In addition, the physical performance of an elastomeric material strongly

depends on a large number of parameters, such as volume fraction, aswell as the shape, size and

aspect ratio of the particles. Fillers are generally classified according to their average particle

size. Particles larger than 1 mm do not have reinforcing capabilities (at best) or have a

detrimental effect, and they generally increase viscosity by a mere hydrodynamic effect.
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Reinforcement is readily obtained with sizes smaller than 100 nm, that is, in the range of

nanocomposites. It is also found that particle structure is a decisive factor.

Carbon black and silica are the main fillers used in the compounding recipes [4, 5]. Short

fibers can be used to reinforce polymers in order to improve or modify certain mechanical

properties of the host matrix for specific applications [6]. The use of various natural fibers such

as bamboo, coir and oil palm as reinforcing agents in rubber matrices has also been

reported [7–12]. More recently, polysaccharide nanocrystals have been used to reinforce NR.

The choice of NR asmatrix for the processing of such nanocomposites is interesting because of

the renewable nature of both components, because the matrix is available as aqueous

dispersions (latex) and because the effect of these nanoparticles can be easily compared to

any of the other fillers for NR published in the literature.

5.2 Preparation of Polysaccharide Nanocrystals

Stable aqueous suspensions of polysaccharide nanocrystals can be prepared by acid hydrolysis

of the biomass (cellulose, chitin, starch). The literature uses different descriptors of the

resulting colloidal suspended particles, including whiskers, monocrystals and nanocrystals.

The designation “whiskers” is used to designate elongated rod-like nanoparticles. These

crystallites are also often described in the literature as microfibrils, microcrystals or micro-

crystallites, despite their nanoscale dimensions. Most of the studies reported in the literature

refer to cellulose nanocrystals. A recent review reported the properties and application in

nanocomposite field of cellulosic whiskers [13]. A more general description of nanocrystals

extracted from cellulose, chitin or starch can be found elsewhere [14].

Theprocedure for thepreparationofsuchcolloidal aqueoussuspensions isdescribed indetail in

theliteratureforcelluloseandchitin[15,16].Thebiomassisgenerallyfirstsubmittedtoableaching

treatment with NaOH in order to purify cellulose or chitin by removing other constituents. The

bleached material is then disintegrated in water, and the resulting suspension is submitted to a

hydrolysis treatment with acid. The amorphous regions of cellulose or chitin act as structural

defects and are responsible of the transverse cleavage of the microfibrils into short monocrystals

under acid hydrolysis [17, 18], as schematically illustrated in Figure 5.1. Under controlled

conditions, this transformation consists of the disruption of amorphous regions surrounding and

embedded within cellulose or chitin microfibrils, while leaving the microcrystalline segments

intact. It isascribedto the fasterhydrolysiskineticsofamorphousdomainscomparedtocrystalline

ones. The resulting suspension is subsequently diluted with water and washed by successive

centrifugations. Dialysis against distilled water is then performed to remove free acid in the

dispersion. Complete dispersion of thewhiskers is obtained by a sonication step. The dispersions

are stored in the refrigerator after filtration to remove residual aggregates and addition of several

drops of chloroform. This general procedure has to be adapted depending on the nature of the

substrate. In the specific cases of chitin whiskers obtained from crab shell and cellulosewhiskers

extracted from date palm tree, the procedure is reported in Refs. [19, 20], respectively.

Aqueous suspensions of starch nanocrystals can be also prepared by acid hydrolysis of native

starch granules. It can be performed in aqueous medium with hydrochloric or sulfuric acid but

at lower temperature than for cellulose or chitin because gelatinization of starch in acidmedium

occurs at relatively low temperature. Response surface methodology was used by Angellier

et al. [21] to investigate the effect of five selected factors on the selective sulfuric acid

hydrolysis of waxy maize starch granules in order to optimize the preparation of aqueous
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suspensions of starch nanocrystals. These predictors were temperature, acid concentration,

starch concentration, hydrolysis duration and stirring speed.

The stability of resulting suspensions depends on the dimensions of the dispersed particles,

their size polydispersity and surface charge. The use of sulfuric acid rather than hydrochloric

acid leads to a more stable aqueous suspension [22, 23]. Indeed, the H2SO4-prepared whiskers

present a negatively charged surface, while theHCl-prepared whiskers are not charged. During

acid hydrolysis of most clean cellulose sources via sulfuric acid, acidic sulfate ester groups are

likely formed on the nanoparticle surface.

5.3 Processing of Polysaccharide Nanocrystal-Reinforced
Rubber Nanocomposites

Because of the high stability of aqueous polysaccharide nanocrystals dispersions, water is the

preferred processing medium. Rubber is not hydrosoluble but native NR occurs as an aqueous

dispersed polymer, that is, latex. Then the processing of polysaccharide nanocrystal-reinforced

NR is very simple and consists in mixing and casting the two aqueous suspensions. A solid

nanocomposite film can be then obtained by water evaporation and particle coalescence (film

casting) or by freeze-drying, followed by classical hot-pressing or extrusion processes.

For the present chapter, NR was kindly supplied as unvulcanized NR latex by the Technical

Center, MAPA, Liancourt, France, for chitin whisker- and starch nanocrystal-reinforced

composites. It contained spherical particles with an average diameter around 1mm and had

a total solid content (TSC) and a dry rubber content (DRC) of 61.58 and 60.1%, respectively.

Sodium laurylsulfate (0.2 g per 100 g of dry rubber) and potassium (0.4 g per 100 g of dry

rubber) were added as stabilizers. The density of dry NRwas 1 g cm�3. Unvulcanized NR latex

used for date palm tree cellulose whisker-reinforced composites was kindly supplied by

Michelin (Clermont Ferrand, France). It contained spherical particles with an average diameter

around 1mmand its weight concentration was about 50wt%. The dryNR had a density, rNR, of
1 g cm�3 and it containedmore than 98%of cis-1,4-polyisoprene. Prevulcanized latexwith low

Figure 5.1 Schematic illustrationof theeffectofacidhydrolysisofcelluloseorchitin:exampleofcellulose
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degree of crosslinkingwas kindly provided bySAFICALCAN, Puteaux, France. Its TSC,DRC

and density were 61.5%, 60% and 1 g cm�3, respectively. Vulcanizing agents such as tetra

methyl thiuram disulfide (TMTD) and zinc oxide (ZnO)were used as accelerator and activator,

respectively, in this latex. The latex particle size was around 1mm.

The processing of nanocompositematerials from an organic solvent solution instead of using

aqueous suspensions can be also considered. It is necessary to proceed to an exchange solvent

process or to chemically modify the surface of polysaccharide nanocrystals to reduce their

surface energy. In the literature, the following reagents were used:

1. A commercial succinic anhydride (ASA, Accosize 18 fromAmerican Cynamid) consisting

of a mixture of oligomers of different sizes, centered around C18 (Mn¼ 300), bearing the

general structure:

O OO

(   ) n(   )m

2. Phenyl isocyanate (PI, Aldrich):

NCO

3. Isopropenyl-a,a0-dimethylbenzyl isocyanate (TMI, Aldrich):

NCO

These were used to disperse chitin nanocrystals obtained from crab shell in toluene [24]

whereas the two former were used for starch nanocrystals [25]. After mixing these suspensions

with NR solution in toluene, solid films were obtained by toluene evaporation.

Sample details and codifications used in this chapter are listed in Table 5.1.

AttemptsweremadetoextrudecellulosicwhiskersdirectlywithmeltNR.However, themixture

was too viscous. In addition, the dispersion level of the filler within the NR matrix and then the

performances of the ensuing composites will be certainly very poor, cellulose being highly polar.

5.4 Morphological Investigation

Figure 5.2a shows a transmission electron micrograph (TEM) of a diluted suspension of

hydrolyzed crab shell chitin. The chitin fragments consist of slender rod-like nanoparticles

with sharp points that have a broad distribution in size. The average length and width were

estimated to be around 240 and 15 nm, respectively [19]. The average aspect ratio (L/d, L being

the length and d the diameter) of these whiskers is therefore around 16. The diffraction pattern

obtained for chitin whisker suspension using transmission microscopy studies is also depicted

in Figure 5.1a. The sharp and well defined diffraction rings obtained indicate the crystalline
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Table 5.1 Codification of the samples

Sample Filler Modi-

fication

Matrix Medium Processing

technique

Filler

content

(wt%)

NRev Unvulc. NR Water Water evaporation

PNRev None None Prevulc. NR Water Water evaporation 0

NRfd Unvulc. NR Water Freeze-drying and

hot-pressing

NRtolev Unvulc. NR Toluene Toluene evaporation

NRevC2 2

NRevC5 Crab shell 5

NRevC10 Chitin whiskers None Unvulc. NR Water Water evaporation 10

NRevC15 15

NRevC20 20

PNRevC2 2

PNRevC5 Crab shell 5

PNRevC10 Chitin whiskers None Prevulc. NR Water Water evaporation 10

PNRevC15 15

PNRevC20 20

NRfdC5 5

NRfdC10 Crab shell None Unvulc. NR Water Freeze-drying and

hot-pressing

10

NRfdC15 Chitin whiskers 15

NRfdC20 20

NRasaC10 Crab shell ASA 10

NRtmiC10 Chitin whiskers TMI Unvulc. NR Toluene Toluene evaporation 10

NRpiC10 PI 10

NRevW2 2

NRevW5 5

NRevW10 10

NRevW15 Waxy maize

starch

15

NRevW20 Nanocrystals None Unvulc. NR Water Water evaporation 20

NRevW25 25

NRevW30 30

NRevW40 40

NRevW50 50

NRasaW5 5

NRasaW10 Waxy maize

starch

ASA Unvulc. NR Toluene Toluene evaporation 10

NRasaW20 Nanocrystals 20

NRpiW5 5

NRpiW10 Waxy maize

starch

PI Unvulc. NR Toluene Toluene evaporation 10

NRpiW20 Nanocrystals 20

NRevCell1 1

NRevCell2.5 Date palm tree None Unvulc. NR Water Water evaporation 2.5

NRevCell5 Cellulose whiskers 5

NRevCell10 10

NRevCell15 15
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nature (amorphous protein part and amorphous chitin domains have been removed during acid

hydrolysis) of chitin whiskers present in the suspension.

Waxymaize starch nanocrystals consist of platelet-like particles with a thickness of 6–8 nm,

a length of 40–60 nm and a width of 15–30 nm [26]. Such nanocrystals are generally observed

in the form of aggregates (Figure 5.2b) having an average size around 4.4mm, as measured by

laser granulometry [21]. Despite the micrometric scale of the starch nanoparticles, the term

nanocomposite is suitable for starch nanocrystal/NR materials since the primary particles are

nanometric, as for carbon black-filledmaterials. In addition, we can suppose that at least one of

the dimensions of the aggregates is at the nanometer scale.

Cellulose whiskers were extracted from the rachis of the date palm tree (Figure 5.2c). They

consist of rod-like nanoparticles with an average length and width around 260 and 6.1 nm,

respectively [20], giving rise to anaspect ratioof43.Forwhiskersextracted fromthe leaflets of the

date palm tree, the average length and diameterwere around 180 and 6.1 nm, respectively (aspect

ratio around 30). This difference was ascribed to the higher cellulose content of the rachis [20].

For all kinds of filler, scanning electron microscopy (SEM) displayed a uniform distribution

of the filler within the elastomeric matrix when casting and water evaporation was used to

process the nanocomposite films [19, 20, 27]. For crab shell chitin whisker-reinforced NR a

poorer filler distribution was observed in freeze-dried and hot-pressed materials (NRfd

series) [19]. When the surface of the polysaccharide nanocrystals was chemically modified,

a nonuniform distribution of the filler was clearly observed [24, 27]. Large smooth unfilled

domains were shown by SEM observation of the freshly fractured surface.

5.5 Swelling Behavior

The swelling process and its kinetics give an idea about the capacity of a linear or branched

polymer to dissolve or of a crosslinked polymer to swell in different liquids and vapor media.

Figure 5.2 Transmission electron micrograph of a dilute suspensions. (a) Crab shell chitin whiskers

(inset: typical electron diffractogram recorded on chitin fragments) [19] (Reprinted with permission from

N.K. Gopalan and A. Dufresne, “Crab shells chitin whiskers reinforced natural rubber nanocomposites.

1. Processing and swelling behavior,” Biomacromolecules, 4, no. 3, 657–665, 2003. � 2003 American

Chemical Society); (b) Waxy maize starch nanocrystals (scale bar: 50 nm) [26] (Reprinted with

permission from J.L. Putaux, S. Molina-Boisseau, T. Momaur and A. Dufresne, “Platelet nanocrystals

resulting from the disruption of waxy maize starch granules by acid hydrolysis,” Biomacromolecules, 4,

no. 5, 1198–1202, 2003.� 2003American Chemical Society); (c) Date palm tree cellulosewhiskers [20]

(Reprinted with permission from A. Bendahou, Y. Habibi, H. Kaddami and A. Dufresne, Journal of

BiobasedMaterials andBioenergy,3, 2009.Copyright�AmericanScientificPublishers,www.aspbs.com.)
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The interaction of polymericmaterialswith solvents is a huge problem fromboth academic and

technological points of view. The mass and dimensions of polymer systems may be changed

due to the penetration of solvents into swollen specimens. When a crosslinked polymer is

brought into contact with a solvent, the network absorbs a certain amount of solvent, which

strongly depends on the temperature, molecular weight of this solvent, crosslinking density of

the polymer and polymer/solvent interactions, besides the ingredients added.

When an elastomer and reinforcing filler are mixed, strong interactions occur so that a good

solvent of the polymer can extract only a free rubber portion, leaving a highly swollen rubber-

filler gel. This fraction of bounded rubber (FBR) is, by definition, the rubber content of this gel.

The choice of the solvent used for the experiment is of importance. It must be a good solvent of

the matrix to allow its swelling or dissolution, but it must not be able to break the eventual links

between the matrix and the filler. If this last condition is not respected, the experiments cannot

be conclusive.

The kinetics of solvent absorption consists generally in first drying andweighing the sample,

and then immersing it in the liquid solvent or exposing it to the vapor medium. The sample is

then removed at specific intervals and weighed up to an equilibrium value is reached. The

swelling rate of the sample can be calculated by dividing the gain in weight by the initial

weight. Generally, the short-time behavior displays a fast absorption phenomenon whereas at

longer times, the kinetics of absorption is low and leads to a plateau, corresponding to the

solvent uptake at equilibrium. The diffusion coefficient can be determined from the initial slope

of the solvent uptake curve as a function of time. Details of the calculation can be found

elsewhere [28]. At short times, the mass (M) of absorbed liquid at time t (Mt�M0) is given by:

Mt�M0

M1
¼ 2

p
D

p

� �1=2

t1=2 ð5:1Þ

whereM1 is the mass of liquid sorbed at equilibrium and 2L is the thickness of the polymeric

film. The diffusivity or diffusion coefficient, D, of the liquid in the material can be estimated

from the slope of the plot of (Mt�M0)/M1 as a function of (t/L2)1/2 for (Mt�M0)/M1� 0.5.

5.5.1 Toluene Swelling Behavior

5.5.1.1 Chitin Whisker-Reinforced NR

The toluene uptake of crab shell chitin whisker/prevulcanized NR nanocomposites when

immersed in toluenewas determined (Table 5.2) [19]. It was found that as thewhiskers content

increased, the tolueneuptakevaluesdecreased continuouslywith a sharp evolutionof 5–10wt%.

The crosslink density of the evaporatedmatrix fromprevulcanized latex (PNRev)was calculated

from the classical equation [29] and it was found to be around 13 000 gmol�1. The monomeric

molecular weight of NR being 68 gmol�1, the average number of monomer units between

crosslinks is of the order of 190.

In Figure 5.3, theweight swelling rate,fp¼M1/M0 is plotted for the samples prepared from

the prevulcanized latex as a function of chitin whisker content. For the unfilled matrix it was

found to be around 5.9. For compositematerialsfp valueswere corrected to account for the fact

that only the matrix phase can be swelled by the solvent. The filler weight must be removed

from both M0 and M1 data. As the whiskers content increases, fp decreases. The corrected
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value is only around 4 for the 20 wt% chitin whisker-filled composite. Therefore, the swelling

of the material is strongly reduced in the presence of chitin whiskers within the NRmatrix, and

a decrease of around 50% is observed for the highly filled material (20 wt%). Similar results

were reported for cellulose whisker-filled plasticized starch when submitted to high moisture

conditions [28, 30]. This phenomenon was ascribed to the formation of a rigid cellulose

network, which prevented the swelling of the starch and therefore its water absorption. This

3-D network was found to result from the establishment of strong hydrogen bonding between

cellulosewhiskers that can develop during the film formation (evaporation step). The reduction

of the swelling rate for chitin whisker-reinforced NR most probably results from a similar

Table 5.2 Toluene uptake at equilibrium and toluene diffusion coefficients in

chitin whiskers/prevulcanized NR and starch nanocrystals/unvulcanized NR

composites immersed in toluene at room temperature

Sample Toluene uptake at

equilibrium (%)

Toluene diffusion coefficient

(cm2 s�1� 108)

PNRev 488 14.1

PCH5ev 413 8.1

PCH10ev 331 5.0

PCH15ev 282 4.6

PCH20ev 239 4.4

NRev / 40.0

NRevW2 / 38.0

NRevW5 3290 20.8

NRevW10 2660 7.9

NRevW15 2210 5.4

NRevW20 2020 5.1

NRevW30 1320 3.4

NRevW40 1110 3.8

NRevW50 750 1.6
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Figure 5.3 Raw (.) and corrected (*) weight swelling rate (fp) of vulcanized samples in toluene at

room temperature (25 �C) as a function of chitin whiskers content. Solid lines serve to guide the eye [19]
(Reprinted with permission fromN.K. Gopalan and A. Dufresne, “Crab shells chitin whiskers reinforced

natural rubber nanocomposites. 1. Processing and swelling behavior,” Biomacromolecules, 4, no. 3,

657–665, 2003. � 2003 American Chemical Society.)
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phenomenon and can be ascribed, at least partially, to the formation of a chitin network within

the vulcanized rubber. It can also result from strong interaction between the chitin filler and the

crosslinked polymeric chains, preventing the swelling of the polymeric chains located in the

interfacial zone.

The toluene diffusion coefficient, D, in these vulcanized NR-based composites was also

determined (Table 5.2) [19]. The unfilled matrix presented the maximum diffusion coefficient

(around 1.4� 10�7 cm2 s�1). Adding chitin whiskers within the NR matrix results in a

progressive decrease of D with a sharp evolution between 0 and 10 wt%, down to 4.4� 10�8

cm2 s�1 for the 20wt% filled system. This observationwas attributed to the increasing stiffness

of the hydrogen bonded chitin network by increasing the filler content. It was also supposed to

result from strong interactions between the filler and the matrix, which limits the toluene

diffusivity within the entangled polymer matrix.

Figure 5.4 shows photographs of unvulcanized NR/chitin whisker nanocomposites before

and after 24 h swelling in toluene. It can be seen that all the samples swelled after immersion in

toluene. It has also been observed that both neat unvulcanized NR and 5 wt% filled composite

completely disrupted after 24 h of swelling hence they are not included in Figure 5.4.

By comparing photographs of swelled evaporated samples (NRevC series) it clearly appears

that swelling of the material systematically decreases with increasing amount of chitin

whiskers within the NR matrix, as observed for vulcanized NR-based materials. This

observation was quantified by measuring the diameter of the disk after 24 h swelling in

toluene. Results are reported in Table 5.3. For some compositions, swellingwas not isotropic in

the radial direction and the diameterwas averaged. The diameter of the 10wt%filled composite

increased by 67% upon swelling. For the 20 wt% filledmaterial the diameter increasewas only

33%. As for vulcanized NR-based composites, this phenomenon can be explained, at least

partially, by the formation of a hydrogen-bondedwhiskers networkwithin thematrix. This stiff

network hinders the swelling of the elastomer.

The effect of processing technique on swelling can be analyzed by comparing evaporated and

hot-pressed samples for a given composition (Figure 5.4 andTable 5.3). It is clearly observed that

the degree of swelling upon toluene immersion is much higher for hot-pressed sample than for

evaporated sample regardless the composition. It is also observed that the diameter of the swelled

10 wt.-% filled evaporated specimen (NRevC10) is similar to that of 20 wt% filled hot-pressed

(NRfdC20) composite. A possible explanation could be ascribed to the fact that not only the

presenceof a chitin-chitin network,but the amountofwhiskers alsoaffects thedegreeof swelling.

From these results, it is assumed that the formation of a hydrogen-bonded network of whiskers

within the matrix is a major reason for the lower degree of swelling exhibited by evaporated

samples than hot pressed samples. The evaporation method is a slow step process, in which

whiskers get enough time and mobility to establish a rigid chitin-chitin network within the host

matrix. In contrast, in the freeze-drying and subsequent hot-pressing method, the mobility of

rubber chains and whiskers are completely arrested all on a sudden during initial quenching

process. It results in the formation of filler aggregates within the matrix and which in turn causes

poorerdispersionofchitinwhiskers in themedium.SEManalysis supported this assumption [19].

For crab shell chitin whisker-reinforced unvulcanized samples, the swelling experiments

were more difficult to perform since part of the sample can dissolve in toluene during a long-

term swelling experiment. Therefore instead of following the above procedure, the bound

rubber content (FBR) and the fraction of NR dissolved in toluenewere determined. It consisted

in first weighing (M0) thin disks of samplematerial that were then immersed in toluene for 48 h.
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Theywere subsequently dried for 12 h at 55–60 �C andweighed again (M0
0). The “sol” fraction

(M0
0=M0) and relative weight loss (RWL ¼ ½M0�M0

0�=M0) were then determined. This

allowed estimating the fraction of NR bonded to the filler (FBR) and the fraction of NR

dissolved in toluene.

Figure 5.4 Photographs of unvulcanized samples (prepared by evaporation and hot-pressing methods)

before and just after swelling in toluene for 24 h at room temperature (25 �C). The diameter of all samples

before swelling was d0¼ 7.5mm [19] (Reprinted with permission from N.K. Gopalan and A. Dufresne,

“Crab shells chitin whiskers reinforced natural rubber nanocomposites. 1. Processing and swelling

behavior,” Biomacromolecules, 4, no. 3, 657–665, 2003. � 2003 American Chemical Society.)

Table 5.3 Diameter (d) of chitin whiskers/unvulcanizedNR composite disks immersed

for 24 h in toluene. The initial sample diameter (before swelling)was d0¼ 7.5mmand the

diameter variation was determined by (d� d0)/d0

Sample Processing technique d (mm) Diameter variation (%)

NRevC10 Water evaporation 12.5 67

NRevC15 11.0 47

NRevC20 10.0 33

NRfdC10 Freeze-drying

and hot-pressing

15.0 100

NRfdC15 13.5 80

NRfdC20 12.5 67
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The bound rubber content and fraction ofNRdissolved in toluene after 48 h for unvulcanized

NRbasedmaterials were determined and data are collected in Table 5.4. Figure 5.5 displays the

evolution of the relativeweight loss (RWL) versus chitin whiskers content for both evaporated

and hot-pressed unvulcanized NR based composites. Data show that about 50% of the unfilled

material is dissolved in toluene. The dissolution of a limited amount of NR is ascribed to the

fact that the experiment was performed at room temperature without any stirring. The RWL is

slightly higher for the evaporated matrix (NRev) than for the hot-pressed one (NRfd). It could

be due to the formation of short crosslinks developed in the NR during hot-pressing.
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Figure 5.5 Relative weight loss of evaporated (*) and hot-pressed (.) unvulcanized samples after

immersion in toluene at room temperature (25 �C) for 48 h and subsequent drying at 55–60 �C for 12 h.

Solid lines serve to guide the eye [19] (Reprinted with permission from N.K. Gopalan and A. Dufresne,

“Crab shells chitin whiskers reinforced natural rubber nanocomposites. 1. Processing and swelling

behavior,” Biomacromolecules, 4, no. 3, 657–665, 2003. � 2003 American Chemical Society.)

Table 5.4 Relative weight loss (RWL) and fraction of bound rubber matrix (FBR) of

chitin whiskers/unvulcanized NR composite disks immersed for 48 h in toluene and

dried for 12 h at 55–60 �C

Sample Processing technique RWL (%) FBM (%)

NRev Water evaporation 53.5 0

NRevC5 45.5 5.3

NRevC10 11.8 36.6

NRevC15 10.1 35.4

NRevC20 7.5 35.3

NRfd Freeze-drying

and hot-pressing

50.4 0

NRfdC5 46.2 1.7

NRfdC10 18.0 27.4

NRfdC15 13.6 29.2

NRfdC20 11.8 28.5

As the whiskers content increases, the RWL of the sample decreases with a sharp evolution

between 5 and 10 wt%. For all composites, the RWL values are higher for hot-pressed samples

than for evaporated ones. This observation can be ascribed again to the formation of a rigid
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chitin network within the evaporated materials. This network is expected to form above the

critical volume fraction at the percolation threshold, vRc. For a 3-D network, vRc depends on the

aspect ratio L/d of the fiber, as vRc¼ 0.7/(L/d) [13, 14]. For chitin whiskers obtained from crab

shells, the aspect ratio close to 16 leads to a value of vRc¼ 4.4 vol%, that is, around 6.4 wt%.

This value is in the range 5–10wt% forwhich the evolution of both theRWLand toluene uptake

at equilibrium is fast. However, it seems that the influence of this network on the dissolution of

NR chains is limited. The main parameter that is involved in this process, is the presence of

chitin whiskers and their level of interaction with the matrix. That is, the filler-matrix

interactions should be sufficiently strong to prevent the dissolution of NR chains and maintain

them in the “sol” fraction of the sample.

The fraction of bondedmatrix (FBR) was determined fromRWL data. It is worth noting that

FBR values correspond to the NR fraction, which is entrapped within the network of chitin and

on the surface of the chitin whiskers. For the calculation it was assumed that the insoluble part

of the unfilled matrix (1�RWLo) should be present in the composites balanced by the matrix

content (1�wF; wF being the filler weight fraction). The “sol” fraction (% “sol”) of each

sample is therefore the sum of three terms:

%“sol” ¼ 1�RWL ¼ wF þð1�RWL0Þð1�wFÞþ FBR ð5:2Þ

The first (wF) corresponds to the whiskers content, the second [(1�RWL0)(1�wF)] to the

insoluble part of the matrix and the third (FBR) to the fraction of NR in strong interaction with

the surface of the chitin filler. The FBR values calculated from Equation 5.2 are collected in

Table 5.4. It is interesting to see that FBR values first strongly increase with filler content and

then stabilize for chitin whisker fractions higher than 5 wt%, that is, above the percolation

threshold. For a low whiskers content, it seems quite normal that the fraction of bonded matrix

increases with the filler content as a result of the increase of the interfacial area. Above the

percolation threshold, the interfacial area increases continuously but the following two

phenomena can be appeared at high filler loading. On the one hand, the overlapping of the

whiskers restricts the filler/matrix interfacial area and, on the other hand, as the whiskers

network closes up the entrapping matrix fraction decreases. These two effects are the

responsible reasons for the stabilization of the FBR above the percolation threshold.

5.5.1.2 Starch Nanocrystal-Reinforced NR

The kinetics of toluene absorption was also determined for waxy maize starch nanocrystal-

reinforced unvulcanized NR (NRevW series). Figure 5.6a shows the evolution of the toluene

uptake (TU) versus time for different starch contents. All the compositions absorbed toluene

during the experiment. Two zones can be distinguished. The first zone, corresponding to

t< 10 h, is characterized by fast absorption kinetics. A clear trend is observed with respect to

the starch content: the higher the starch content, the lower the absorption rate. In the second

zone, associated with long times of experiments, the toluene uptake increases more slightly

until reaching a plateau corresponding to the toluene uptake at equilibrium. For low starch

contents (0 and 2 wt%), the second zone is not observed. A disruption of part of the films due to

their repetitivemanipulations rapidly occurred, preventing their weighing after several hours of

immersion. Thereby, the TU at equilibrium for NRev and NRevW2 films was considered to be

infinite. It is worth noting that only 5 wt% of starchy filler allows preventing the disruption of
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the matrix. The toluene uptake values at equilibrium were measured after 7 days of immersion

(170 h) and are given in Table 5.2. We can notice that TU values at equilibrium decrease

continuously when increasing the starch content (Figure 5.7a).

The toluene diffusivities or diffusion coefficients of toluene, noted Dtoluene, were estimated

for all compositions. These values are collected in Table 5.2. The unfilled NRmatrix displayed

the highest toluene diffusion coefficient. Adding starch nanocrystals to the NR matrix first

resulted in a dramatic decrease of the toluene diffusivity, followed by amore progressive linear

decrease from 10 wt% of filler (Figure 5.7b).

Figure 5.7 Evolution of: (a) toluene uptake at equilibrium and (b) diffusion coefficient of toluene for

starch nanocrystals/NR nanocomposite films as a function of starch content. The solid lines serve to guide

the eyes [27] (Reprinted with permission from H. Angellier, S. Molina-Boisseau, L. Lebrun and A.

Dufresne, “Processing and structural properties of waxy maize starch nanocrystals reinforced natural

rubber,” Macromolecules, 38, no. 9, 3783–3792, 2005. � 2005 American Chemical Society.)

Figure 5.6 Evolution of: (a) toluene uptake and (b) water uptake as a function of time at room

temperature forNRev (*), NRevW2 (.), NRevW5 (~), NRevW10 (~), NRevW15 (�), NRevW20 (&),

NRevW30 (&), NRevW40 (�), NRevW50 (þ ). Solid lines serve to guide the eyes [27] (Reprinted with

permission fromH.Angellier, S.Molina-Boisseau, L. Lebrun andA.Dufresne, “Processing and structural

properties of waxy maize starch nanocrystals reinforced natural rubber,” Macromolecules, 38, no. 9,

3783–3792, 2005. � 2005 American Chemical Society.)
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All these results seem to show that starch nanocrystals may form a 3-D network, in

agreement with TEM observations (Figure 5.1), that allows reducing the swelling capability

of the matrix. It is assumed to result from the establishment of strong hydrogen bonds between

particles that can form during the evaporation process like for chitin whiskers. The structure of

starch nanocrystals is completely different but one can assume that above a given volume

fraction, starch nanoparticles clusters can connect to form a continuous infinite and open

network. This assumption was also supported by SEM observations [27]. The reduction of

swelling upon starch nanocrystals addition could also be due to possible interactions between

starch and natural rubber, thereby preventing the swelling of the polymeric chains located in the

interfacial zone.

The starch nanocrystal-reinforced nanocomposite materials about 1 mm thick were im-

mersed in toluene for 48 h, dried overnight at 40 �C and weighed. The relative weight loss

values, RWL, are given in Table 5.5. Data show that about 15 wt% of the unfilled matrix was

dissolved in toluene after 48 h immersion. Again, the dissolution of a limited amount of NR can

be ascribed to the fact that the experiment was performed at room temperature without any

stirring or repetitive manipulations. Furthermore, it is worth noting that the thickness of the

films (around 1 mm) was in this case higher than those of the films used for diffusivity

measurements (around 0.2mm). It is observed that RWL increases for starch contents higher

than 5 wt%. This result reveals that, contrarily to what was observed for chitin whisker-filled

NR, the addition of starch nanocrystals does not prevent the dissolution of thematrix in toluene.

RWL is systematically higher than the soluble fraction of the matrix, SFM. Thereby, assuming

that the addition of filler does not favor the dissolution of the matrix, it means that the loss in

weight should be due to a loss of natural rubber but also of starch nanocrystals. Indeed we have

seen that, during toluene immersion, natural rubber swelled. Fillers are then surrounded by a

soft matrix and are able to leave the specimen. In addition, this phenomenon should be

Table 5.5 Relativeweight loss (RWL), insoluble fraction of the composite (IF), insoluble fraction of the

NR matrix (IFM), expected soluble fraction of the matrix (SFM) and starch nanocrystals loss (SL) of

starch nanocrystals/NR nanocomposite films immersed for 48 h in toluene or in water and dried overnight

at 40 �C. The values are given as percentages

Medium Toluene Water

Sample RWL1 IF2 IFM3 SFM4 SL5 RWL1 SL5

NRev 14.6 85.4 85.4 14.6 0 3.1 0

NRevW5 14.0 86.0 81.1 13.9 0 3.7 0.7

NRevW10 14.0 77.4 76.8 13.2 9.4 4.8 2.0

NRevW20 14.0 77.1 68.3 11.7 11.2 9.8 7.3

NRevW30 14.0 73.7 59.8 10.3 16 10.2 8.0

NRevW40 14.0 76.8 51.2 8.8 18.4 14.1 12.2

NRevW50 14.0 — — — — 15.8 14.3

1 RWL ¼ M0�M0
0

M0
� 100, where M0 and M0

0 are the initial and final weights of the sample.
2 IF ¼ 100�RWL:
3 IFM ¼ ð100�RWL0Þ � ð1�wsÞ, where RWL0 is the RWL value of the unfilled NRmatrix andws is the

starch nanocrystals content (wt%).
4 SFM ¼ RWL0 � ð1�wsÞ:
5 SL ¼ RWL�SFM:

126 Rubber Nanocomposites



aggravated for highly filled composites since the probability of appearance of starch nano-

crystals on the surface of the film is more significant as the starch content is higher [31].

Observations of the samples clearly prove the migration of starch nanocrystals towards the

surface: after extended immersion and drying, the surface is covered by a thin white layer. The

values of the starch nanocrystals loss, SL, are given in Table 5.5. We can note that this loss of

starch nanocrystals should be gradual during the swelling experiment because no particular

break of slope is observed in the evolution of the toluene uptake. This is an indication that

although the starch nanocrystals clusters seem to be involved in the formation of a continuous

and open network, the interactions between these clusters should be weak and easily broken

under NR matrix swelling.

5.5.2 Water Swelling Behavior

In a similar way as for toluene uptake experiments, the water uptake of soaked starch

nanocrystal-reinforced NR nanocomposites after immersion in distilled water at room

temperature was plotted as a function of time (Figure 5.6b). Similarly to toluene experiments,

we noted that all the compositions absorbed water during immersion, even the unfilled matrix.

For low starch contents (0 and 2 wt%), the water uptake increased slightly during all the

duration of the experiment. For starch contents higher than 2 wt%, the water uptake increased

rapidly during the early stage of immersion, that is, during the initial 2–3 h, and then decreased

until reaching a plateau after 7 h of immersion. The diminution in the water uptake may be due

to the partial release, or leaching, of starch nanoparticles in water, even though starch is

insoluble in water. This phenomenon was already reported for polystyrene-co-butyl acrylate

filled with potato starch nanocrystals [31].

In order to verify this assumption, samples (1 mm thick) were first weighed, then immersed

in distilled water for 2 days, removed from water, dried at 40 �C overnight and weighed again.

The relative weight loss, RWL, was calculated for each sample and results are given in

Table 5.5. The RWL for NRev equals 3.1% most probably due to the release of low molecular

mass NR chains. It was found to increase by adding starch nanoparticles revealing that some

starch nanocrystals have previously migrated towards the aqueous phase during soaking, as

shown by SL values. The increase in RWL values became more significant above 10 wt% of

filler. Indeed, we have seen that during exposure to water, starch domains swelled and the

interface between filler and NR matrix weakens. Fillers should be then surrounded by a soft

interface and can be able to leave the specimen. Furthermore, like for immersion in toluene, this

phenomenon should bemagnified for highly filledmaterials due to the increasing probability of

appearance of starch nanocrystals on the surface of the film in direct contact with the liquid

medium. Data show that the loss of starch nanocrystals is higher after immersion in toluene

than in water. This is attributed to a more extended swelling of the matrix in toluene, favoring

the migration of the filler towards the surface and then the liquid phase.

The evolution of the water uptake at equilibrium as a function of starch content is displayed

in Figure 5.8a. Up to a starch content of 10wt%,WUat equilibrium remained roughly constant.

Then, it increased more or less linearly from 6% for the 10 wt% filled material (NRevW10) up

to 33% for the 50 wt% filled film (NRevW50). For highly filled materials it seems that the loss

of unbounded starch nanoparticles was compensated by the swelling of the in bulk starch

nanocrystals still bonded to the matrix.

Natural Rubber Green Nanocomposites 127



The evolution of the water diffusion coefficient values, notedDwater, versus starch content is

displayed in Figure 5.8b. The unfilled NR matrix displays the lowest value and the addition of

starch nanocrystals induces an increase in water diffusivity. Up to a starch content of 10 wt%,

Dwater increases slightly and then increases more rapidly and roughly linearly. Contrarily to

toluene swelling experiments and as expected, the formation of a continuous polar network of

starch nanocrystals within the NR matrix seems to favor the swelling of the films by water.

A filler content of 10 wt% seems to be a critical value in the swelling behavior. By analogy

with materials reinforced with cellulose whiskers, it was assumed that the formation of a rigid

network of starch nanocrystals was governed by a percolationmechanism. The critical volume

fraction of starch nanocrystals at the percolation is difficult to determine due to the ill defined

geometry of the percolating species but should be around 6.7 vol% (that is, 10wt%). This value

is smaller than the value reported for polystyrene-co-butyl acrylate filled with potato starch

microcrystals (around 20 vol%) [31]. This difference may be due to a higher surface area of

waxy maize starch nanocrystals and to the particular morphology of starch nanocrystals that

aggregate by forming a “lace net”. This value is of the same order ofmagnitude (4.4 vol%) than

the one observed for NR reinforced with chitin whiskers obtained from crab shell presenting a

high specific surface around 180m2 g�1 and an aspect ratio close to 16 [19].

5.5.3 Influence of the Chemical Modification of the Filler

After chemical modification the extent of the interactions between the modified crab shell

chitin whiskers and the NRmatrix and the possibility of chitin-chitin network formation in the

matrix were determined by measuring the swelling ratio or diameter variation of the samples

before and after swelling in toluene. Figure 5.9 shows photographs of 10 wt% chitin whiskers/

NR nanocomposites before and after 24 h swelling in toluene. The extent of swelling is least for

NRasaC10 film compared to NRtmiC10 and NRpiC10 samples. The swelling of these two

samples are almost the same as observed in Figure 5.9. These observations were quantified by

Figure 5.8 Evolution of: (a) thewater uptake at equilibrium and (b) the diffusion coefficient of water for

starch nanocrystals/NR nanocomposite films as a function of starch content. The solid lines serve to guide

the eyes [27] (Reprinted with permission from H. Angellier, S. Molina-Boisseau, L. Lebrun and

A. Dufresne, “Processing and structural properties of waxy maize starch nanocrystals reinforced natural

rubber,” Macromolecules, 38, no. 9, 3783–3792, 2005. � 2005 American Chemical Society.)
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measuring the diameter of the disk after 24 h of swelling in toluene. Results are reported in

Table 5.6. The data corresponding to theNRfilmfilledwith 10wt%unmodified chitinwhiskers

(NRevC10) are included for comparison. The diameter of NRasaC10 is increased by 112%

(67% was observed for unmodified composites), whereas for NRtmiC10 and NRpiC10 the

increase was around 160% on swelling. It was previously concluded for unmodified whisker-

based composites that the formation of a stiff hydrogen-bonded whiskers network within the

NR matrix hinders the swelling of the elastomer. It is clear from both Table 5.6 and Figure 5.9

Figure 5.9 Photographs of 10wt%modified chitinwhisker-filledNRfilmsbefore and just after swelling

in toluene for 24 h at room temperature (25 �C). The diameter of all samples before swelling was

d0¼ 7.5mm [24] (Reprinted with permission from N.K. Gopalan, A. Dufresne, A. Gandini and M.N.

Belgacem, “Crab shells chitin whiskers reinforced natural rubber nanocomposites. 3. Effect of chemical

modification of chitin whiskers,” Biomacromolecules, 4, no. 6, 1835–1842, 2003. � 2003 American

Chemical Society.)
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that the swelling of modified chitin whiskers/NR nanocomposites is much higher than the one

of unmodified based materials. This could be ascribed to the lower interactions between

modified whiskers, part of the surface hydroxyl groups being substituted, and to the lower

dispersion level revealed by SEM observations. By comparing ASA and isocyanate modified

whiskers, it seems that this effect is more pronounced for the latter.

The bound rubber content and fraction ofNRdissolved after immersion in toluenewas also

measured. The relative weight loss (RWL) and free bonded matrix (FBR) values of

composites after 3 days immersion in toluene are collected in Table 5.6. NR used for this

experiment was prepared by dissolving freeze-dried NR latex in toluene and evaporating the

solvent. Table 5.6 shows that about 78% of the unfilled NR are dissolved in toluene. The

dissolution of a limited amount ofNRwas ascribed again to the fact that the experimentswere

performed at room temperature without any stirring. For the untreated whiskers based

material the RWL value is much lower (11.8%) than for the treated ones. It can be ascribed to

the possible chitin-chitin network formed by unmodified whiskers within the NR matrix,

which prevents the swelling of the material. The RWL value of NRasaC10 is slightly higher

than that of NRtmiC10, which in turn is higher than for NRpiC10 composites. The low RWL

value for isocyanate treated composites is due to the stronger interaction between the

whiskers and matrix for these materials.

The FBR values determined from RWL data for modified chitin whisker-based composites

are also collected in Table 5.6. It is worth remember that FBR values correspond to the NR

fraction, which is entrapped within the network of chitin and on the surface of the chitin

whiskers. For the unmodified whiskers based material, it was suggested that the nanosized

chitin fragments form a 3-D rigid network assumed to be governed by a percolation

mechanism. The critical volume fraction of chitin whiskers at the percolation threshold was

found to be 4.4 vol% (around 6.4wt%). For the 10wt% unmodifiedwhisker-filled NRfilm, this

rigid network is therefore likely to be formed and most of the FBR should originate from the

entrapped NR amount. This entrapped NR amount is expected to be much lower in modified

whiskers based composites, because of their poorer dispersion in the matrix. However,

Table 5.6 shows that the order of magnitude of the FBR values is similar. This could be an

indication of comparatively stronger interactions between the whiskers and the matrix in

chemically modified systems. It seems that the extent of these interactions is higher in

isocyanate treated composites. This is more pronounced for phenyl isocyanate.

Table 5.6 Diameter (d) of 10 wt% chitin whiskers/NR nanocomposite disks im-

mersed for 24 h in toluene1. Relative weight loss (RWL) and fraction of bound matrix

(FBR) of chitin whiskers/NR nanocomposite films were determined for samples

immersed for 3 days in toluene

Sample d (mm) Diameter variation (%) RWL (%) FBR (%)

NRev — — 77.6 0

NRevC10 12.5 67 11.8 36.6

NRasaC10 15.9 112 36.6 33.2

NRtmiC10 19.8 163 32.8 37.1

NRtiC10 19.7 162 23.6 46.2

1 The initial sample diameter (before swelling) was d0¼ 7.5mm and the diameter

variation was determined by (d� d0)/d0.
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Water and toluene absorption experiments were also carried out for unvulcanized NR

reinforced with 10 and 30 wt% of ASA- or PI-modified starch nanocrystals (NRasaW10,

NRasaW30, NRpiW10 and NRpiW30, respectively). The problem we were faced to was the

disruption of films filled with modified starch nanoparticles during the early stage of the

swelling experiment after only 1–2 h of immersion in toluene depending on the filler content.

This could be attributed to the film processing mode. Indeed, the solubilization step in toluene

involved a mechanical stirring, which could result in a decrease of the molecular weight of the

sample. For this reason, experiments were carried out by weighing swelled films every 15min

for one hour. The values of TU obtained by weighing the sample after 1 h of immersion and

those obtained after four weighing steps every 15min cannot be compared (samples were

removed from the liquid phase for 2min during each weighing step).

It was shown that regardless the composition, the swelling ratewas systematically higher for

NR/modified starch than for NR/unmodified nanocrystals [27]. As discussed above, the

addition of unmodified filler resulted in a diminution of the nanocomposites swelling. This

phenomenon was assumed to be due to the formation of a continuous network of starch

nanoparticles supposed to be held through hydrogen bonding forces between starch nano-

crystals. In the case of the addition of modified filler, the swelling rate of the composite films is

barely higher than for the unfilled NR matrix. This could be due to lower interactions between

modified nanocrystals, to higher interactions between the filler and the matrix, or to a higher

affinity between the modified filler and toluene. The TU was found to be higher for materials

filledwith nanocrystalsmodified byPI than byASA, revealing either a higher affinity of PIwith

toluene or lower interactions between modified nanoparticles.

The water uptake was determined for the same materials. As expected, the water uptake is

much lower for modified filler-based composites compared with its unmodified counterparts

and is also lower for particles modified with PI than with ASA. Indeed, it was shown in a

previous paper [25], that the polar component of surface energy was lower for modified

nanoparticles and also much lower for particles modified with PI than with ASA.

5.6 Dynamic Mechanical Analysis

In dynamic mechanical analysis the complex modulus (for instance in tension) E�, that is, the
storage componentE0 and the loss componentE00 can bemeasured. The ratio between these two

components, tan d¼E00/E0, can be also determined. Measurements are generally performed in

isochronal conditions at 1 Hz and by varying the temperature.

For instance, Figure 5.10 shows the evolution of log(E0) (Figure 5.10a) and tan d
(Figure 5.10b) as a function of temperature for waxy maize starch nanocrystal-reinforced

NR nanocomposite films. The curve of log(E0) corresponding to the unfilledmatrix is typical of

a fully amorphous high molecular weight thermoplastic behavior. For temperatures below the

glass transition temperature, NR is in the glassy state: the storage modulus slightly decreases

with temperature but remains roughly constant above 1GPa. Then, a sharp decrease over three

decades is observed around �60 �C, corresponding to the primary relaxation process associ-

ated with the glass-rubber transition determined by differential scanning calorimetry (DSC)

measurements [27]. This modulus drop corresponds to an energy dissipation phenomenon

displayed in the concomitant relaxation process where tan d passes through a maximum

(Figure 5.10b). Then, the modulus reaches a plateau around 1MPa, corresponding to the
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rubbery state. The broad temperature range from�40 to 180 �C of the rubbery state is ascribed

to the high molecular weight of the polymer, resulting in a highly entangled state of the

macromolecules. Finally, around 190 �C the modulus decreases more rapidly and the experi-

mental setup fails to measure it. It corresponds to the irreversible flow of the material linked

with the disentanglement of polymeric chains.

Starch nanocrystals have a significant reinforcing effect at temperatures higher than Tg.

The relative rubbery modulus values, corresponding to the value of the modulus for the

composite divided by the one of the neat matrix, estimated at 100 �C are reported in Table 5.7.

The values reported for other systems are also listed in Table 5.7. The use of relative data

allows a better comparison of values from the literature. No significant improvement of

the thermal stability of composites was induced when adding starch nanocrystals within

the NR matrix. Actually, the matrix displays a rather high thermal stability and starch

begins to degrade at about the same temperature at which NR starts to totally disentangle

and flow.

By comparing crab shell chitin whisker-reinforced NR nanocomposites, it is found that the

reinforcing effect is slightly higher for unvulcanized (NRevC) than for vulcanized samples

(PNRevC), at least for low filler content. Probably the vulcanization process could slightly

interfere with the formation of the percolating whiskers network. However, if the real values

and not relative modulus values are compared, no significant difference was observed [33]. In

contrast the main experimental aspect that alters the reinforcing capability of the nanoparticles

seems to be the processing technique. Indeed, for all compositions, the relative relaxed

modulus is much lower for the freeze-dried and hot-pressed samples (NRfdC series) than for

evaporated ones (NRevC series). This difference was ascribed to the possible formation of a

continuous percolating chitin whiskers network within the NR matrix in the evaporated

Figure 5.10 (a) Logarithmof the storage tensilemodulusE0 and (b) tangent of the loss angle tandversus
temperature at 1Hz for waxy maize starch nanocrystals/NR nanocomposite films: NRev (þ ), NRevW5

(*), NRevW10 (~), NRevW20 (�), and NrevW30 (&) [32] (Reprinted with permission from H.

Angellier, S. Molina-Boisseau and A. Dufresne, “Mechanical properties of waxy maize starch nano-

crystals reinforced natural rubber,” Macromolecules, 8, no. 22, 9161–9170, 2005. � 2005 American

Chemical Society.)
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samples [33]. Contrarily to hot-pressing, evaporation is a slow enough process during which

filler-filler interactions can occur.

For unvulcanized NR-based composites processed by casting/evaporation, it is also possible

to compare the reinforcing effect of crab shell chitin whiskers (NRevC), waxy maize starch

nanocrystals (NRevW) and date palm tree cellulose whiskers (NRevCell). Both kinds of rod-

like nanoparticles provide similar reinforcing effect whereas starch nanoplatelets provide a

much lower reinforcing effect for a given loading level.

The relative modulus of all chemically modified nanoparticles based composites was found

to bemuch lower than that of the unmodified one andmore similar to that of the unfilledmatrix

(Table 5.7). The thermal stability of the composites was also verymuch reduced after chemical

modification [24]. It could be mainly attributed to the negligible presence or absence of the

rigid polysaccharidic network as a result of chemical modification onto the particles. For chitin

whisker-based nanocomposites, a clear hierarchy is also observed depending on the nature of

the chemical coupling agent used. The ASA-treated sample displays a higher rubberymodulus

than the isocyanate ones. This result is in agreement with the swelling behavior of thematerials

and could be an indication of comparatively stronger interactions between the isocyanate

modified nanoparticles and the NRmatrix. The increase of the filler/matrix interactions results

in a decrease in the filler-filler interactions responsible of the highmechanical characteristics of

the unmodified nanocrystals filled NR film.

The evolution of tan d with temperature (Figure 5.10b) displays a peak located in the

temperature range of the glass transition of theNRmatrix [27]. This relaxation process, labeled

a, is associated with the anelastic manifestation of the glass-rubber transition of the polymer.

This mechanism involves cooperative motions of long chain sequences. The temperature

position (Ta) and magnitude of the peak (Ia) decrease when adding starch nanocrystals

(Figure 5.10b) or other nanoparticles [20, 33]. The decrease in Ta becomes significant for

the 20 wt% starch reinforced material for which Ta decreases from�56 �C for the unfilled NR

down to �61 �C. This is attributed to: (i) the broadening of the glass-rubber transition zone

Table 5.7 Relative rubbery storage rubbery moduli estimated at 100 �C (ER100) for the various

NR-based systems. Values in square brackets correspond to real values (MPa)

Sample ER100 Sample ER100 Sample ER100

NRev 1 [1.10] NRfdC5 2.51 NRevCell2.5 4.17

PNRev 1 [1.51] NRfdC10 4.57 NRevCell5 7.59

NRfd 1 [1.15] NRfdC15 13.20 NRevCell10 72.40

NRtolev 1 [1.07] NRfdC20 22.90 NRevCell15 135.00

NRevC2 7.08 NRasaC10 5.75

NRevC5 13.50 NRtmiC10 2.04

NRevC10 44.70 NRpiC10 1.62

NRevC15 128.00 NRevW5 2.04

NRevC20 363.00 NRevW10 5.37

PNRevC2 1.91 NRevW20 39.80

PNRevC5 9.33 NRevW30 77.60

PNRevC10 29.50 NRasaW20 1.32

PNRevC15 79.40 NRpiW20 1.32

PNRevC20 380.00
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towards lower temperatures reported from DSC measurements [27] and (ii) to a classical

mechanical coupling effect (the shift of the tan d peak results from the strong decrease of the

modulus drop upon filler addition). The reduction of the magnitude of Ia when increasing the

starch nanocrystals content, results from: (i) the decrease of the number of mobile units

participating to the relaxation process and (ii) the decrease of the magnitude of the modulus

drop associated with Tg.

5.7 Tensile Tests

The most classical nonlinear mechanical tests are tensile tests performed at room temperature.

In these tests, force (F) - elongation (e) curves are obtained for a given strain rate corresponding

to a given crosshead speed. The nominal strain (enom) and the nominal stress (snom) can be

calculated by enom ¼ e=Lo and snom ¼ F=S0, respectively, where S0 is the initial cross-section.
The true strain (etrue) can be determined by etrue ¼ lnðL=L0Þ, where L is the length of the sample

during the test (L¼ L0 þ e). The true stress (strue) can be calculated by strue ¼ F=Swhere S is
the cross-section. S is determined assuming that the total volume of the sample remained

constant during the test, so that S ¼ S0L0=L. This assumption is strictly valid for the unfilledNR

matrix at room temperature. Stress versus strain curves can be plotted, and the Young’s

modulus (E) is measured from the slope of the low strain region. The conventional modulus

E100% can be obtained from the slope of the straight line plotted between the origin s ¼ e ¼ 0

and the point corresponding to a true strain of 100%. Ultimate mechanical properties, that is,

stress at break (sb) and elongation at break (eb) can also be characterized. Mechanical tensile

data are generally averaged over at least five specimens.

Typical stress versus strain curves are shown in Figure 5.11a and b for, respectively, crab

shell chitin whisker- (NRevC) and waxy maize starch-reinforced NR (NRevW). For each

measurement, it was observed that the strain was macroscopically homogeneous and uniform

along the sample, until its break. The lack of any necking phenomenon confirms the

homogeneous nature of these composites at the scale of a few hundred cubic nanometers.

The samples exhibit an elastic nonlinear behavior typical of amorphous polymer at T > Tg.

The stress continuously increases with the strain. The polymeric matrix is in the rubbery state

and its elasticity from entropic origin is ascribed to the presence of numerous entanglements

due to high molecular weight chains.

The tensile modulus, tensile strength and elongation at break of the films were determined

from the plot of the true stress versus true strain. The results are collected in Table 5.8.

The tensile conventional modulus E100% is also reported. For a better comparison, relative

data are listed in Table 5.8. Indeed, these experimental data were collected from the literature

and differences can be induced by the exact nature of the neat matrix and experimental

processing conditions.

By comparing crab shell chitin whisker-reinforced NR nanocomposites, it is found again

that the stiffness of unvulcanized materials (NRevC) is higher than the one of vulcanized

samples (PNRevC) in agreement with DMA experiments. The difference between unvulca-

nized and crosslinked NR-based systems is more significant from tensile tests than DMA. It

could originate from the fact that dynamic mechanical measurements involve weak stresses.

The possible interactions between percolating chitin whiskers are not damaged under these

weak stresses. Under the higher stress level, as applied in tensile tests, these interactions seem
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to be partially destroyed. This is an indication that the strength of the chitin network in

the crosslinked NR matrix is lower than that in the unvulcanized one. The chemical cross-

linking of the matrix most probably interferes with the formation of the chitin network as

already suggested.

The averagemolecular weight between crosslinks (Mc) and the average number ofmonomer

units between crosslinks were estimated from swelling experiments. For the unfilled vulca-

nizedmatrix the average number ofmonomer units between crosslinks was found to be close to

190. From standard geometry, the monomer length is around 0.47 nm, and assuming that a

rubber chain is in a straight, elongated fashion between two adjacent crosslinks, the distance

between two adjacent crosslinks should be around 90 nm. This value is of the same order of

magnitude, but lower, than the average length of the chitin whiskers obtained from crab shell

(around 240 nm). Hence it is reasonable to think that the chemical crosslinking during

vulcanization can interfere with the formation of the chitin network in the NR matrix.

For unvulcanized NR-based nanocomposites, the processing technique greatly affects the

mechanical behavior. Indeed, the relative modulus is systematically lower for the freeze-dried

and hot-pressed samples (NRfdC) than for evaporated ones (NRevC) in agreement with DMA

results. In addition, the strength of the evaporated samples first increases and then decreases for

highly filled materials whereas it continuously increases for freeze-dried and hot-pressed

samples. It is also observed that the elongation at break continuously decreases for evaporated

sampleswhereas it is found to be roughly constant for freeze-dried and hot-pressed composites.

This is an indication that themechanical behavior of evaporated nanocomposite films ismainly

governed by the percolating whisker network.

Table 5.8 compares unvulcanized NR-based films reinforced with different sources of

polysaccharide nanocrystals, viz. crab shell chitinwhiskers (NRevC series), waxymaize starch

nanocrystals (NRevW series) and date palm tree cellulose whiskers (NRevCell series). It is

clearly seen that for a given composition the higher tensile modulus is observed for cellulose

whiskers, then for chitin whiskers and finally for starch nanocrystals. Similarly to DMA
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Figure 5.11 Typical stress versus strain curves for: (a) crab shell chitin whiskers [33], and (b) waxy

maize starch nanocrystals/NR nanocomposite films [32]. The nanoparticle contents are indicated in the

figure (Reprinted with permission from H. Angellier, S. Molina-Boisseau and A. Dufresne, “Mechanical

properties of waxy maize starch nanocrystals reinforced natural rubber,” Macromolecules, 8, no. 22,

9161–9170, 2005. � 2005 American Chemical Society.)
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experiments, a clear hierarchy is reported between rod-like and platelet-like nanoparticles.

However, the tensile tests allow differentiating the two kinds of rod-like nanoparticles. The

higher modulus was observed for nanoparticles with the higher aspect ratio as already

reported [34]. The strength is found to significantly increase for cellulose whiskers, less for

Table 5.8 Relative mechanical properties for the various NR-based systems using data obtained from

tensile tests: tensile modulus (ER), conventional modulus (ER100%), strength (sRB), and elongation at

break (eRB). Values in square brackets correspond to real values

Sample ER ER100% sRB eRB

NRev 1 [1.70 Mpa] 1 [1.80 Mpa] 1 [25.50 Mpa] 1 [248%]

PNRev 1 [1.60 Mpa] 1 [1.60 Mpa] 1 [395.00 Mpa] 1 [351%]

NRfd 1 [1.10 Mpa] 1 [0.71 Mpa] 1 [41.60 Mpa] 1 [252%]

Nrtolev 1 [0.42 Mpa] nd 1 [5.75 Mpa] 1 [274%]

NrevC2 3.30 1.40 0.85 0.86

NrevC5 10.50 2.80 0.98 0.77

NrevC10 nd nd nd nd

NrevC15 75.00 9.40 1.16 0.54

NrevC20 135.00 13.30 0.38 0.51

PNRevC2 1.60 1.30 0.98 0.95

PNRevC5 nd nd nd nd

PNRevC10 16.20 4.30 0.45 0.81

PNRevC15 33.00 7.10 0.32 0.74

PNRevC20 69.00 9.60 0.05 0.37

NRfdC2 1.30 1.40 0.14 0.70

NRfdC5 1.90 2.40 0.37 0.69

NRfdC10 4.20 4.80 0.52 0.63

NRfdC15 7.90 10.10 1.51 0.71

NRfdC20 9.30 13.20 2.02 0.70

NrasaC10 5.70 nd 4.40 0.77

NrtmiC10 2.60 nd 2.30 0.66

NrpiC10 1.80 nd 2.30 0.94

NrevW2 1.60 1.20 1.10 0.98

NrevW5 2.50 1.60 1.80 0.97

NrevW10 7.00 2.50 2.70 0.97

NrevW20 16.60 3.30 2.60 0.93

NrevW30 34.00 5.00 3.00 0.91

NrasaW5 1.30 nd 1.04 0.99

NrasaW10 1.30 nd 1.20 1.00

NrasaW20 2.00 nd 2.20 1.01

NrpiW5 1.10 nd 0.59 0.97

NrpiW10 1.70 nd 0.61 0.93

NrpiW20 2.00 nd 1.20 0.93

NrevCell1 3.40 nd 1.50 0.71

NrevCell2.5 5.60 nd 2.10 0.62

NrevCell5 16.80 nd 4.80 0.40

NrevCell10 236.00 nd 15.90 0.03

NrevCell15 374.00 nd 21.70 0.02

nd: not determined.
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starch nanocrystals and globally decrease for chitin whiskers. The elongation at break is found

to strongly decrease upon cellulose whiskers addition. This trend is less significant for crab

shell chitin whiskers and it is observed that the ductility of starch nanocrystal-reinforced NR

films remains roughly constant upon filler addition. The strain at break value of a film

reinforced with 30 wt% of waxy maize starch is only decreased by a factor lower than 10%

whereas its tensile modulus is increased by a factor of 34.

Whatever the nature of the chemical coupling agent is, a reinforcing effect of chitin whiskers

is displayed through an increase of the modulus and stress at break (Table 5.8). However, it is

much lower than with unmodified nanoparticles and similar to the one observed for freeze-

dried and hot-pressed samples. Again a clear hierarchy is observed between ASA and

isocyanate modified whiskers. The modulus and ultimate tensile strength of NRasaC10 is

found to be higher than that of NRtmiC10 and NRpiC10 composites. The superior tensile

properties of NRasaC10 could be attributed to the partial existence of a chitin-chitin network

within the NR matrix even after chemical modification of the whiskers. Even though the

whisker-matrix interactions in composites are supposed to be greater in NRtmiC10 and

NRpiC10, the chance of network formation and thereby a good dispersion of whiskers in

these composites is negligible compared to that in NRasaC10.

5.8 Successive Tensile Tests

Successive tensile tests were performed on crab shell chitin whiskers and waxy maize starch

nanocrystal-reinforced nanocomposite films to characterize the damage process occurring

during tensile tests. At the beginning of each experiment, the samplewas first stretched under a

load of 2N. Then, the experiment consisted in stretching thematerial up to a certain elongation

DL1 (cycle 1), then releasing the force down to 2N and stretching again the material up to a

higher elongation DL2¼ 2�DL1 (cycle 2). This procedure was repeated with increasing

elongation DLi (cycle i), until the sample broke. The tensile modulus Ei for each successive

cycle was determined from the initial slope of each stress-strain curve.

Figure 5.12a shows the typical evolution of the force versus elongation for the unvulcanized

NR matrix film obtained by the water evaporation technique during successive tensile tests. A

significant difference is observed between the curves obtained during stretching (positive

elongation rate) and the ones obtained during recovery (negative elongation rate). Moreover

after each cycle a residual elongation is reported. During stretching, short macromolecular

chains can diffusewithin the surrounding entangled lattice but do not tangle again immediately

during the recovery step because of the viscous nature of the polymer. Therefore, the curves

recorded during positive and negative elongation rate steps do not superimpose and a

permanent strain remains, at the time scale of the experiment. Figure 5.12b shows the evolution

of the true stress versus true strain for the same sample. The global evolution is similar but the

stress level at the beginning of each cycle differs because of the permanent strain induced

during each successive cycle.

First, we discuss about the chitin whisker-reinforced unvulcanized NR composite films

obtained by the freeze-drying and hot-pressing technique (NRfd series). The effect of the

whisker content and successive tensile tests on Ei are shown in Figure 5.13a and experimental

data are collected in Table 5.9. Figure 5.13a displays the evolution of the relative tensile

modulus, viz. the modulus of the composite measured during cycle i divided by the one
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Figure 5.13 Evolution of the relative tensile modulus, viz. the modulus of the composite measured

during cycle i divided by the onemeasured for the same sample during the first stretching cycle,Ei/E1, as a

function of i and of the whiskers content for: (a) unvulcanized hot-pressed; (b) unvulcanized evaporated;

and (c) vulcanized evaporated materials [33] (Reprinted with permission from N.K. Gopalan and A.

Dufresne, “Crab shells chitin whiskers reinforced natural rubber nanocomposites. 2. Mechanical

behavior,” Biomacromolecules, 4, no. 3, 666–674, 2003. � 2003 American Chemical Society.)

Figure 5.12 Evolution of: (a) the force versus elongation and (b) true stress versus true strain for NRev

during successive tensile tests [3] (Reprinted with permission fromN.K. Gopalan andA. Dufresne, “Crab

shells chitin whiskers reinforced natural rubber nanocomposites. 2. Mechanical behavior,” Biomacro-

molecules, 4, no. 3, 666–674, 2003. � 2003 American Chemical Society.)
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measured for the same sample during the first stretching cycle, Ei/E1. For the unfilled matrix, a

continuous increase of Ei is observed for successive cycles. It increases from 1.4 MPa for the

first cycle up to 2.2MPa for the fifth (Table 5.9). The relative tensilemodulus increases from1.0

to 1.57 during successive tests. This phenomenon is ascribed to the well known strain-induced

crystallization of rubbers. A group of scientists put forward a new idea about strain induced

crystallization of natural rubber during uniaxial deformation [35]. Contrary to the conventional

concept their studies revealed that the applied stress induces a network ofmicrofibrillar crystals

in NR and that is responsible for the improved elastic properties.

For a given cycle, an increase of themodulus with the chitin whiskers content is observed for

all compositions (Table 5.9). This reinforcing effect agrees with the DMA and tensile tests

experimental data. As for the unfilled matrix, a continuous increase in the relative modulus is

observed for all the compositions (Figure 5.13a). It implies that the behavior of the composites

during the successive tensile tests ismainly dominated by thematrix behavior. It could be due to

the absence of the formation of a chitin network within the hot-pressed NR matrix.

The successive moduli measured for chitin whisker-reinforced unvulcanized NR composite

films obtained by the evaporation technique are reported as absolute values in Table 5.9 and as

relative values in Figure 5.13b. For the unfilled matrix, a continuous increase of Ei is observed

for successive cycles. It increases from 1.9MPa for the first cycle up to 5.1MPa for the seventh

(Table 5.9). The relative tensilemodulus increases from 1.0 to 2.68 during successive tests. The

sharper increase of the modulus during successive cycles for the evaporated matrix compared

to the hot-pressed one is an indication of the higher strain-induced crystallization of the former.

Similarly as in the case of hot-pressed samples, for a given cycle, themodulus of the composites

increases with the chitin whiskers content. In agreement with the previous DMA and tensile

tests experimental data, the reinforcing effect is much higher for the composite materials

Table 5.9 TensilemodulusEi determined for crab shell chitinwhiskers/NR nanocomposite films during

the successive tensile tests i

Sample Processing

technique

E1

(MPa)

E2

(MPa)

E3

(MPa)

E4

(MPa)

E5

(MPa)

E6

(MPa)

E7

(MPa)

E8

(MPa)

NRev Water evaporation 1.9 4.1 4.1 4.1 4.3 4.7 5.1

NRevC5 18.4 13.3 12.9 11.8 12.7 13.7

NRevC10 48.1 16.9 16.7 16.5 17.0 18.0

NRevC15 129.7 48.9 38.6 40.5 46.7

NRevC20 231.5 83.4 69.3 68.1 77.3 88.7

PNRev Water evaporation 1.6 2.1 2.1 2.2 2.3 2.4 2.5 2.5

PNRevC2 2.2 1.9 2.5 2.5 2.6 2.7 2.7 2.7

PNRevC5 6.2 5.3 4.5 4.2 4.2 4.2 4.2 4.2

PNRevC10 14.3 12.2 9.5 8.6 8.4 8.2 8.2 8.2

PNRevC15 31.4 21.1 18.0 18.1 17.4 17.5 18.4 18.6

PNRevC20 73.4 35.2 30.2 26.1 24.4 23.9

NRfd Freeze-drying

and hot-pressing

1.4 2.1 2.1 2.1 2.2

NRfdC5 2.6 3.2 3.7 4.0 4.1 5.0

NRfdC10 3.9 5.5 5.8 6.6 6.9 7.3

NRfdC15 8.5 11.2 15.1 19.6 23.1

NRfdC20 8.3 11.4 13.7 17.2 21.4 27.2
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obtained via water evaporation process compared to that for the materials obtained by freeze-

drying and hot-pressing technique. However, it is worth noting that for the evaporated

composites the modulus Ei first decreases for the first three or four cycles and then increases.

The initial decrease of Ei for composite materials can be ascribed to the progressive damaging

of the chitin whisker network. The nonlinear decreasing tendency of modulus values of filled

rubber with increasing strain amplitude (Payne effect) has been studied earlier [36, 37]. The

Payne effect increases with an increasing filler-filler network factor and decreases with an

increasing polymer-filler network [36, 37]. After the complete destruction of the chitin

network, the tensile modulus starts to increase slowly as a result of the strain-induced

crystallization already observed for the unfilled matrix. The continuous increase of Ei for

successive cycles reported for hot-pressed nanocomposites is a clear indication of the absence

of any chitin network within these materials. This continuous whiskers network is expected to

govern the mechanical behavior of the evaporated composites.

The same experiment was also performed for chitin whisker-reinforced vulcanized NR

composites and results are reported in Table 5.9 and Figure 5.13c. It is observed that films

containing low percentages of whiskers (0 and 2 wt% filled material) exhibit a continuous

increase of Ei for successive cycles. For instance, for the unfilled matrix, it increases from

1.6MPa for the first cycle up to 2.5MPa for the seventh (Table 5.9). The relative tensile

modulus increases from 1.0 to 1.59 during successive tests. This increase is much lower than

the one observed for the unvulcanized evaporated matrix (Figure 5.13b). This can be well

understood since for chemically crosslinked polymers the strain-induced crystallization is

more restricted. In fact, the network of bridges in vulcanized rubber might have two opposite

effects on strain-induced crystallization during stretching [35]. The bridges can improve

molecular orientation of chains in the vicinity of crosslinks, thus inducing a crystallization of

polymer chains. Conversely these bridges may also hinder the growth of the crystalline

structure. The lower increase in modulus of the vulcanized matrix compared to the one

observed for the unvulcanized matrix is most probably due to the above-mentioned opposite

effects which take place in the former.

For composite materials, a clear decrease in the relative modulus is observed during the

successive tensile tests up to the first four cycles and after that it remains almost unchanged. The

first decrease in modulus is due to the disruption of chitin whiskers network that is expected to

be formed during the slow evaporation step of the composites. However, contrary to the

increase in modulus of the unvulcanized evaporated composites, after fourth cycle, it is found

that the modulus of vulcanized ones remains unchanged after fourth cycle. It is due to the

limited extent of the strain-induced crystallization of crosslinked rubber as a result of the two

opposite effects operating during stretching of the material as mentioned above.

Similar experiments were conducted for waxy maize starch nanocrystal-reinforced un-

vulcanized NR [32]. For these materials both the tensile modulus Ei and the shrinkage ri
corresponding to the difference between the elongation DLi and the residual elongation

retained at the end of each cycle were determined for each successive cycle (Figure 5.14).

Their evolution as a function of both the starch content and the number of successive cycles are

plotted in the 3-D diagrams of Figure 5.15. For the sake of clarity, the modulus scale in

Figure 5.15a is restricted to 8MPa. The whole experimental data are collected in Table 5.10.

For the unfilled NRmatrix, the tensile module continuously increases during the successive

cycle. This phenomenon is ascribed again to the strain-induced crystallization ofNR. Indeed, it

was demonstrated that the birefringence and the crystallinity measured by X-ray diffraction of
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NR increased with strain [38, 39]. It was concluded that strain-induced crystallization started

for a strain around 400% [40]. The maximum achievable crystallinity was found to be around

30% by WAXS analysis [41] and around 20% by high-resolution solid state 13C NMR

spectroscopy [42]. More recently, it was discovered that only a low fraction of the amorphous

NR chains are oriented and subsequently crystallized during stretching, carrying most of the

applied load [43]. In our case, the modulus increases from the second cycle, revealing that the
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Figure 5.15 Evolution of: (a) the nominal tensilemodulusEi and (b) the shrinkage rimeasured for cycle

i for waxymaize starch nanocrystals/NR nanocomposite films during successive tensile tests as a function

of i and of the starch nanocrystals content Ws [32] (Reprinted with permission from H. Angellier, S.

Molina-Boisseau and A. Dufresne, “Mechanical properties of waxy maize starch nanocrystals reinforced

natural rubber,” Macromolecules, 8, no. 22, 9161–9170, 2005. � 2005 American Chemical Society.)

Figure 5.14 Schematic representation of the mechanical properties obtained for each cycle during

successive tensile tests [32] (Reprinted with permission from H. Angellier, S. Molina-Boisseau and

A. Dufresne, “Mechanical properties of waxy maize starch nanocrystals reinforced natural rubber,”

Macromolecules, 8, no. 22, 9161–9170, 2005. � 2005 American Chemical Society.)
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crystallization begins before having reached a strain of 400%. Indeed the initial length of the

sample, L0¼ 7mm, is of the same order of magnitude as the elongation at each cycle,

DL1¼ 10mm. The strain at the beginning of the second cycle is therefore lower than

400%. Such a continuous modulus increase during successive tensile tests is observed for

low starch contents composites (up to 5 wt%). This means that the behavior of the poorly filled

nanocomposite films is mainly governed by the one of the matrix. It could be ascribed to the

absence of a continuous nanocrystals network within the NR matrix.

For highly filled nanocomposite materials (starch content higher than 5 wt%) the tensile

modulus decreases during the first five cycles. The higher the starch content is, the stronger

the modulus drop is (Table 5.10). This modulus drop during the early successive tensile

experiments could be ascribed to the progressive disruption of the continuous starch

nanocrystals network. The higher the starch nanoparticles content is, the closer the

continuous network is and the stronger the effect of the disruption is. Furthermore, it was

already shown that the addition offiller (carbon black for instance) decreases the capability of

NR chains to crystallize [43]. After the fifth cycle, the modulus remains roughly constant.

This should indicate that complete disruption of the continuous starch network was achieved

and that no strain-induced crystallization of the film occurred at this stage. This is an

indication that a nominal strain around 700% is necessary for the complete disruption of the

percolating nanoparticles network. It was also observed that for a given cycle, the modulus

increases with the starch content (Table 5.10). This reinforcing effect agrees with both DMA

and tensile tests results.

Regardless the composition, the shrinkage increases for each additional successive tensile

cycle. It is about ten times higher for the tenth cycle than for the first (Figure 5.15b and

Table 5.10). These data suggest that viscous flow in the samples decreases at each cycle

Table 5.10 Tensile modulus Ei (MPa) and shrinkage ri (%) determined for waxy maize starch

nanocrystals/NR nanocomposite films during successive tensile tests i

Sample E1

(MPa)

E2

(MPa)

E3

(MPa)

E4

(MPa)

E5

(MPa)

E6

(MPa)

E7

(MPa)

E8

(MPa)

E9

(MPa)

E10

(MPa)

E11

(MPa)

NRev 0.1 0.2 0.3 0.3 0.4 0.4 0.5 0.5 0.5 0.5 0.6

NRevW2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.5

NRevW5 0.4 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7

NRevW10 3.6 1.3 1.0 0.8 0.7 0.8 0.8 0.8 0.8 0.8 0.8

NRevW15 6.3 1.7 1.0 0.8 0.7 0.7 0.7 0.6 0.6 0.6 0.6

NRevW20 25.9 2.7 1.6 1.3 1.1 1.0 1.0 0.9 1.0 0.9 0.9

NRevW25 28.8 4.6 2.2 1.7 1.4 1.0 0.9 0.9 0.7 0.6 0.6

NRevW30 59.7 5.8 2.5 1.8 1.4 1.1 0.9 0.8

Sample r1 r2 r3 r4 r5 r6 r7 r8 r9 r10
NRev 22 43 63 86 112 139 171 200 229 253

NRevW2 38 62 81 102 124 150 181 211 241 269

NRevW5 21 41 64 89 116 144 173 200 229 257

NRevW10 53 90 123 156 190 225 258 291 325 361

NRevW15 55 94 131 168 206 246 285 324 364 406

NRevW20 59 103 145 186 231 274 321 364 409 456

NRevW25 91 173 250 323 399 475 557 639 750 798

NRevW30 97 187 274 359 440 517 594 1143
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whereas the elastic recovery component increases. When increasing the starch nanoparticles

content, the shrinkage becomes more important, that is, the residual elongation decreases for a

given cycle (Figure 5.15b). The presence of the filler induces a more elastic behavior of the

material and decreases at the same time its viscoelasticity.

5.9 Barrier Properties

The large interest in nanoparticles for composite applications originates from outstanding

mechanical properties. Enhanced properties can often be reached for low filler volume fraction

without detrimental effect on other properties such as impact resistance or plastic deformation

capability. However, other properties have been shown to undergo substantial improvements,

including decreased permeability to gases. Surprisingly, as far as we know, the barrier

properties of polysaccharide nanocrystal-reinforced polymer nanocomposites have been

reported only late in some recent publications [27, 44–46].

In the first study [27], the authors studied the permeability of natural rubber reinforced with

waxymaize starch nanocrystals to both water vapor and oxygen. Thewater vapor transmission

rate of these materials was found to continuously decrease upon starch nanoparticles addition.

It decreased from 0.078 gm�2 day�1 for the unfilled matrix down to 0.043 gm�2 day�1 for the

composite filled with 20wt% starch. This unobvious result shows that the hydrophilic nature of

starch nanocrystals does not increase the permeability of natural rubber to water vapor.

In the same study [27], it was also observed that starch nanocrystals reduced the oxygen

diffusion as shown from the decrease of the diffusion coefficient when adding the filler and the

oxygen permeability. The latter decreased from 25.7 barrer for the unfilled matrix down to 8.9

barrer for the composite filled with 30 wt% starch. It was checked that this phenomenon was

mainly due to the structural modification of the film and not to the decrease of the solubility of

oxygen. Both observations were ascribed to the nanoscale platelet-like morphology of starch

nanocrystals that increases the tortuosity of the diffusion path of molecules.

The water vapor permeability of starch nanocrystal-reinforced sorbitol plasticized pullulan

films was also investigated [44]. The authors reported no significant differences in water vapor

permeability of unfilled samples and those containing up to 20 wt% nanocrystals. For higher

filler content enhanced barrier properties were observed.

5.10 Conclusions

Polysaccharidenanocrystalsarebuildingblocksbiosynthesized toprovidestructuralproperties to

living organisms. They can be isolated from biomass through acid hydrolysis with concentrated

mineral acids under strictly controlled conditions varying time and temperature. Acid hydrolysis

results in anoverall decreaseof amorphousmaterial by removingpolysaccharidematerial closely

bonded to the crystallite surface and breaks down portions of glucose chains in most accessible,

noncrystalline regions. A leveling-off degree of polymerization is achieved corresponding to the

residualhighlycrystalline regionsof theoriginalmaterial, that is, celluloseorchitinfiber, or starch

granule.Dilutionoftheacidanddispersionofthe individualcrystallinenanoparticlescompletethe

process and yield an aqueous suspension of polysaccharide nanoparticles. These nanoparticles

occur as rod-like nanocrystals in the case of cellulose- or chitin-based materials, or platelet-like

nanoparticles when using starch granules as the raw material.
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Polysaccharide nanocrystals are inherently low-cost materials which are available from a

variety of natural sources and in awide variety of aspect ratios, for example,�200 nm long and

5 nm in lateral dimension and up to several microns long and 18 nm in lateral dimension for

cellulose and chitin. They take advantage of both renewable materials, such as abundance,

renewability and self-assembly into well defined architectures and nanosized particles,

including mechanical properties for example, strength, modulus and dimensional stability,

decreased permeability to gases and water, thermal stability and heat distorsion temperature.

They are an attractive nanomaterial for the reinforcement of natural rubber.
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6.1 Introduction

Since the early days of the rubber industry, fillers in the form of fine particles like carbon black,

silica or calcium carbonate have been used in rubber compounds. These fillers are added in

order to get a substantial improvement in the physical and mechanical properties of the

compound [1]. However, high concentrations of conventional fillers (above 40 phr, parts per

100 parts of rubber by weight) are required to attain the desired properties, which has

a detrimental effect on the processability of the compound, increases the final weight and

limits their applications. In the past few years, polymer nanocomposites have aroused

widespread interest because of the small particle size and surface activity of nanoparticles,

allowing the required properties to be achieved at low filler loadings [2–6]. So, a nanocom-

posite is a nanostructured material consisting of a homogenous dispersion of nanoparticles

inside a polymer matrix. Because of their nanometer filler size, nanocomposites show unique

properties typically not shared by their more conventional microcomposite counterparts and,

therefore, offer new technology and business opportunities. The main feature of a nanoparticle

is that it has at least one dimension in the nanometric range. Among these nanometer-scale

reinforcing particles, layered silicates are the most commonly used nanoparticles for the

production of polymer nanocomposites. Organoclay/polymer nanocomposites exhibit

improved mechanical and physical properties not shared by conventional composites.

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen

� 2010 John Wiley & Sons (Asia) Pte Ltd



Over recent years, carbon nanotubes (CNT) have inspired scientists for a range of potential

applications [7–12]. Carbon nanotubes are allotropes of carbon with a unique atomic structure

consisting in covalently bonded carbon atoms arranged in long cylinderswith typical diameters

in the range 1–50 nm and a wide variety of lengths. Individual carbon nanotubes are

characterized by a high aspect ratio (300–1000), high flexibility [13] and unique combination

of mechanical, electrical and thermal properties [14, 15]. The combination of these properties

with a very low mass density [16] makes them potentially useful as ideal reinforcing fibers for

high-performance polymer composites.

Carbon nanotubes are usually produced by three techniques: arc discharge, laser ablation

and chemical vapor deposition. The quality and yield of carbon nanotubes strongly depend on

the synthesis and purification techniques and the specific growth conditions used [11]. There

are twobasic types ofCNT: single-walled carbon nanotubes (SWCNT) andmultiwalled carbon

nanotubes (MWCNT). The structure of a SWCNT is characterized by wrapping a one-atom-

thick layer of graphite called graphene (graphene is a monolayer of sp2-bonded carbon atoms)

into a seamless cylinder. The carbon atoms in the cylinder have partial sp3 character that

increases as the radius of curvature of the cylinder decreases. SWCNT exhibit important

electric properties that are not shared by the multiwalled carbon nanotubes.

MWCNT consist of multiple layers of graphite arranged in concentric cylinders with an

interlayer distance close to the distance between graphene layers in graphite (circa 0.34 nm).Of

particular interest are the double-walled carbon nanotubes (DWNT) because they combine

a similar morphology and properties in relation to SWCNT,while improving significantly their

resistance to chemicals.

This chapter is devoted to a description of the most significant results on carbon nanotubes/

elastomer nanocomposites. Although significant advances have been made in recent years in

this field, there is still a lack of basic knowledge on the optimum processing conditions. One of

the main problems for the effective use of carbon nanotubes as reinforcements of polymer

matrices is achieving a good dispersion in the composite, independent of filler shape and aspect

ratio. Currently, nanoparticles are incorporated within the polymer matrix by mechanical

dispersion in solution or melt processing with several critical issues:

. The nonuniform dispersion of nanoreinforcements within the polymer matrix.

. The increase of the viscosity of the compounds due to the nanofiller high aspect ratio.

. The lack of control of the alignment or orientation of CNTs in the resulting composites.

For this reason, a section of this critical review focuses on the functionalization

methods of carbon nanotubes in order to generate an efficient interphase in polymer

matrix nanocomposites.

6.2 Functionalized Carbon Nanotubes

Due to their exceptional mechanical, thermal and electrical properties, in addition to their low

density with respect to the class of organic and inorganic tubes, carbon nanotubes (CNTs) are

extremely promising for the development of high performance nanostructuredmaterials. Since

their discovery in 1991 the research in this exciting field has been in continuous evolution, with

most of the research focused on the assessment of the CNT properties and the development of
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advanced structural composites based on CNTs [17, 18]. Single-walled carbon nanotubes

(SWCNTs) are considered as the simplest member of the family of CNTs, consisting of one

graphitic sheet, which has been rolled up into a cylindrical shape. Depending on the

arrangement of the hexagon rings along the tubular surface, CNT can be metallic or

semiconducting. However, the incorporation of nanotubes is not a trivial task mainly if

a good dispersion is mandatory to maximize the advantage of nanotube reinforcement. In fact,

the affinity to adhere to each other, renders as-grown SWCNTs intractable and indispersable in

common solvents [19] (Figure 6.1).

As deposited CNTs can be dispersed in common solvents by sonication, but they precipitate

when this treatment is switched off. In order to overcome this problem it was demonstrated the

possibility to realize the CNT interaction with different organic compounds [20–36]. This

approach renders them able to undergo chemical reactions that make CNTs soluble into

polymeric systems. The way of realizing composites made out of carbon nanotubes are

securing a reliable control over their surface chemistry through either covalent or noncovalent

modification and achieving dispersion.

The development of CNT-based nanocomposites can only be achieved by solving two main

problems: (i) the large contact area of CNTs and the strong intertube attraction via van der

Waals’s forces that make the CNT packed together, thus makingmore difficult their dispersion

in polymeric matrices, and (ii) the poor interfacial adhesion between the CNTs and the matrix.

More recently the development of CNT-based nanocomposites has been achieved thanks to

approaches that have been used to exfoliate bundles ofCNT through thewrapping of the tubular

surface by various species of polymers [22, 23], aromatic compounds [37] and surfactants [38].

In this regard interactions between nanotubes and polynuclear species as well as pyrene-

modified oxide surfaces have been used for the assembly of single-walled carbon nanomater-

ials [39]. Surfactants are generally used for the dispersion of neat CNTs [40]. Then, this stable

dispersionswere used for the compatibilization of the tubeswithin the polymermatrix [41–43].

CNTare considered idealmaterials for reinforcing fibers due to their exceptionalmechanical

properties. Functionalization of CNTs seems to be the most effective way to incorporate these

nanofibers into the polymer matrix. It is generally accepted that the fabrication of high-

performance nanotube-polymer composite depends on the efficient load transfer from the host

Figure 6.1 Representative SEM and TEM images of CNT
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matrix to the tubes. If the percentage of nanoreinforcements is very low or if it is well dispersed,

there are more strong interfaces that slow down the progress of the crack [44, 45].

Therefore, nanotube-polymer composites have potential applications in aerospace science,

where lightweight robust materials are needed [44]. To address these issues, several strategies

for the preparation of such composites are proposed involving physical mixing in solution,

infiltration of monomers in the presence of nanotube sheets and chemical functionalization of

CNTs by plasma treatment.

Several years ago it was reported how the selective localization of nanoparticles (that is,

carbon black) at the interface of polymer blend [46, 47] represents an alternative route to obtain

conductivematerials. Following this concept it was recently proposed [48] that the localization

of thenanotubesatan interface insteadofahomogeneousdispersionwithin thewholecomposite

volume enhances the conductivity of the material with a low nanotube content. A compromise

between the nanotube dispersion and their localization at the interface can be obtained by

preparing thinfilmsofcarbonnanotubescontainingpolymers. In this regardmorerecently itwas

proposed a novel approach where prealigned arrays of multiwalled carbon nanotubes were

grown on a substrate by chemical vapor deposition [49] then a monomer (that is, methyl

methacrylate) was infiltrated and polymerized into these arrays. The resulting composite films

(Figure 6.2) showed good dispersion of nanotubes in the polymer matrix with an enhanced

thermal stability. Similar synthesis approaches have been used to develop composite archi-

tectures consisting of intercalated networks of nanotubes and polymers [50–52].

One very promising technique being developed for manipulating CNTs is electrophoretic

deposition (EPD) [53–55] (Figure 6.3).

EPD is achieved via the motion of charged particles, dispersed in a suitable solvent, towards

an electrode under an applied electric field [54]. For example, the presence of carboxylic acid

groups onto the nanotube sidewall solubilizes them in water by the development of a negative

Figure 6.2 Representative SEM image of CNTs dispersed in poly(methyl methacrylate)
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surface charge. Thus electrophoretic deposition of charged nanotubes moves them towards the

anode under an applied electric field [54]. The EPD if compared with other deposition

techniques offers advantages of low cost, uniformity of the coatings, and the possibility of

depositing on complex-shaped substrates.

Moreover, for the use of carbon nanotubes in devices for practical applications, nanotubes

should be in the state of separate nanotubes and small bundles with proper length

and functional groups, which can be used for directed self-assembly of nanotubes. For

the preparation of such functionalized nanotubes with small bundle size and appropriate

length a combined method of multistep oxidation and noncovalent functionalization was

previously reported [56, 57].

The direct fluorination of CNTs and their subsequent derivatization provide a versatile tool

for the preparation and manipulation of nanotubes with variable sidewall functionalities.

Fluorine in CNTs can be efficiently displaced by alkylamino functionalities leading to

a nucleophilic substitution that offers an opportunity for CNTs to be integrated into the

structure of the epoxy systems through the sidewall amino functional groups.

The plasma treatment for the functionalization of carbon nanotubes represents a novel

approach easy to scale up to industrial application.More recently therewere a lot of attempts to

fluorinate carbon nanotube sidewalls in such manner [58–60]. The CF4 plasma treatment of

CNT sidewall was demonstrated to enhance the reactivity with aliphatic amines.

However for the large-scale integration of CNTs many challenges must be overcome. One

important issue remains the selective positioning with predetermined orientations at a large

scale on a substrate. Here we propose how a wet chemistry approach can be used to assembly

nanotubes in horizontally ordered arrays. This method is based on the control of thewettability

of a substrate during a dip coating process.

In suggested mechanisms, as known, during the drying process of the liquid film on the

vertical substrate under the gravitational force, the downwardly dewetting liquid film exerts

a hydrodynamic drag force defined asFh¼ ZlV, where Z is the liquid viscosity, l is the nanotube

Figure 6.3 Representative optical and SEM images of electrodeposited CNTs (left) and polyfluorene

electrodeposited onto CNTs (right)
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length, and V is the velocity of the hydrodynamic flow estimated as the rate of dewetting,

V¼ gy3/6ZLwhere y is the contact angle, g is the surface tension of the liquid andL is a constant
of order 10 [61]. From these arguments the evaporation rate versus the dip coating rate induces

the nanotube to orient parallel or perpendicular to the solution surface.

More recently, studies on carbon fiber-epoxy composites have shown that process-induced

negative surface charges on carbon fibers can be exploited to produce initially charge-stabilized

dispersions, which subsequently form oriented filler networks in both direct current (DC) and

alternating current (AC) fields [62–64]. Electric fields have been applied to achieve oriented

conductive carbon nanotube networks in fully processed nanotube-polymer composites.

Experiments aimed at aligning carbon nanotubes have, so far, been carried out only on

dispersions of nanotubes in various liquid media. The expectation was that more efficient

networks would form if the aggregation process was guided in this way and that interesting

anisotropic conductivities might emerge.

Processing methods commonly used to incorporate nanotubes within the polymer matrix

include: mixing of nanotubes into the polymer, in situ polymerization and melt processing by

extrusion. However, the nonuniform dispersion of nanofillers within the polymer matrix and

the increasing of the viscosity due to their high aspect ratio render the tubes far from their

utilization in nanocomposite.

6.3 Elastomeric Nanocomposites

Even though elastomericmatrices have not been aswidely studied as thermoplastic or thermoset

matrices, there are a number of interesting reports in the literature. The addition of carbon

nanotubes sensibly increases the mechanical, electrical, thermal stability, inflammability and

tribological properties of elastomer matrices. In particular, there have been several attempts to

incorporate MWCNTs in rubbers to improve their wear resistance [65, 66].

In this review, we have selected the most relevant and studied elastomeric matrices.

6.3.1 Natural Rubber

Natural rubber (NR) is a hydrocarbon dienemonomerwhose repeating unit is cis-isoprene. The

outstanding strength of natural rubber has maintained its position as the preferred material in

many engineering applications. It has a long fatigue life, good creep and stress relaxation

resistance and low cost.

Carbon nanotubes/NR nanocomposites have been successfully prepared by several proce-

dures: melt mixing [67–69], solution blending [70–75] and latex compounding [76].

Lopez-Manchado et al. [67] characterized the effects of the incorporation of single-walled

carbon nanotubes (SWCNTs) on the physical and mechanical properties of NR. NR com-

pounds were prepared in an open two-roll mill at room temperature and then vulcanized in

a hydraulic press at 150 �C. SWCNTs behaved as effective accelerators, decreasing the time of

the crosslinking reaction. The authors observed a strong filler-matrix interaction (Figure 6.4),

which is reflected in amarked increase of the storagemodulus aswell as a noticeable shift of the

glass transition temperature towards higher temperatures. These effects are more marked in

comparison with NR composites filled with carbon black (CB).
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This different behavior can be attributed to the dissimilar filler morphology, namely, particle

size or surface area and structure. SWCNTs are characterized for a high aspect ratio in relation

to CB, such as smaller particle size, larger interfacial area. This implies a stronger filler-matrix

interaction at the interface which leads a more immobilized rubber shell compared with large-

particle CB.Another interesting aspect for understanding the differences between both fillers is

the anisometry of the filler aggregates (shape factor). Guth-Gold [77, 78] defined this factor as

the ratio of the longest dimension of the particle to the shortest. It is well known that in

compounds containing fillers with identical surface area and chemical nature but different

shape, the storage modulus increases with increasing anisometry. The factor shape is larger for

SWCNTs than its counterpart CB, which explains the higher hydrodynamic reinforcing of

carbon nanotubes. The authors observed by Raman spectroscopy that the load is transferred

predominantly along the axis of the nanobundle in elastomer-based composites and, hence,

SWCNTs provide load transfer effectiveness.

Bokobza et al. [71, 73] prepared multiwall carbon nanotubes (MWCNTs)-NR nanocom-

posites at several filler concentrations (in the range 1.0–9.1 wt%) by solution blending. Carbon

nanotubes were mixed in toluene by sonicating until a homogeneous dispersion was observed

in an optical microscope. Natural rubber containing all the vulcanizing ingredients was then

dissolved in the suspension of carbon nanotubes with vigorous stirring for about 12 h. After

mixing, the toluene was carefully removed at room temperature under vacuum. The results

were compared with those obtained with conventional carbon black. Bokobza et al. observed

that at a given strain level, a noticeable increase in the stress can only be observed from a filler

content of 2.4 wt%. The reinforcing effect increased with increasing the CNT loading in the

composite. The authors demonstrated that the reinforcement provided by MWCNT is much

higher than that by carbon black at the samefiller loading. So, at 350% strain, the nominal stress

values were, respectively, 2.1 and 3.9MPa for CB and MWCNT composites. The increase in

the stress is usually associated to the hydrodynamic effect, which is more marked by the filler

anisotropy and the presence of occluded rubber. However, the incorporation of MWCNTs did

not lead to an improvement in the ultimate properties like the stress and strain at break.

Figure 6.4 Representative SEM image of SWCNTs/NR nanocomposites

Carbon Nanotube Reinforced Rubber Composites 153



Furthermore, the authors studied the influence of CNTs on the electrical properties of these

systems. An abrupt decrease of the resistivity by several orders of magnitude by the addition

between 2.9 and 3.8 wt% ofMWCNTs was observed, indicating the formation of a percolation

network. At an equivalent filler loading, samples filled with MWCNTs displayed a higher

conductivity than those containing CB, where 3.8 and 9.1 wt% of CB lead to composites that

are still insulators. This indicated that the filler-filler network in carbon-filled systems occurs at

a filler loading above 9.1 wt%.

When analyzing the dynamic properties, the authors observed a dramatic decrease of the

storagemodulus with increasing strain amplitude, for composites that containmore than 3.8 wt

% of MWCNTs. In general, in the case of filled rubbers the dynamic properties are amplitude-

dependent. This phenomenon known as the Payne effect is associated to the breakdown of

a filler network formed by filler-filler interactions. This effect depends on several parameters

like temperature, concentration, surface characteristics and size of the particles. For the same

filler loading, a greater Payne effect is obtained for the MWCNTs/NR composites than for the

sample containing CB.

Zhao et al. [75] found that by adding 0.25wt%of SWCNTs, themodulus of the SWCNT/NR

composite prepared with toluene as a solvent, increased about 20% compared to the pure NR

material. They attributed this improvement to the formation of additional sources of entangle-

ments or physical crosslinks in the network in presence of carbon nanotubes. These extra

crosslinks play an important role at the beginning of the deformation, increasing the modulus.

At higher deformations, some of the physical crosslinks may dissipate when polymer chains

slide on the carbon nanotubes. In addition, comparing the crosslink densities of the NR and

SWCNT/NR samples calculated frommechanical andRaman spectroscopymeasurements, the

authors observed that SWCNTs can be used as Raman sensors to evaluate the crosslinking

process of rubbery materials. The D� peak of SWCNTs was shifted upwards as the extent of

vulcanization is increased by increasing the amount of sulfur. So, Raman spectroscopy could be

used to determine the degree of crosslinking in rubbery materials.

In order to improve the adhesion between carbon nanotubes and natural rubber at the

interface, carbon nanotubes have been superficially modified. Sui et al. [69] observed that after

being treated with acid and ball-milling, CNTs dispersed well in the rubber matrix and

interfacial interaction between them was improved. The vulcanization times, scorch and

optimum cure time decreased and the maximum torque increased after adding acid treated

and ball milled CNTs into NR. In addition, the over-curing reversion of CNT/NR was

alleviated. By adding the treated CNTs, comprehensive performance of the resulting nano-

composites achieved a considerable increase compared to neat NR and CB/NR composites.

Wang et al. [76] prepared powder natural rubber composites modified carbon nanotubes by

means of spray drying process. CNTs treated in blended acid were fully dispersed in the NR

powders and had a good interfacial interaction with the NR matrix. When compared with NR

materials prepared by conventional mechanical processes, NR powders modified by CNTs

require more vulcanizer. The amount of the vulcanizer to fully vulcanizing the NR powders

modified by CNTs was about 1.5 times or more as that for neat NR compound. Moreover, they

reported that vulcanizing reversions did not occur in the vulcanized NR powders modified by

CNTs. In addition, the mechanical properties of the NR powders were sensibly improved.

Finally, Shanmugharaj et al. [68] found that 3-aminopropyltriethoxisilane functionalized

CNT increased the scorch time and optimum cure time in the sulfur vulcanization of natural

rubber. They attributed this effect to absorption of basic accelerator by acid groups and
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quinone-type oxygen atoms of the previous oxidative treatment. NR/silane functionalized

carbon nanotubes composites exhibited higher modulus, tensile strength and elongation at

break compared to NR vulcanizates due to the higher polymer-filler interaction between the

silanized carbon nanotubes and NR vulcanizates.

6.3.2 Styrene-Butadiene Rubber

Styrene-butadiene rubber (SBR) is an elastomeric copolymer consisting of styrene and 1,3-

butadiene. Most SBR is produced by emulsion polymerization but it is also synthesized by

solution polymerization. SBR is the synthetic rubber most widely used in the elastomer

industry since it has suitable properties of very good abrasion resistance, aging stability and

low-temperature properties. The tire industry constitutes the sector of higher application,

consuming approximately 70% of total SBR production. SBR formulations usually require

a notable amount of reinforcing filler, being CB the most used. Recently, carbon nanotubes/

SBR composites have attracted considerable attention due to the possibility to obtain improved

properties at low filler loadings [73, 79–86].

The first reported study on CNT/SBR compounds was carried out by X. Chen et al. [80].

They analyzed the effects of different contents of MWCNTs on the performance and

microstructure of the SBR composites processing in an open roll mill at room temperature.

MWCNTs were modified by refluxing in a HNO3 solution before blending with SBR rubber.

The authors observed a gradual increase of the mechanical properties, tensile and tear strength,

shore hardness and abrasion with increasing the MWCNTs content. The performances of

MWCNTs/SBR compounds were better than those of carbon black (N330)/SBR composites.

The authors suggest the likely application of carbon nanotubes for tires with rolling hysteresis

and decreased fatigue loss.

X. Zhou et al. [84–86] prepared carbon nanotubes (CNT) and carbon black (CB)-filled

powder styrene-butadiene rubber composites by spray drying of the suspension of CNTs and

CB in SBR latex. By means of this process, uniform spherules of SBR latex with diameters of

less than 10mmwere prepared, in which CNTs werewell dispersed. They used CNTs prepared

by chemical vapor deposition process and treated by blended acid solution with a volume ratio

between sulfuric and nitric acid of 3 : 1. After blended acid treatment, some functional groups

such as hydroxyl, carboxyl and carbonyl were loaded on the CNT surface. These functional

groups improve the water affinity of CNTs and thus were more suitable for the preparation of

a CNT-SBR latex suspension. By the addition of CNTs, a sensible increase of the glass

transition temperature (Tg) of the composite was detected due to a strong filler-polymer

interaction at the interface. This effect was more marked as the CNT loading in the composite

increased (�29.30 �C for pure SBR, �25.65 �C for 10 phr CNTs and �19.56 �C for 60 phr

CNTs). In addition, the authors observed that the optimumcure time (t90) andmaximum torque

of the composites increased gradually with increasing CNT addition. It can be deduced that

CNTs decelerated the vulcanization reaction of the SBR compounds probably due to the added

functional groups of the CNTs with acid treatment. The acidic functional groups can prevent

the formation of vulcanization free action groups. The increase of maximum torque is

associated to a higher crosslinking density of the vulcanizates due to high Young’s modulus

of the added CNTs. The gel fractions measurements confirmed an increase of the crosslinking

degrees of the composites with increasing CNTs additives. X. Zhou et al. studied also the
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influence of CNTs on the dynamic mechanical and mechanical properties of SBR compounds.

They observed a sensible increase of the storage modulus with increasing addition of CNTs,

due to the hydrodynamic reinforcement upon introduction of fillers. This effect is moremarked

when the CNTs additions exceed 30 phr. In contrast, the mechanical properties of the

composites increase progressively with the increment of the CNTs addition. Compared with

the pure SBR, the hardness, tensile and tear strength of the composite filled with 60 phr CNTs

were enhanced 73.9%, 327.7% and 191.1%, respectively, reflecting the strong reinforcing

effect of CNTs. The authors attributed this increase to the reinforcement of the well dispersed

CNTs with high Young’s modulus and strength in the rubber matrix.

Furthermore, the authors analyzed the effect of the vulcanizing reagent suspensions (sulfur)

addition on the properties of CNT/SBR powder compounds. Compared with the conventional

vulcanizing of carbon black/PSBR composites, twice more sulfur additions are needed in the

vulcanization of CNT/PSBR compounds. The glass transition temperature of the compound

increased gradually with the increment of the vulcanizing reagent and reached themaximum at

a sulfur concentration of 4 phr, and then it would decrease slightly at higher sulfur additions.

With the increment of the sulfur concentration, the elongation at break of the vulcanized rubber

compound decreased gradually, and the tensile strength and hardness reached a maximum

when the sulfur addition was 4 phr and kept constant when the addition continued to rise. In

contrast, the tear strength reached a maximum value at 2.5 phr of sulfur and then decreased

slightly at higher concentrations due to the structure designability of the compounds affected

by the sulfur aggregates in the polymer matrix.

L. Bokobza [71, 79] demonstrated the intrinsic potential of multiwalled carbon nanotubes

(MWCNT) as a reinforcing filler in elastomer matrices, in particular, styrene-butadiene

copolymers. Despite a poor dispersion detected by transmission electron microscopy and

atomic forcemicroscopy, sensible improvements in the mechanical and electrical properties of

SBR matrix by the addition of MWCNTwere observed. The incorporation of 1 phr of carbon

nanotubes increases the tensile modulus and strength of the compound, approximately 45%

and 70%, respectively. Compared to CB, a small filler loadings of carbon nanotubes is required

to reach the same performances due to a stronger interfacial adhesion between the polymer and

the nanotubes. So, quite similar hysteresis curves are obtainedwhen SBR is filledwith 10 phr of

MWCNTs or 50 phr of CB.

However, the authors observed that the carbon nanotubes are able to form a critical

concentrationofconduction (continuous interconnectingfillernetwork)at a smallfiller loading:

2–4phrofCNTare required, against 30–40phr forCB.By the additionof2and4phrofCNT, the

conductivityof thecomposite increasesbyfiveordersofmagnitude, reflecting the formationofa

percolation network. However, the aggregation of CNTyields a conductivematerial at a higher

volume fraction that than that expected from individuallywell dispersed carbon nanotubes. The

authors studied the variations in resistivity under uniaxial deformations of up to 200%. They

observed a gradual increase in the resistivity of the compoundwith strain applied.When second

stretchwas conducted after total unloading of the sample, the resistivity slightly decreased and,

when the strain reached themaximumvalue of thefirst stretching, the twocurves coincided, that

is, the samplewas now in the same state as it was in the first stretching. The authors studied the

changes in the resistivity under uniaxial extension by atomic force microscopy observations of

stretched composites. They observed an increase of the roughness of the samplewith strain and

the filler structures align in the direction of strain. The structure became more slender under

deformation, with a loss of contacts between aggregates and an increase in the resistivity.
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A second stretching on the sample showed different arrangements in the filler structure: filler

aggregateswereorientedperpendicularly to the stretchingdirection.Theauthorsconcluded that

the strong alignment of the bundles perpendicular to the previous extension axis could be the

result of a reequilibration of the stress field. In consequence, new conducting pathways were

produced, leading to a weak decrease in resistivity.

De Falco et al. [81] developed an easy technique to fabricate cured styrene-butadiene rubber/

multiwalled carbon nanotube composites. The compounds were prepared by dissolving the

SBR in toluene in a ratio of 25ml g�1, then adding the filler, previously dispersed in ethanol by

sonication, and then drying. Afterwards, the other components, N-t-butyl-2-benzothiazole

sulfonamide (TBBS) and sulfur, were added as a cure system and then the system was stirred

and put to evaporate for 4 days as films in Petri capsules until constant weight before the cure.

This procedure successfully obtained a homogeneous dispersion of the filler into the elastomer

matrix without agglomeration. The incorporation of a small quantity of multiwalled carbon

nanotubes (0.66 wt%) led to a sensibly increase of the mechanical properties when compared

with pristine SBR compound or CB-filled SBR. The authors attributed this higher reinforcing

effect to the higher aspect ratio in the MWCNT compared with CB (around 500 times) and the

better interface between the two phases in the case of SBR/MWCNT composites.

6.3.3 Polyurethane Rubber

Polyurethane (PU) is one of the largest and most versatile families of polymers. They are

generally produced by the polyaddition reactions of higher-molecular-weight diols and

diisocyanates, which led to a two-phase morphology of alternating soft and hard segments.

The control of parameters such as functionality, chemical composition andmolecularweight of

the different reactants produces a wide set of materials with significantly different properties.

Polyurethanes can be classified according to their production process in: (i) casting rubbers, (ii)

thermoplastic rubbers and (iii) vulcanizable rubbers. This versatility has led to the use of

polyurethanes as foams, coatings, actuators and adhesive-based products [87] and has made

polyurethane-based nanocomposites one of the most widely studied elastomers [88–125].

Most of these studies used previously functionalized CNTs to improve their compatibility

and dispersion [89, 91, 93–95, 99, 100, 102–108, 110–112, 116, 119–121, 123–126].

Meanwhile, the addition of as produced CNTs into PU matrices was mainly done by solvent

mixing [88, 90, 92, 96–98, 101, 109, 113, 114, 117, 122]. The most frequent functionalization

treatment is carried out under oxidizing conditions with acids, which introduce hydroxyl,

carbonyl and carboxylic functionalities. These groups would improve the interfacial bonding

through the reaction among OH and carboxylic groups on the CNT surface with the NCO

groups of the isocyanate.

The majority of the studies have concentrated on either cast [91, 93–97, 100, 101, 103–107,

110, 113, 114, 121, 123–125] or thermoplastic polyurethanes (TPU) [88–92, 98, 99, 102, 108,

111, 116, 120, 122, 124]. Casting systems are composed of liquid or semi-liquid rawmaterials,

polymeric diols, bifunctional or polyfunctional isocyanate and chain extenders. The dispersion

procedure in the majority of these studies is carried out by dispersing the CNTs directly into

either the polyol or the isocyanate. The polyurethane nanocomposite is finally prepared by

the reaction mixing of the reactants. Hence, most of these studies used functionalized CNTs

to improve the interaction with the urethane groups. Some authors have also termed this
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procedure an in situ polymerization. Meanwhile, the preparation procedure of CNT/TPU was

mainly carried out by dispersing the CNTs in a solvent, dissolving the polymer in the mixture

and subsequently extracting the excess solvent. Cai and Song [109] reported the synthesis of

CNT/water-based PU composites by latex compounding, followed by film casting on a

polytetrafluoroethylene PTFE substrate.

The first reported studies on CNT/PU systems were independently carried out by Koerner

et al. [88] and by Sen et al. [89]. Koerner et al. reported that the uniform dispersion of CNTs in

TPU produced a stimuli-responsive material able to store and subsequently release up to 50%

more recovery stress than the pristine resin. They attributed this effect to an improvement on the

strain induced crystallization due to the CNT presence. The CNTs were thought to absorb

infrared photons (light-induced actuation) or electrons (electrically induced actuation) raising

the internal temperature, melting strain-induced polymer crystallites (which act as physical

crosslinks that secure the deformed shape) and remotely triggering the release of the stored

strain energy. Meanwhile, Sen et al. reported the fabrication of membranes of SWCNT-filled

polyurethane by electrospinning. In the electrospinning technique, polymer nanofibers are

produced froman electrostatically driven jet of polymer solution (ormelt). Theydispersed both

as produced and ester-functionalized SWCNTs in dimethylformamide/PU solution and

electrospun free-standing membranes 50–100 mm thick. The tensile moduli of as-produced

and ester-functionalized SWCNT/PU were found to be respectively 215% and 250% higher

than the control polyurethane membranes. Meanwhile, the strength of the ester-modified CNT

membranes was improved by up to 104% compared to electruspun pure PU, while the

improvement with the as-produced CNT was only of 46%.

The mechanical data of several of these studies show that the tensile modulus of nanotube/

PU composites is generally improved, although a detailed comparison of the data is difficult

due to the different types of fillers, surface treatments, processing techniques and test methods

that have been used. The stiffening effect of the nanotubes was attributed not only to the

presence of the CNTs, but also to their impact on soft-segment crystallization, determined by

in situ X-ray scattering during deformation [88].

Several authors have shown an improvement of the thermal stability of the nanocomposites

of as much as 26 �C [93]. Among them, Jana and Cho [123] recently compared as-produced

MWCNT/PU prepared by solvent cast and oxidized MWCNT/PU prepared by in situ

polymerization. The thermal degradation of the samples followed a first-order reaction and

took place in two stages, which correspond to the degradation of the soft and hard segments.

The study showed that in situ nanocomposites outperformed the solvent cast system with a

higher degradation temperature and activation energy at 10% degradation. They attributed this

behavior to covalent bond formation between the oxidized MWCNTs and PU chains.

The unique electrical conductivity properties of the CNTs suggested their potential use in

electrically conductive composites. Thus, the electrical properties of the PU composites have

also been studied. In general, the electrical conductivity of a composite reveals a nonlinear

increase with the filler concentration, passing through a percolation threshold. Recent studies

of functionalised CNT/PU nanocomposites [108, 111, 113] showed a percolation threshold

around 0.2 and 0.5 wt% CNTs which was greatly influenced by functionalization treat-

ments [111]. Finally, the electromagnetic interference (EMI) shielding of PU nanocompo-

sites [113] showed that the shielding effectiveness increased with increasing content of

SWCNTs, reaching �17 dB at the SWCNT loading of 20 wt%. The shielding mechanism

was found to shift from reflection to an absorption-dominated mechanism.
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Even though the main market for PU is as polymeric foams, little effort has been directed

towards using CNTs as reinforcements in this system [101, 121, 124]. PU foams are generally

obtained from the simultaneous reaction of the polyisocyanate with the polyol in the presence

of a blowing agent, usually water [101, 121, 124]. As in bulk systems, the reaction of the polyol

with isocyanate produces urethane bonds.Meanwhile, the reaction of the isocyanatewithwater

generates CO2 which drives the foam expansion.

Park et al. [101] reported the used of CNT filled polyurethane foam as the core of a sandwich

structure in radar-absorbing structures in theX-band (8.2–12.4GHz) frequencies. The addition

of CNT increased the permittivity of the foam cores, and improved the reflection loss

characteristics in the 10.0–10.5GHz frequency. A second study by Xu et al. [121] reported

the dependency of the electrical conductivity on foam density. Decreasing the foam density

from 0.5 to 0.05 g cm�3, at a fixed loading fraction of 2 wt%, varied gradually the volume

conductivity from 2.4� 10�2 Sm�1 to 4.3� 10�5 Sm�1. As the density was further decreased

to 0.03 g cm�3, they observed a nonlinear decrease of eight orders of magnitude. This

conductor-insulator change was attributed to a transition from 3-D to 2-D percolation as the

CNT distribution concentrated in the cell edges, becoming nonuniform.

Polymer foams have traditionally been used in engineering applications, such as thermal and

acoustic insulation, shock absorbers and buoyancy, among others. Recent developments in

biomedical applications, in particular in tissue engineering, required the use of 3-D porous

structures with appropriate mechanical and mass transport properties, making foams particu-

larly attractive as tissue scaffolds. In this area, CNT/PU foams were investigated as bone tissue

scaffolds using two different processing methods. Thermoplastic PU-oxidized CNT foams

were manufactured by thermally induced phase separation (TIPS) [124]. The CNT provided

a nanotextured surface, changing the surface character of the nanocomposite. Additionally, the

CNT significantly improved the compression strength and stiffness of the nanocomposite

scaffold. In vitro studies revealed that increasing CNT loading fraction did not cause osteoblast

cytotoxicity nor had any detrimental effects on osteoblast differentiation or mineralization.

Similar results were reported on reactive PU foams [124] (Figure 6.5). These promising results

revealed the ability of the CNT to improve simultaneously mechanical performance, surface

characteristics and cell phenotype.

Figure 6.5 Representative SEM images of PU foams reinforced with MWCNTs
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6.3.4 Silicone Rubber

Silicone elastomers are unusual synthetic polymers in that their backbone is composed of an

“inorganic” repeating unit, that is, silicon to oxygen bonds. In addition, the silicon atoms are

attached to organic groups, such as methyl.

The presence of the inorganic and organic units gives silicones their unique properties and

thermal and chemical stability. Hence, silicone nanocomposites have received increasing

attention in recent years [127–151].
Most of the studies dispersed as produced CNTs into room-temperature vulcanized (RTV)

polydimethylsiloxane (PDMS) by mechanical mixing or ultrasonication. All these studies

reported a good dispersion of the CNTs without the need of previous functionalization. It had

been suggested that the presence of CH-p interactions could play a role in designing fullerene-
and nanotube-based materials [152]. CH-p interactions are a type of hydrogen bond that

operates between a soft acid CH and a soft base p-system, as found on the convex surfaces of

fullerenes and nanotubes [152]. This suggestion was confirmed experimentally by Baskaran

et al. [153] and theoretically by Beigdeder et al. [149].

The first study on CNT/Silicone nanocomposites was carried out by Frogley et al. [127] and

compared systems filled with up to 1 wt% SWCNTs and up to 4 wt% CNFs. The mechanical

properties showed an approximately linear increase in composite stiffness, but also a reduction

in strength and strain to failure for both types of filler, with increasing loading fraction andwere

more pronounced for the SWCNTs compared to the CNFs. These improvements inmechanical

properties were not observed for comparable loading fractions of spherical carbon black. They

attributed the modulus increase to the reorientation of nanotubes under strain in the samples.

Several authors have studied new nanocomposite systems to impart stimuli-responsive

properties to different polymers, among them silicone rubber. The first study on silicone-based

nanocomposite as a new photomechanical actuator was reported by Ahir and coworkers [129,

132,133].TheyembeddedasproducedMWCNTs inPDMSat loading fractionsup to7wt%and

illuminated the samples with infrared source. They measured the strength of photactuator

response, at agivenradiation intensity, and found it tobe in theorderof tensofkilopascals,which

corresponded to actuation strains of 2–4%. As expected, the response increased with nanotube

loadingcontent.Thermalactuationbehaviorwasalsoobservedwhenthesampleswereheatedby

the same amount, but the responsewas one order ofmagnitude lower. Chen et al. [150] recently

reported a similar electrothermal actuator based on a MWCNT/PDMS system. They reported

a maximal strain of 4.4% at electric power intensity around 0.03Wmm�3.

Further studies have analyzed the used on these nanocomposites as temperature and pressure

sensors [135, 143, 144, 151], humidity sensors [131], strain sensors [137] and gas sensors [148].

Pressure sensors were prepared slightly above the percolation threshold of the material so that

the conductivitywas low and sensitive to small specific volume change of the composites. Jiang

et al. [135, 143, 144, 151] dispersed g-aminopropyltriethoxy silane functionalized CNTs in
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methylvinyl silicone rubber and reported a percolation threshold of around 0.01 wt% [142].

Contrary to expectations, they observed a resistance which increased with increasing applied

pressure. They attributed this behavior to the loss of the original percolation network original

networks under pressure due to nanotube rearrangement perpendicularity to the direction of

applied pressure because of the large free volume and low Young’s module of the rubber host.

Similar results were recently confirmed by Hu et al. [151]. A completely different approach

was reported by Woo et al. [148] to fabricate a gas-sensing system. They made single- walled

carbon nanotube (SWCNT) thin films by dispersion and vacuum filtration of 1% sodium

dodecyl sulfate (SDS) surfactant solution. These SWCNT films were then transferred onto

a flexible substrate by curing a PDMS solution over the films. They obtained a transparent

system with high sensitivity to NH3 gas.

Thermal [128, 130, 139, 141] and electrical [134, 140, 142, 145–147] conductivities were

also measured. Thermal conductivities were found to increase by up to 65% with loading

fractions of 3.8 wt% of as-produced MWCNTs. Meanwhile the electrical resistivity showed

a decreased of more than ten orders of magnitude from 1016 to 106O cm�2 by incorporating

5 wt% of oxidized MWCNT. Among these studies, there were several authors that studied and

modeled the anisotropic conductance of aligned CNT impregnated with silicone.

There have been limited studies on functionalization of CNT specially made for a silicone

host matrix. Chen et al. [134] reported the functionalization of MWCNT with 3-aminopro-

pyltriethoxysilane (APS)which produced a SiO2 coating around the tubes and produced highly

insulating PDMS nanocomposites. Bourlinos et al. [154] also reported a surface modification

by first oxidizing and then reacting the CNTwith an epoxy-terminated silicone. They obtained

a carbon-based fluid at ambient conditions combined with the unusually high CNT content.

Finally, CNTwere studied as flame retandants in silicone foams [155]. The limiting oxygen

index of the nanocomposite increased as a function of nanotube content, attaining the self-

extinguishing grade even at low mass fraction of the carbon nanotubes (0.5 wt%). Further

thermal characterization revealed increases in thermal dissipation efficiency and thermal

degradation temperature. The different thermal and flame retardancy results were attributed to

the formation of a CNT network throughout the sample. The formation of this network was

attributed to a good dispersion of the CNTs via noncovalent CH-p interactions and to the

surface tension of the gas–polymer interface during foaming. However, the nanocomposite

foams were found to decrease the acoustic absorption with nanofiller content probably due to

the variable foam structure and improved stiffness [156].

6.4 Outlook

The ultimate goal of CNT nanocomposites is to producematerials that are optimally reinforced

and multifunctional. In this review, we have provided an overview of the recent advances in

carbon nanotube/elastomer composites from synthesis methods and processing to their

ultimate properties. As has been shown, the possible applications of carbon nanotube

composites range widely, from electrically conductive systems to sensors or biomedical

applications. Although much progress has been made, there are still many problems to

overcome before the full potential of nanotube containing composites can be achieved. At

present, the improvements in the properties are far below the expected values for nanometer-

scale reinforcement due to the poor dispersion and lack of interaction of filler/polymer at the
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interphase. Further work is required to develop production techniques to achieve the nanos-

tructuration level required to fully exploit the inherent properties of nanoscaled materials. The

following critical issues must be developed in the future:

. New commercial synthesis routes of carbon nanotubes to obtain perfectly crystalline

nanotubes in large quantities which have a high purity and are cost-effective.
. Optimization of the processing conditions.
. Development of original processing routes to produce carbon nanotubes/polymer

nanocomposites.
. Appropriate funcionalizations of carbon nanotubes for their integration in a polymer matrix.
. The provision of sound theoretical models which allow the prediction of the behavior of

polymer nanocomposites.

In conclusion, future industrial exploitation of the nanocomposites will depend on how

effectively we can handle the mentioned challenges. The significant progress made in the past

few years points toward a bright future. Finally, looking to the future, further functional

properties may be achieved by using hierarchical reinforced systems or other nanoscale fillers

such as nanorods and nanowires.
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7.1 Introduction

Nanoreinforcement of rubbers has a long and solid background since a plethora of compound-

ing recipes have been developed by both academia and industry which contain particles of

nanodimension range, like carbon black and silica grades.

The most popular filler for rubber modification is by far the carbon black, covering all its

variants (thermal, furnace, channel and acetylene blacks). Carbon black means elemental

carbon (C) in the form of spherical particles of colloidal size. Its particles are coalesced into

aggregates and agglomerates as carbon black is obtained by the combustion or thermal

decomposition of hydrocarbons [1]. The carbon black grades differ from one another regarding

their particle size, aggregate form and aggregate shape. About the terminology: agglomerates

are comprised of a large number of aggregateswhich are physically held together, as opposed to

the continuous graphitic structure which links the particles within the aggregates [2]. Silica,

which is amorphous, consists of silicon and oxygen arranged in a tetrahedral structure of a

three-dimensional lattice. In silica there is no long-range crystal order, only short-range

ordered domains may be found sporadically. The presence of the silanol groups (�Si�OH) on
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the silica surface induces strong particle-particle interaction. By thisway, the tendency for filler

agglomeration rises [3]. The surface silanol concentration influences the degree of surface

hydration. High levels of hydration can adversely affect the physical properties of the final

compound. At the same time, clay has been known for many decades as a nonblack filler type

for the filling of rubbers [4]. As the property enhancement for rubber/clay compounds was

achievedby incorporation of unmodified clay in large amount,microcompositewas the one and

only outcome.

The concept of “nanoreinforcement” with layered silicates, credited to researchers at Toyota

Central Research Laboratories (Japan), became very popular recently. The ongoing R&D

interest ismostly due to the unexpected property improvementswhen the silicates are dispersed

in nanometer- instead of micrometer-scale. Full separation of the clay layers (termed

delamination or exfoliation) is usually a combined action of thermodynamical interactions,

diffusion and local acting shear stresses. Though these factors prefer rubbers as matrices for

clay modification (see the arguments later), far less work addressed the structure–property

relationships of rubber/clay nanocomposites compared to thermoplastic- and thermoset-based

ones. Therefore, the aim of this chapter is to survey the research works performed on rubber/

layered silicate nanocomposites and to derive some future trends.

7.2 Clays and Their Organophilic Modification

In the literature the term clay denotes a textural class of minerals consisting of particles with an

equivalent spherical diameter of less than 2 mm, not all of which is crystalline. Majority of the

clay minerals belongs to the category of layered silicates or phyllosilicates because their silica

layers and alumina sheets joined together in varying proportions and in a certain way [5]. The

principal building elements of the clay minerals are two-dimensional arrays of silicon–oxygen

tetrahedral and two-dimensional arrays of aluminum– or magnesium–oxygen/hydroxyl octa-

hedral units which are superimposed in different fashions.

Condensation in 1 : 1 ratio of a silica sheet with an alumina one gives rise to a 1 : 1 layer clay

(for example, kaolinite). In a 2 : 1 ratio, two silica sheets condense with an alumina one (for

example, pyrophyllite, smectite or montmorillonite, vermiculate, illite). Among the 2 : 1 layer

clays, the montmorillonite possesses great significance because of its swelling capabilities.

Partially replacement of trivalent Al by divalent Mg in the octahedral sheet results to a high

negative surface charge of the layer. This fact renders the space between the layer surfaces (that

is, intergallery or interlayer) capable of accommodating cations. When montmorillonite clay

(MMT) is in contact with water or with water vapor, thewater molecules penetrate between the

layers (that is, interlayer swelling), increasing the basal spacing. This phenomenon is likely

related with the hydration energy. In absence of water van der Waals forces hold the layers

together in close packing. Furthermore, the charge compensating cations on the layer surfaces

may be easily exchanged byother cationswhen available in aqueous solution; hence they called

“exchangeable cations.” The total amount of these cations is expressed in milliequivalents per

100 g of dry clay and is called the “cation exchange capacity” (CEC) of the clay [6].

In the past, kaolins were mainly used for rubber filling (nonactive reinforcement) [7].

Calendering a rubber stock with such anisotropic filler results in the alignment of the filler

particles in the direction of the calender gap [4]. In order to yield acceptable mechanical

performance, a high degree of clay incorporation is needed.
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In general, to enhance the specific properties of the final rubber, the filler (type, character-

istics) has to be selected carefully. This involves also the surface treatment of the fillers. For

example, carbon blacks used for coloring high-quality coatings have to possess highly polar

surfaces for optimum wetting by the binder. On the contrary, conductive applications need

carbon black surfaces free from oxides [8]. For controlling the surface energy in case of silica,

treatment with glycols, esterification with monofunctional alcohols or silane coupling agents

have been extensively used (for example, [9–10]).

Surface treatment of clays has been known sincemany decades ago [6].When an amine salt or

a quaternary ammonium salt is added to a clay–water suspension, the corresponding organic

cations replace the inorganic ones (for example, Naþ , Kþ ) originally present on the clay

surfaces. Because of this exchangeable adsorption, the amino groups are tethered on the clay

surface while the hydrocarbon tail is positioned in the gallery space, displacing the previously

adsorbedwatermolecules (cf. Figure 7.1). In thisway, the claybecomes compatiblewith organic

molecules and thus is termed organophilic. Note that this treatment expands the intergallery

distance at the same time (cf. Figure 7.1). Awidely accepted term for the outcoming material is

“organoclay.” Applications of such “clay–organic complexes” were first used in oil dispersions

to manufacture lubricating grease. The main advantage of these systems is their better heat

stability compared to conventional lubricating greases. Moreover, clay treated with coupling

agents, such as isopropyl tristearoyl titanate (TTS) has been also proposed to enhance the heat

stability, mechanical performance and processability of rubber [11].

7.3 Preparation of Rubber/Clay Nanocomposites

The special character of rubber, being a multicomponent system (for example, rubber, curing

agents, coagents, processing aids, reinforcements, fillers), complicates the analysis of the

parameters affecting the rubber/layered silicate nanocomposite formation. This was likely the

Figure 7.1 Scheme of: (a) clay and (b) modified clay (that is, organoclay). Note that R can be replaced

by any chemical unit

Rubber/Clay Nanocomposites: Preparation, Properties and Applications 171



reason for its late development compared to thermoplastic or thermoset clay nanocomposites.

Note that a nanocomposite is obtained only when the polymer chains are intercalated into the

intergallery spacing (cf. “intercalated” nanocomposite) or when the silicate layers are further

pulled apart and appear exfoliated in the polymer matrix (cf. “exfoliated” nanocomposite)

[12–14]. The possible outcomes are schematically depicted in Figure 7.2. The reinforcing

efficiency of the modified clays (that is, organoclays) in the thermoplastic and thermoset

matriceswas early recognized, even at the beginning of the 1960s [5]. In the case of elastomers, a

very successful techniquewas to let the minerals react with organosilanes. Using aminosilanes,

the hydrolyzed silanol group of the reagent was attached onto the clay surfacewhile the pendent

amino group, at the other end of the molecule, was free to react with the rubber during

vulcanization [5]. The mineral used for such type of rubber reinforcement was mainly

nonswellable layered silicate (for example, kaolin).

During the early research activities (that is, during the 1960s to 1970s) on polymer/

organoclay nanocomposites less attention was put on rubbers. Even during the “hot” period

of the 1990s, only some sporadic works appeared on rubber/layered silicate nanocompo-

sites [15–17]. Since the proof of substantial property upgrade in thermoplastic/organoclay and

thermoset/organoclay nanocomposites, research has been initiated on rubber/organoclay

nanocomposites [18–23].

In the past ten years, several rubbers served asmatrices in organoclay-filled systems. Typical

examples are styrene-butadiene-rubbers (SBR) [11, 18, 20, 24–30], ethylene-propylene-diene-

rubbers (EPDM) [29, 31–38], fluoro-rubbers (FKM) [39], nitrile-butadiene-rubbers

(NBR) [40–42] and natural rubbers (NR) [43–51]. The different methods to prepare a

rubber/organoclay nanocomposite include solution mixing (solvent method) [40, 44, 47,

Figure 7.2 Scheme of possible dispersions of layered silicate in a polymer
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52–53], latex compounding (water-assisted technique) [23, 54–59] and melt mixing (direct

method) [26–27, 29–38, 41–43]. The development with rubber/clay nanocomposites was the

subject of two review papers in the past [60–61].

7.3.1 Solution Intercalation

For the solution mixing the organoclay is dispersed in the solvent, which is a good solvent for

the rubber at the same time. By stirring, followed by evaporation of the solvent, rubber/

organoclay nanocomposites are received.

For polar rubbers, like NBR, Hwang et al. [40] used a methyl ethyl ketone to blend the NBR

with the claymodified with dimethyl dehydrogenated tallow quaternary ammonium salt. After

evaporation of the solvent, the curing agents were added on a two-roll open mill and the

compounds were vulcanized accordingly. The NBR/organoclay nanocomposite was mainly

intercalated (at 10 phr clay loading, where phr¼ parts per hundred parts rubber) and resulted in

increased mechanical performance and decreased water and methanol permeability up to 85%

and 42%, respectively. In the solution intercalation method the curatives are usually added in

the compound after the evaporation of the solvent. This occurs on an openmill or in an internal

mixer. In contrast, addition of the curatives during the solutionmixing can also be practiced. Lu

et al. [62] pointed to a special role of the solvent on the nanocomposite formation. When

solvent molecules are still present within the silicate galleries, they can be thermally

“activated,” which contributes to the formation of exfoliated structures.

Magaraphan et al. [45] dissolved natural rubber (NR) in toluene along with MMTmodified

with primary or quaternary intercalants bearing different hydrocarbon alkyl tails. The curing

ingredients were subsequently poured into the mixture and after drying the mix was

homogenized on an open mill. It was found that primary amines produced nanocomposites

of better mechanical performance than quaternary amine intercalants. López-Manchado

et al. [47] compared the structure and properties of NR/organophilic MMT nanocomposites

produced by solution and melt compounding, respectively. MMTwas modified (intercalated

initially) with octadecylamine (MMT-ODA). It was found that both methods delivered similar

nanocomposite structures. However, the solution technique (toluene served as solvent) yielded

a higher amount of bound rubber, improved dynamic mechanical properties and enhanced the

compression set and hardness. Similarly Liang et al. [63], when studying isobutylene-isoprene

rubber (IIR)/clay mixes, attributed the enhanced performance of the solution-produced

nanocomposites to the higher aspect ratio of clay therein. The aspect ratio of the clay

was maintained after solution mixing, compared to melt compounding whereby the clay

was fragmented.

7.3.2 Latex Route

In the latex compounding method the host medium is water. The latex consists of submicron-

sized rubber particles which are dispersed in water. To the rubber latex pristine clay can be

added directly, or in its aqueous dispersion (slurry). Note that clays are strongly hydrophilic and

thus adsorb water molecules, which is associated with an expansion of their intergallery

spacing. So, hydration decreases the attractive forces between the silicate layers, making easier

their exfoliation under stirring. After mixing/stirring of the clay-containing latices, they are
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cast in a mold and left to dry. In this case, the rubber/clay nanocomposite remains

unvulcanized. In contrast, suitable rubber curatives, which can be dispersed in water, may

also be mixed with the clay-containing rubber latex. After casting and drying, the related

articles can be cured accordingly.

Varghese and Karger-Kocsis investigated NR/layered silicate vulcanized nanocompo-

sites [56] and found that sodium fluorohectorite (FHT, a synthetic layered silicate) gave the

highest mechanical performance and the lowest toluene swelling compared to clay or bentonite

compounds. This was attributed to the high platelet aspect ratio and the prominent water-

swelling ability of this FHT.Ma et al. [64] produced SBR-clay nanocomposites bymixing SBR

latex with modified MMT. In this case, the curatives were added to the dried rubber mix in a

melt mixing step that was followed by vulcanization. Jia et al. [65] selected another way. After

mixing the SBR latexwith pristineMMT (cation:Naþ ) themixwas dried and subsequently the

melt was compounded with a possible intercalant for the MMT (hexadecyl trimethyl

ammonium bromide) and coupling agent (3-aminopropyl triethoxy silane) along with cura-

tives. Abdollahi et al. [66] produced first an SBR/pristine clay nanocomposite by coagulation

of the corresponding latex. Coagulation was achieved by a cation-type coagulation agent

(diluted sulfuric acid). This was mixed with sulfuric curatives, vulcanized and tested. It was

found that clay exfoliation could only be triggered when the clay content was less than 10 phr.

Above this threshold the mechanical properties of the rubbers reached a plateau value.

Blending of rubber latices is a versatile way to produce rubber articles of enhanced

performance, at the same time lowering the proportion of the most expensive component.

Polyurethane latex (PUR) finds many applications nowadays though it is quite an expensive

material. At the same time NR latex is found in abundance in nature. Varghese et al. [59]

blended PUR and prevulcanized NR latex with clay, producing films of nanocomposite

structure with enhanced stiffness characteristics. The property improvement was traced to

a skeleton-type (“house of cards”) structuring the layered silicate (LS) in the corresponding

nanocomposite (cf. Figure 7.3). Infrared spectroscopy (FTIR) and broadband dielectric

analysis were adopted to examine the NR/LS, PUR/LS and NR/PUR/LS nanocomposites

formed via the latex route [59, 67–68]. It was found that the PUR chains, due to their polar

character, facilitate the intercalation/exfoliation of the LS.

7.3.3 Melt Compounding

The most common mixing technique used in both industry and academia for preparing

rubber/organoclay nanocomposites is by far melt compounding. This involves equipment

like internal mixers and open mills. As presented recently [38], the intercalation/exfoliation

phenomena are likely governed by the chemistry involved during compounding and curing.

For example, it has been shown that mixing EPDM rubber grafted with maleic anhydride

(EPDM-MA) with organoclay (MMT-ODA) on an open mill does not facilitate significant

intercalation. Intercalation is, however, promoted after the introduction of curatives in a mix

which is not yet cured (Figure 7.4). This finding suggests that the vulcanization curatives

migrate into the intergallery space during mixing. This widens the basal spacing and thus

supports the nanocomposite formation.

In order to get intercalated/exfoliated nanocomposites with outstanding performance, high

shearing provided by an internal mixer (compared to an open mill) should be in action [36].
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Figure 7.3 TEM picture taken from the film cast of the PUR/NR (1 : 1) latex blend containing 10 phr

fluorohectorite (FHT) (Reproduced from Journal of Applied Polymer Science, 92, S. Varghese et al.,

“Morphology and mechanical properties of layered silicate reinforced natural and polyurethane rubber

blends produced by latex compounding,” 543–551, copyright Wiley Periodicals Inc., 2004.)
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Figure 7.4 XRD patterns of: (a) EPDMmixed with MMT-ODA (10 phr) for 10min on the open mill;

(b) its further addition of the curatives; (c) EPDM-MA mixed with MMT-ODA (10 phr) for 10min on

the open mill; and (d) further addition of curatives (Reproduced from Polymer, 46, K.G. Gatos and

J. Karger-Kocsis, “Effects of primary and quaternary amine intercalants on the organoclay dispersion in

a sulfur-cured EPDM rubber,” 3069–3076, 2005, with permission from Elsevier.)
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This is beneficial for shearing off the intercalated stacks and promotes the diffusion of rubber

chains into the intergallery space at the same time.Theproperty upgrade can further be enhanced

when mixing takes place at high temperature (for example, 100 �C) and in the presence of

macromolecular chains of polar character. Needless to say, the latter compound has to show

sufficient compatibility with the parent rubber. Table 7.1 presents the mechanical properties of

EPDM reinforced by 10 phr organoclay. Note that in all themixtures presented in Table 7.1, zinc

diethyl dithiocarbamate (ZDEC) was used as accelerator. This choice was based on thework of

Usuki et al. [32], who investigated several types of accelerators and found that the above

dithiocarbamate type proved to be the most promising to produce EPDM/clay nanocomposites.

The processing conditions, that is, mixing technique and temperature, seem to have some effect

on the mechanical properties of the EPDM samples. The tensile moduli at 100%, 200% and

300% elongations are less influenced by the mixing techniques and temperature. However,

mixing in the internalmixer at 100 �C increased both the tensile strength and elongation at break

(cf. EPDM stocks in Table 7.1). As is obvious in Table 7.1, the use of EPDM-MAcompatibilizer

resulted inmarkedly higher values of tensile strength and stiffness at all processing temperatures

and mixing methods. This is related to the functional group MA that rendered the rubber chain

polar. This “polarity” facilitates further the intercalation/exfoliation phenomena. A clear

advantage of MA grafting was observed for compounding in the internal mixer. The tensile

strength of EPDM-MAwas more than doubled when mixed either at room temperature or at

100 �C. Moreover, the EPDM-MA mixed at 100 �C in the internal mixer possessed the highest

tensile strength measured (cf. Table 7.1).

Like the nanocomposites composed of apolar thermoplastics and organophilic clays, the use

of polar rubbers as additional modifiers (compatibilizers) is essential to achieve intercalated/

exfoliated structures. So, for EPDM-based stocks MA-grafted [36] or glycidyl methacrylate-

grafted EPDM versions can be used as suitable compatibilizers [37]; for NR-based ones

epoxidized NR (ENR) [43, 48, 51, 69] or ethylene-vinylacetate copolymers [70] can be used as

suitable compatibilizers.

Wu et al. [29] andMa et al. [71] have demonstrated that the choice of rubbermatrix (without

considering any modification) is crucial with respect to the final dispersion state of the clay in

the related systems. Further, identifying the most reliable melt compounding technique for

rubber/organoclay nanocomposites, the proper choice of the type of curatives and organophilic

treatment of the layered silicate provide additional property improvement. This was shown by

several authors on the example of HNBR/organoclay compounds [72–75].

7.4 Properties of Rubber/Clay Nanocomposites

7.4.1 Crosslinking

The accelerating action of the organoclay on rubber curing has been detected for various

stocks [20, 27, 76–78]. Using octadecylamine (ODA) itself, the induction period, scorch time

and optimum curing timewere decreased in NRmixes [76]. The vulcanization rate was further

increased when an ODA-modified clay was introduced in the same NR rubber recipe. This

involves a reduction in the activation energy of the vulcanization. This finding underlines that

the initial intercalant of the clay may have a strong effect on the vulcanization of rubber.

It was demonstrated on the example of hydrogenated nitrile rubber (HNBR)/organoclay

systems that the dispersion of the clay varies with the type of the organophilic modifier (initial
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Table 7.1 Mechanical properties of EPDM/organoclay (10 phr) compounds, prepared under different conditions with and without MA-grafted EPDM as

compatibilizer

Properties Processing conditions (mixed with 10 phr MMT-ODA)

Open mill Internal mixer

30 �C 100 �C 30 �C 100 �C

EPDM EPDM-MA EPDM EPDM-MA EPDM EPDM-MA EPDM EPDM-MA

Tensile strength (MPa) 3.9 6.6 5.2 8.1 4.9 10.5 7.1 14.9

Modulus (MPa) at:

100% elongation 1.5 2.0 1.6 2.7 1.5 3.9 1.6 5.4

200% elongation 2.3 3.3 2.3 4.6 2.0 7.3 2.3 9.3

300% elongation 3.0 4.9 2.9 6.9 2.6 9.9 3.0 12.1

Elongation at break (%) 380 395 495 360 520 321 645 403
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intercalant) [72]. Results achieved with primary amine-modified clay suggested that the amine

compound reacts with the sulfur curatives. As the amines are “pulled out” from the intergallery

space, the clay “deintercalates.” By contrast, clays with quaternary aminemodification preserve

their highly intercalated structure [38, 72]. No such phenomenon was noticed for the same

rubber whenvulcanizedwith peroxide [73]. As shown in Figure 7.5, using the same organoclay,
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Figure 7.5 XRD spectra of HNBR reinforced with MMT-ODA using different types of curing

system, before and after vulcanization: (a) HNBR mixed with sulfur curatives (Reproduced with

permission fromK.G. Gatos et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/

organo-montmorillonite as a function of the intercalant type,” Macromolecular Materials and

Engineering, 2004, 289, 1079–1086. � Wiley-VCH Verlag GmbH & Co. KGaA.) and (b) HNBR

mixed with peroxide curatives (Reproduced with permission from K.G. Gatos et al., “Controlling the

deintercalation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite nanocomposites by

curing with peroxide,” Macromolecular Rapid Communications, 2005, 26, 915–919. � Wiley-VCH

Verlag GmbH & Co. KGaA.). Notes: The spectra of the related organoclays are also contained. The

positions of the (0 0 1), (0 0 2) and (0 0 3) reflexes are indicated by line marks
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viz. MMT-ODA, an intercalated structure was the only outcome after melt compounding and

before curing. However, vulcanizing the rubber changed the structural scenario dramatically.

Highly intercalated clay populations were identified byX-ray scattering (XRD) in the peroxide-

cured system, while intercalated/confined and deintercalated clay populations were found in the

sulfur-cured HNBRmixes. The terms confinement and deintercalation are not yet well defined.

According to our terminology confinement covers the collapse of the layers up to the initial basal

spacing of the organoclay (in the present case up to 2.1 nm; cf. Figure 7.5) in the nanocomposite.

A further collapse is termed deintercalation (“extraction,” “pull-out” of the initial intercalant).

Das et al. [75] found for NBR/organoclay systems that even the orientation of the clay particles

can be influenced by peroxide or sulfuric curatives.

Based on the general sulfur vulcanization scheme (cf. Figure 7.6), it was suggested that the

tethered primary amine of the organoclay leaves the clay surface in order to participate in the

formation of a zinc-containing intermediate complex (vulcanization intermediate) having

catalytic activity for curing (cf. Figure 7.7) [79]. This occurs either bymigration into the rubber

matrix (resulting in confinement or deintercalation of the galleries) or by causing rubber

crosslinking inside the galleries (inducing better clay dispersion via layers separation or

delamination/exfoliation).

Further hints for the importance of the vulcanization procedure were given by Liang

et al. [80]. The authors found that when high pressurewas applied ( > 5MPa) during the curing

of an IIR/clay compound the clay became intercalated to a lesser degree (the basal spacing was

reduced according to the XRD measurements).

7.4.2 Mechanical Performance

One of the main advantages of rubber/organoclay nanocomposites is the enhancement in

the mechanical properties of the rubber matrix at a relatively low inorganic filler content.

Figure 7.6 Scheme of the vulcanization steps and the stage where a primary amine acts catalytically

Rubber/Clay Nanocomposites: Preparation, Properties and Applications 179



Thus, layered silicate can be considered as a potential substitute of carbon black and silica,

which have to be mixed at high concentrations in order to reach the same performance [50].

Moreover, it has been shown that the organoclay supports the compound to maintain its

outstanding mechanical performance also after exposure to various chemical and thermal

environments [74].

To monitor the reinforcing ability of layered silicate in the rubber matrix in the

temperature range below and above the glass transition temperature (Tg) of the compound,

dynamic mechanical thermal analysis (DMTA) appears as an excellent tool. It has been

shown for HNBR that the addition of organoclay increased significantly the storage

modulus (E0) and decreased the mechanical loss factor (tand) compared to neat rubber

or rubber reinforced with unmodified clay [72]. As shown in Figure 7.8a, the storage

modulus (E0) of the nanocomposites lies markedly higher than neat HNBR or HNBR filled

with unmodified MMT. Having in mind that the working temperature of rubbers is usually

above their glass transition temperature (Tg), the plateau values of the E0 in this region is of

great importance. Similarly, the stiffness of the HNBR/organoMMTs compounds above the

Tg is significantly higher than conventional filler (bentonite in this case – cf. Figure 7.8). The

best performance is reached when MMT modified with methyl-tallow-bis(2-hydroxyethyl)

quaternary ammonium (MMT-MTH) is used. Note that this modifier contains hydroxyl

groups (OH), capable of creating a stronger interphase between the rubber and the silicate

surface via H-bonding.

A further hint for the degree of bonding between thematrix and the nanofiller can be derived

from the tan d versus temperature curves [43]. For NBR filled with carbon black (CB) it was

shown that the lowering of the diameter of the CB particle is well reflected in the tan d peak,

which was strongly decreased [81]. As shown in Figure 7.8b, for the unmodified MMT

(bentonite) the tan d peak is identical with that of neat rubber. This finding can be traced to the
poor interaction between HNBR and bentonite. For the HNBR/organoMMT mixes the

intensity of the tan d peakwas strongly reduced compared to thematrix. This is amanifestation
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Figure 7.7 Scheme of the interaction between the sulfur-rich Zn complex and the primary amine

intercalant within the silicate gallery (Reproduced from European Polymer Journal, 43, K.G. Gatos and

J. Karger-Kocsis, “Effect of the aspect ratio of the silicate platelets on the mechanical and barrier

properties of hydrogenated acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,”

1097–1104, 2007, with permission from Elsevier.)
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of the reinforcing effect of the filler [82]. HNBR/MMT-MTH compound presents the lowest Tg
peak intensity, indicating that the interphase in this case is the best among the compounds

examined. A strong interphase guarantees a good stress transfer from the matrix to the filler. In

some systems a further tan d peak (appearing eventually as a shoulder) above the Tg was

revealed. This was assigned to intercalated rubber chains possessing reduced mobility in the

related intergallery (confined) space [43].

The tensile properties of rubber nanocomposites are superior to the unfilled counterparts. For

an EPDM vulcanizate, containing EPDM-MA compatibilizer (yielding better clay intercala-
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Figure 7.8 (a) Storage modulus (E0) and (b) mechanical loss factor (tan d) as a function of temperature

for HNBR and HNBR containing various fillers (10 phr) (Reproduced with permission from K.G. Gatos

et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a

function of the intercalant type,” Macromolecular Materials and Engineering, 2004, 289, 1079–1086.

� Wiley-VCH Verlag GmbH & Co. KGaA.)
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tion/exfoliation), and MMT bearing ODA (primary amine) or octadecyl trimethyl ammonium

(ODTMA, quaternary amine) type intercalants, the ultimate properties could be markedly

improved as shown in Figure 7.9. It appears that at 10 phr organoclay content the tensile

strength of the nanocomposites reaches amaximum (cf. Figure 7.9a). It is interesting to observe

a different trend with respect to the type of MMT intercalant for the nanocomposites in

Figure 7.9a. The EPDM-MA/MMT-ODA presents a plateau as a function of increasing

organoclay content, whereas for the EPDM-MA/MMT-ODTMA the ultimate tensile strength

goes through a maximum.
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Figure 7.9 (a) Tensile strength and (b) elongation at break versus clay loading for EPDM-MA/MMT-

ODA and EPDM-MA/MMT-ODTMA nanocomposites (Reproduced from Polymer, 46, K.G. Gatos and

J. Karger–Kocsis, “Effects of primary and quaternary amine intercalants on the organoclay dispersion in a

sulfur-cured EPDM rubber,” 3069–3076, 2005, with permission from Elsevier.)
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A pronounced difference can be observed for the elongation at break values as a function of

organoclay type and loading (Figure 7.9b). The EPDM-MA/MMT-ODA nanocomposite,

above 10 phr organoclay content, has surprisingly high ultimate strain values. In contrast, the

elongation at break of the EPDM-MA/MMT-ODTMA tends to decrease passing 10 phr

organoclay content. The latter is likely related with some agglomeration phenomena. Ag-

glomeration causes premature failure, well manifesting in reduced ultimate stress and

elongation at break values. Similar stress-strain behavior has been reported for various rubber

nanocomposites [16, 20, 35, 40, 42, 49]. Usually, at favorable matrix/organoclay interactions

and at relatively low organoclay content, both tensile strength and elongation at break values

increase [20, 35, 42]. Further increase of the organoclay content produces a plateau (saturation)

or a reduction in the ultimate stress and strain values [35, 40, 42]. This rather typical behavior

was found also for the EPDM-MA/MMT-ODTMA nanocomposite (Figure 7.9).

Tensile strength improvement, associated with an increase in the elongation at break values,

is a rather unexpected phenomenon for rubber/organoclay nanocomposites [32]. Nevertheless,

it was found also in other rubber compounds, and it was explained by a synergistic effect of

platelet orientation and chain slippage [29]. In general, the reinforcing efficiency of CB in filled

rubbers increases when the CB particles agglomerate (chain-like filler structure at high filler

amounts). At the same time, the degree of bound rubber (as measured in the respective uncured

specimens) also increases [83]. As typically shown in TEM images, the dispersion of silicate

platelets seems to create some “secondary structure” which is analogous to that of CB

structuring in highly filled rubbers. However, the organoclay should be well dispersed in the

rubber matrix to attain such peculiar morphology at low filler content.

Figure 7.10 shows possible crack growth paths at high deformation of a rubber containing the

same amount of layered silicate, butwith the latter in either a poor or a good dispersion. Though

the filler volume in both cases is the same (cf. same number of plates in Figure 7.10a and b), the

effective filler volume values differ from one another as a function of the dispersion grade. The

latter may affect the bound rubber content, generate a rubber shell in the vicinity of the silicate

platelets (cf. dark gray areas in Figure 7.10 indicate a different rubber crosslinking density

compared to the bulk) and influence the occlusion of rubber within the clay galleries.

According to this model a modulus increase is expected even at low organoclay content

when the clay layers are well dispersed (well intercalated and exfoliated).

The failure of rubber specimens upon tensile loading starts with crack initiation. In rubber/

layered silicate nanocomposites, first the orientation of the clay platelets takes place during

uniaxial drawing [18]. At sufficient high strain, cracks can be generated by the fillers (via

voiding, dewetting phenomena, chain slippage, and so on.). As the dispersion of the platelets

allows the creation of voids (subcritical cracks) in their vicinity (Figure 7.10b), the amount of

dissipated energy is high enough to withstand higher values of strain than before. Note that

shortening the stack-stack distance can lead to greater resistance to crack propagation.

Furthermore, the increased length of the crack path, as the crack travels along a “zig-zag”

route, can also be considered as a further mechanism of energy dissipation. Although this

model can explain the increase in both tensile strength and elongation at break for rubber/

layered silicate nanocomposites, it is based on the analogy with discontinuous fiber-

reinforced polymers and is a topic of dispute [84]. Furthermore, the deterioration (that

usually noticed) or leveling off in the mechanical performance with increasing organoclay

loading [20, 35] can be explained by the formation of big agglomerates, which favor the

initiation of catastrophic failure.
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To improve resistance against tearing is one of the main goals for rubber reinforcements.

Note that rubber parts often suffer from such a failure mode during their service. The platy, or

plate-like, structure of clays blocks the propagation of cracks and thus increases the tear

resistance. A good dispersion of silicate layers and a high rubber/clay interphase quality are

usually associated with increased tensile strength, increased hardness and enhanced tear

resistance [71, 73, 85–87]. López-Manchado et al. [88] highlighted the basic difference in the

rubber/filler interaction between carbon black and layered silicates. Carbon black forms

covalent bonds with the elastomer which is restricted to a given rather small interphase. In

contrast, organoclays are physically adsorbed within the rubber chains in a thick interphase.

Due to the high aspect ratio of the clays their optimumdispersion is reached at a smaller amount

than by carbon black.

7.4.3 Barrier Properties

The superior performance of layered silicates compared to conventional fillers is revealed

unambiguously when barrier properties are examined [89]. Hwang et al. [40] presented for

NBR/organoclay nanocomposites (in 10 phr organoclay) that the relative vapor permeability

for water and methanol was reduced up to 85% and 42%, respectively, compared to the neat

matrix. Kim et al. [90] showed for the same type of rubber that water vapor permeability

Figure 7.10 Scheme of failure development in rubber/organoclay mixes with poor (a) and good

(b) dispersion of the clay layers due to high strain at uniaxial loading: (a) fast crack growth after surface

cracking and (b) slow crack growth via void coalescence (Reproducedwith permission fromK.G.Gatos

et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a

function of the intercalant type,”Macromolecular Materials and Engineering, 2004, 289, 1079–1086.

� Wiley-VCH Verlag GmbH & Co. KGaA.)
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decreases not only with the organoclay content but also with the amount of silane coupling

agent used. The latter effect was attributed to the enhanced silicate dispersion owing to the

increased chain interactions between the silane and the rubber molecules.

The effect of interphase quality on the barrier properties of rubber/layered silicate nano-

composites was investigated using HNBR as matrix [73]. As displayed in Figure 7.11 when

MMT-MTH served as organoclay an almost 40% reduction of the oxygen permeation ratiowas

observed at both 0% and 60% relative humidity. The silica filler, being isometric, only slightly

reduced the oxygen transmission rate. For the organoMMTs the aspect ratio is quite high (in the

range 100–200) [91–92]. Therefore, the improvement in barrier properties is due to the

tortuousity of the penetration path created by impermeable clay layers and stacks. As discussed

before, the difference in relative oxygen permeation depends on the dispersion grade of the clay

and formed interphase [93–94]. Further, the slight difference between MMT-ODA and MMT-

ODTMA (cf. Figure 7.11) suggests that the intercalated part of the clay does not contribute

much to barrier improvement. The good dispersion grade and strong interphase forMMT-MTH

resulted in the lowest oxygen permeation (cf. Figure 7.11). The oxygen permeability coeffi-

cient of the HNBR in dry and wet conditions is 119 and 129 cm3mm/m2.day.atm, respectively.

As the humidity increased, the rubber cohesion is weakened because the water molecules are

attached to theCNgroups. This yields higher oxygen permeationswith increasing humidity.As

shown in Figure 7.11, the decrease in permeability coefficient ratio in dry andwet conditions is

almost the same for all compounds tested.With increasing humidity the rubber nanocomposite

films maintain their good barrier properties, as the tortuous path given by the MMT plate-

lets [95] compensates the moisture susceptibility of the matrix [96].
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Figure 7.11 Oxygenpermeability coefficient ratio for differentHNBRfilms tested at 0%and60% relative

humidity (dry and wet conditions, respectively). Bothmeasurements conducted at room temperature. (Note

that the oxygenpermeability coefficient values forHNBRwere 119 and 129 cm3.mm/m2.day.atm for the dry

and wet conditions, respectively) (Reproduced with permission from K.G. Gatos et al., “Controlling the

deintercalation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite nanocomposites by curing

with peroxide,”MacromolecularRapidCommunications, 2005,26, 915–919.�Wiley-VCHVerlagGmbH

& Co. KGaA.)
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As it is rather accepted that the labyrinth principle is themain reason for the excellent barrier

properties of rubber/layered silicate nanocomposites, a more pronounced tortuous path given

by an increased aspect ratio of the silicate platelet would be a decisive clue. To check this,MMT

and FHT, bearing the same type of modifier (viz. ODA), were incorporated in HNBR and their

barrier properties tested [79]. The silicate dispersion in the rubber matrix is depicted in

Figure 7.12, where exfoliated platelets along with stacks of silicate layers are well observable.

The TEM pictures present nicely the different aspect ratio of the MMTand FHT platelets. As

can be seen in Figure 7.12a, the aspect ratio of the exfoliatedMMT layers is in the order of 100,

whereas that of the FHT platelets is about 200 (Figure 7.12b). Their different action is well

reflected in the oxygen permeation values in Figure 7.13, where the HNBR/FHT-ODA

vulcanizate yielded the lowest oxygen permeation coefficient in dry and wet conditions

compared to the vulcanizates with unmodified FHT or MMT-ODA. It is noteworthy that the

clay dispersion (intercalation/exfoliation) also beneficially affects the solvent transport

properties [97–98]. As solvents, for example, methyl ethyl ketone, cyclohexane, chloroform

and trichloroethylene were investigated.

7.4.4 Fire Resistance

The dispersion of the inorganic filler in the rubber matrix can improve the fire resistance of the

vulcanizate. This is due to a delay in thermal-oxidative degradation and a decrease in the heat

release rate.

Kang et al. [99] reported that EPDM/organoclaynanocompositesmayhave increased thermal

stability, based on thermogravimetric analysis (TGA). However, this was not accompanied with

Figure 7.12 TEM images of: (a) HNBR/MMT-ODA and (b) HNBR/FHT-ODA nanocomposites

(10 phr filler) (Reproduced from European Polymer Journal, 43, K.G. Gatos and J. Karger-Kocsis,

“Effect of the aspect ratio of the silicate platelets on the mechanical and barrier properties of

hydrogenated acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,” 1097–1104,

2007, with permission from Elsevier.)
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improved flame retardance (just the opposite was observed). During the burning process visual

inspection revealed that the neat EPDM gave a uniform flame and no char, while the

nanocomposites had no uniform flame and produced char. In general, the build-up char on

the surface of the vulcanizate should shield the underlying rubber and slow down the

decomposition rate. The reduction in the heat release rate, measured in a cone calorimeter,

was attributed to a reduction in the gas permeability owing to the clay layering (“labyrinth

pathway”) [100], as discussed in Section 7.4.3. A widely followed strategy is to combine

organoclay with traditional flame retardants, as the outcome is often synergistic [101].

7.4.5 Others

The enhanced performance of rubber/clay nanocomposites involves also properties of great

relevance which, however, have received less attention over the past years. The wear behavior

of this new class of nanocomposites seems to be a promising topic. Recent experiments on their

friction and sliding wear performance have shown that incorporation of layered silicates in

rubber may improve or deteriorate the wear behavior of the related vulcanizates [102–104].

The final outcome depends on those parameters which affect the abrasive, fatigue and adhesive

wear components [103, 105], similar to “traditionally” filled rubbers. The dispersion and

especially the orientation of the silicate platelets in the rubber matrix are crucial. Alignment of

the clay platelets in plane (2-D, resulting in an orthotropic character), that is, parallel to the

sliding direction is disadvantageous. The 2-D clay alignment triggers a mechanism during

sliding, which has some similarities with a “can-opening” process [102]. This markedly

reduces resistance to wear. As shown in Figure 7.14, the specific wear rate of HNBR

(Figure 7.14a) and EPDM (Figure 7.14b) reinforced by organoclay in 10 phr was reduced
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Figure 7.13 Oxygen permeability measurements for the HNBR vulcanizates as a function of the

filler aspect ratio (Reproduced from European Polymer Journal, 43, K.G. Gatos and J. Karger-Kocsis,

“Effect of the aspect ratio of the silicate platelets on themechanical and barrier properties of hydrogenated

acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,” 1097–1104, 2007, with

permission from Elsevier.)
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and enhanced, respectively. In both cases the nanocomposites exhibited outstanding ultimate

and dynamic mechanical properties, based on which a better resistance to abrasion and wear

was expected. The basic difference between the related rubber compounds lies in their silicate

dispersion. As shown in Figure 7.15, HNBR/organoclay has a 2-D (in plane) platelet alignment

(cf. Figure 7.15a), whereas EPDM/organoclay exhibits a rather 3-D dispersion (cf.

Figure 7.15b). The latter structure was achieved by processing. Unexpectedly, reinforcement

with fibrillar silicate (attapulgite, palygorskite) proved to be less efficient than with silica from

the viewpoint of abrasion resistance [106].
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Figure 7.14 Specific wear rate of: (a) HNBR and (b) EPDM-MA, containing various fillers (10 phr)

(Reproduced with permission from K.G. Gatos et al., “On the friction and sliding wear of rubber/layered

silicate nanocomposites,” Express Polymer Letters, 1, 27–31, 2007, copyright BME-PT and GTE.)
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7.5 Applications

The application possibilities of this new class of rubber/clay nanocomposites are broad. In

applications where aweight decrease of the rubber product is of great significance, substitution

of conventional fillers (carbon black and silica) by organoclay may be straightforward as the

overall filler content can be highly reduced. Having in mind the superior barrier properties

given by the platy nature of the clay, applications demanding low solvent and/or vapor

permeations should be favored (for example, tire inlay).

As unreacted curatives usually give rise to blooming (migration to the surface), which

is undesirable for commercial rubber articles, claymay also be a helpful additive in this respect.

A possible contribution of clay to environmental issues is that, in its presence, the ZnO content

of the recipes can be reduced. Note that zinc compounds are ecotoxic.

The most advanced application of organoclays is linked with their flame resistance, fire

retardance. Cable jacketing rubber mixes already contain organoclays. It is the right place to

call the attention to the fact that the rubber industry is very conservative. Thus, adaptation of

new findings occurs with a considerable time lag.

7.6 Outlook

The interest of academia is directed towards producing rubber nanocomposites by in situ

polymerization techniques. This strategy is parallel with that followed for thermoplastics. In

this respect anionic polymerization has been already tried for rubbers [28, 107–108], albeit the

Figure 7.15 TEM images of: (a) HNBR (Reproduced with permission from K.G. Gatos et al.,

“Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a function

of the intercalant type,”MacromolecularMaterials andEngineering, 2004,289, 1079–1086.�Wiley-VCH

Verlag GmbH & Co. KGaA.) and (b) EPDM-MA, containing 10 phr MMT-ODTMA (Reproduced from

Polymer, 46, K.G. Gatos and J. Karger-Kocsis, “Effects of primary and quaternary amine intercalants on the

organoclay dispersion in a sulfur-cured EPDM rubber,” 3069–3076, 2005, with permission from Elsevier.)
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emulsion and suspension polymerization routes seem to be evenmore promising. Recall that in

the latter cases principally the “latex route” is followed.

Attempts have been made to produce rubber nanocomposites by melt compounding of

rubber, pristine clay and clay intercalant. Again, this strategy has been adapted fromR&Dwork

running with thermoplastics.

Radiation curing of rubber/organoclay systems is an interesting way to overcome cure

chemistry-related deintercalation [109]. Wu et al. [110] reported that the flex fatigue life of

SBR can be improved by the combined use of carbon black and organoclay. Rubber

nanocomposites with a very high organoclay loading (up to 60 wt%) have also been prepared.

Lu et al. [111] reported that such compounds exhibit outstanding gas barrier properties

compared to neat rubbers. The clay may serve as a carrier material for various compounds,

based on which interesting and even new properties can be triggered, such as electromagnetic

shielding [112].
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8.1 Introduction

The interest in developing composite materials containing nanoreinforcement has grown

tremendously in recent years. The main advantages are the attractive properties due to the

nanometric size of reinforcement. There are two reasons for changes in material properties

when the size of the reinforcing phase is reduced down to the nanometer range:

1. The large surface area associated with nanoparticles results in many interfaces between the

constituent intermixed phases that play an important role on the macroscopic properties.

In addition the mean distance between particles is much lower as their size is reduced,

favoring particle/particle interactions.

2. The occurrence of possible quantum effects, viz. changes in magnetic, optical or

electrical properties.

When the reinforcing particles are cellulosic materials, there are additional features like

biodegradability and renewability, along with the inherent stiffness and high degree of

crystallinity. It is also relatively inexpensive and has a much lower density than most fillers

that are in use today. The main challenge has been in getting a good dispersion without any

agglomerates in a continuous matrix. Another problem lies in the tedious processing steps by

means of purification, bleaching, fibrillation and hydrolysis. There are different techniques for

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen

� 2010 John Wiley & Sons (Asia) Pte Ltd



the isolation of cellulose whiskers. Acid hydrolysis of cellulose removes amorphous regions

and has been adopted by several researchers. Researchers at CERMAV-CNRS have separated

cellulose from various sources like wheat straws and tunicin and have used as reinforcements

in polymer matrices [1, 2]. Winter of Cellulose Research Institute at ESF found that the

addition of an ounce (28.35 g) of cellulose nanocrystal to a pound (0.45 kg) of plastic resulted in

a 3000-fold increase in strength [3].

This chapter provides an outlook into nanoreinforcements like cellulosic nanofibers and its

reinforcement effects in rubber composites.

8.2 Cellulose

Cellulose is the main constituent of plant structures, bacteria (for example, Acetobacter) and

tunicates. The annual production of cellulose is about 1.56� 1012 t [4]. The chain conformation

and microfibrillar morphology contribute to a significant load-carrying capability. The axial

Young’s modulus of cellulose has been measured to be 137GPa [5], which is similar to aramid

fibers. The cellulosic units have a complex, layered structure consisting of a thin primary wall

that is the first layer deposited during cell growth encircling a secondary wall. The secondary

wall is made up of three layers and the thickmiddle layer determines themechanical properties

of the fiber. Themiddle layer consists of a series of helicallywound cellularmicrofibrils formed

from long-chain cellulose molecules: the angle between the fiber axis and the microfibrils is

called the microfibrillar angle. Such microfibrils have typically a diameter of about 10–30 nm,

are made up of 30–100 cellulose molecules in extended chain conformation and provide

mechanical strength to the fiber. Figure 8.1 represents the structure of the cellulosic

cell wall [6].

Chemically cellulose is a natural polymer consisting of D-anhydroglucose (C6H11O5)

repeating units joined by b-1,4-glycosidic linkages at C1 and C4 position [7]. The degree

of polymerization (DP) is around 10 000. Each repeating unit contains three hydroxyl groups at

C-2, C-3 and C-6 linkages. Cellulose does not dissolve in common solvents or water at its

ordinary state because it crystallizes by intra- and intermolecular hydrogen bond linkages. The

presence of these hydrogen bond linkages is responsible for the chain stiffness and stability of

the conformation of cellulose. These hydroxyl groups and their ability to hydrogen bond play a

Figure 8.1 Structure of a cell wall [6]
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major role in directing the crystalline packing and also govern the physical properties

of cellulose. Solid cellulose forms a microcrystalline structure with regions of high order

(that is, crystalline regions) and regions of low order (that is, amorphous regions). Cellulose is

resistant to strong alkali (17.5wt%) but is easily hydrolyzed by acid to water-soluble sugars.

Cellulose is relatively resistant to oxidizing agents. Although starch has the same basic

structure as cellulose – it is also a polysaccharide – the glucose subunits are bonded in such a

way that allows the starch molecule to twist. In other words, the starch molecule is flexible,

while the cellulose molecule is rigid.

Cellulose exists in several crystal modifications. Naturally occurring cellulose is known as

cellulose I which exists in parallel strands without intersheet hydrogen bonding. Cellulose II is

thermodynamically more stable and exists in antiparallel strains with intersheet hydrogen

bonding. The difference in properties of cellulose I and II arises due to changes in crystal

structure [8]. Table 8.1 shows some of the physical properties of cellulose I and II [9].

Cellulose III is amorphous and obtained by treatment of cellulose I or II with amines.

Cellulose IVis obtained after treatment of cellulose III with glycerol at very high temperatures.

Deguchi et al. [10] reported that cellulose undergoes a crystalline to amorphous transition in

water at 320 �C and 25MPa. The transformation is associated with a large change in

mechanical and chemical properties, just like the gelatinization of starch. The authors predict

that this newly found property of themost abundant and renewable biomass is of significance to

its utilization, for example, biomass conversion.

8.3 Cellulosic Nanoreinforcements

8.3.1 Cellulosic Microfibrils

Cellulose microfibrils can be separated by chemical and mechanical treatments. The diameter

of cellulose microfibril is about 5–10 nm and the length varies from 100 nm to several microns,

depending on the source. Each microfibril consists of monocrystalline cellulose domains

linked by amorphous domains. On acid hydrolysis themicrofibrils undergo transverse cleavage

along the amorphous regions into microcrystalline cellulose or whiskers. The perfect crystal-

line arrangement of whiskers results in a high modulus and makes them act as efficient

reinforcing materials [11–13].

Figure 8.2 represents themicrofibrillar arrangement in cellulose [14]. Despite a highYoung’

modulus, there are problems associated in realizing the full potential of the microfibrils, as the

size of agriculturally based fibers varies depending on the isolation procedure and cellulose

source. Second, the disintegration of cellulose from a plant cell wall at a reasonable cost and

Table 8.1 Some important physical properties of cellulose I and cellulose II

Property Cellulose I Cellulose II

DP 103–104 250–240

X-ray crystallinity (%) 50–75 25–40

Density (g cm�3) 1.53–1.89 1.49–1.55

Breaking strength (dry) cNtex�1 26–50 14–61

Elastic modulus (dry) cNtex�1 2–11 8–40

Water vapor regained at 65% relative humidity (%) 7–8 12–14
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without severe degradation is a problem. Third, the dispersion of microfibrils in a polymer

matrix is difficult as the high density of hydroxyl groups at the microfibril surface induces

strong interaction between the microfibrils and they tend to agglomerate [15].

Cellulose microfibrillar surfaces also provide potential for surface modification using well

established carbohydrate chemistry [16]. Stenstad et al. [17] reported on the chemical

modifications of microfibrillated cellulose (MFC) and observed that the surfaces of MFC

could be activated and functionalized in both aqueous and organic solvents. The surface

modifications used were the grafting of hexamethylene diisocyanate, succinic acid and maleic

acid. Alkali treatment was used by Nakagaito and Yano [18] to enhance the toughness of

microfibrillated cellulose-reinforced phenolic composites. The improvement was attributed to

the transformations in the amorphous regions along the cellulose microfibrils.

In an interesting study, cellulose nanofibril whiskers were synthesized from banana fibers by

the process of steam explosion in alkaline medium followed by acidic treatment. This method

was found to be very effective in the depolymerization and defibrillation of the fiber to produce

banana nanowhiskers. In this study, the authors [19] adopted steam treatment with subsequent

explosive defibrillation. This was followed by characterization with X-ray diffraction (XRD)

studies and transmission electron microscopy (TEM). XRD studies revealed a reduction in

fiber size and an increase in fiber crystallinity. Figure 8.3 shows the TEM of steam exploded

banana fibers in acidic medium revealing a needle like structure. The average diameter of the

nanofibrils was found to be 4–5 nm and the average length of nanofibrils to be 200–250 nm.

Recently researchers have developed cellulose nanopaper from wood fibrils of high

toughness [20]. The high toughness of highly porous nanopaper is related to the nanofibrillar

network structure and highmechanical nanofibril performance. The nanopaper exhibits a large

strain-to-failure,which indicatingmechanisms, such as interfibril slippage,which contribute to

inelastic deformation in addition to deformation of the nanofibrils themselves. Figure 8.4

shows a fibrous nanofibril network film which is fine and web-like, with a highly fibrous

network structure. The nanofibril length is severalmicrons and nanofibril ends are not apparent.

Furthermore, individual nanofibrils are swirled and physically entangled with respect to each

other. The nanopaper sample shows very high toughness, thework to fracture being 15MJm�3,

in uniaxial tension and this was associated with a strain-to-failure as high as 10%. The Young’s

modulus (13.2 GPa) and tensile strength (214MPa)were remarkably high although therewas a

high porosity of 28%.

Figure 8.2 Microfibrillar arrangement in cellulose [14]
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Zuluaga et al. [21] isolated and characterized cellulose microfibrils from banana rachis

using a combination of chemical and mechanical treatments. The morphology and structure of

the samples were characterized using transmission electron microscopy, atomic force micros-

copy and X-ray diffraction. Suspensions of bundled or individualized 5 nm microfibrils were

obtained after homogenization whereas an organosolv treatment resulted in shorter aggregates

of parallel cellulose microcrystallites. It was also found that microfibrils and microcrystals

prepared by both methods can be used as reinforcing filler in nanocomposite materials.

Bhattacharya et al. [22] successfully isolated and characterized cellulose microfibrils from

bagasse fibers. Bagasse fibers were subjected to conventional pulping to eliminate lignin and

hemicellulose. The fibers obtained were separated into constituent microfibrils by a two-stage

homogenization process and finally acid hydrolyzed. Atomic forcemicroscopic (AFM) studies

revealed that the transverse size of the particles varied between 200 nm to a few microns.

Figure 8.5 shows the AFM of the microfibrillar bundles composed of 30 nm nanofibers.

Abraham et al. performed a series of experiments in extracting cellulosic nanofibers from

various natural fibers. Thenatural fibers chosenwere coir, banana, sisal and pineapple.Thefibers

were characterized by different techniques like scanning probe microscopy and XRD [23].

Figure 8.3 Transmission electron micrograph of steam-exploded banana fibers in acidic medium [19]

(Reproduced with permission from B.M. Cherian, L.A. Pothan, T. Nguyen-Chung, G. Mennig,

M. Kottaisamy and S. Thomas, “A Novel Method for the Synthesis of Cellulose Nanofibril Whiskers

from Banana Fibers and Characterization,” Journal of Agricultural and Food Chemistry, 56, no. 14,

5617–5627, 2008. � 2008 American Chemical Society.)

Cellulosic Fibril–Rubber Nanocomposites 201



The scanning probe micrographs (SPM) of modified fibers are given in Figure 8.6. The results

reveal that fiber diameter can be reduced to the nanometer range using steam explosion coupled

with acid hydrolysis. Table 8.2 shows the values of the crystallinity index obtained in the case of

variously treated fibers. XRD analysis of the alkali-treated fibers revealed an increase in the

crystallinity index of the banana and coir. An improvement in the order of the crystallites was

observed as the cell wall thickened upon alkali treatment. The crystallinity index initially

increased but then declined at high alkali concentrations when damage to the cell wall occurred.

Figure 8.4 FE-SEM micrographs of: (a) a cellulose nanofibril film surface showing a fibrous network

(scale bar is 1.5mm); (b) the cross-section of a fracture surface of a film showing a layered structure (scale

bar is 2.0mm); and (c) a fracture surface viewed perpendicular to the film surface (scale bar is 1.0mm).

These films were dried from water suspension. The film in (a) was prepared from DP-1100 and the other

twowere prepared from DP-800 [20] (Reproduced with permission fromM. Henrickson, L.A. Berglund,

P. Isaksson, T. Lindstom and T. Nishino, “Cellulose Nanopaper Structures of High Toughness,”

Biomacromolecules, 9, 1579–1585, 2008. � 2008 American Chemical Society.)
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Figure 8.4 (Continued)

Figure 8.5 Microfibrillar bundles are also observed to be composed of nanofibers (�30 nm) [22]

(Reprinted from Carbohydrate Polymers, 73, D. Bhattacharya, L.T. Germinario and W.T. Winter,

“Isolation, preparation and characterization of cellulose microfibers obtained from bagasse,”

371–377, � 2008, with permission from Elsevier.)
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Recently researchers have successfully isolated nanofibers from soybean and analyzed its

reinforcing capacity in polymers [24].

8.4 Studies on Cellulosic/Latex Nanocomposites

A survey of the literature has shown that studies on cellulosic nanofiber-reinforced latex

composites have been mostly unexplored.With the exception of studies conducted by research

groups in France and recently in India, only a limited amount of work is reported in literature.

Orts et al. [16] investigated the reinforcements effects of cotton microfibrils at a concentra-

tion of 2.5% in latex emulsion. It was observed that the maximum load increased several-fold

and the percent elongation at maximum stress increased twofold. Similar results were also

observed for latex composites reinforcedwith straw derivedmicrofibrils [25, 26]. Figure 8.7(a)

Figure 8.6 Scanning probe micrographs of modified banana fibers [23]

Table 8.2 Crystallinity index values of treated fibers

Fiber stage I (0,0,2) Ic (%)

Raw banana fiber I (0,0,2)¼ Iamo¼ 10.5 —

Steam-exploded banana fiber 16.4 35.97

Steam-exploded bleached banana fiber 22.9 54.18

5% oxalic acid-treated bleached banana fiber 31.1 66.23

Raw coir fiber I (0,0,2)¼ Iamo¼ 4.96 —

Steam-exploded coir fiber 5.19 4.43

5% oxalic acid-treated bleached coir fiber 17.7 71.97
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Figure 8.7 Effect of the addition of 2.5% cotton microfibril to a filmcast from latex emulsion.

(a) Maximum load and (b) percent elongation at maximum load are shown for untreated and microfibril-

reinforcedfilm [16] (With kindpermission fromSpringer ScienceþBusinessMedia: Journal of Polymers and

the Environment, “Application of Cellulose Microfibrils in Polymer Nanocomposites,” 13, no. 4, � 2005,

301–306, W.J. Orts, J. Shey, S.H. Imam, G.M. Glenn, M.E. Guttman and J.W. Revol.)
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and (b) presents the variation of load and elongation at break on the addition of 2.5% cotton

microfibril to latex emulsion.

Favier et al. [27] demonstrated the benefits of reinforcing a polymer with cellulosewhiskers.

The authors used 6% cellulose whiskers derived from tunicate cellulose in a latex polymerized

from styrene and butyl acrylate and observed that the composite films exhibited a twofold

increase in the shear modulus over control films containing no whiskers. The whiskers were

found to form a rigid network linked by hydrogen bonds. The simulation and modeling of the

structures were also reported [28].

Hajji et al. [29] reported on the tensile behavior of nanocomposites from latex and cellulose

whiskers observed significant improvement. The thermomechanical properties of these

nanocomposites were investigated, and the influence of processing conditions and the effect

ofwhisker content were considered. Processing conditionswere found to have a large influence

on the mechanical behavior and can be classified in ascending order of their reinforcement

efficiency: It can be attributed to a decrease of the apparent whisker aspect ratio, due to gradual

breakage and/or orientation of the whiskers when hot pressing or extrusion is used. Above the

glass transition temperature a reinforcing effect was observed, which was related to the

presence of a rigid cellulose network, linked by hydrogen bonds.

Recently banana nanofibers obtained by the process of steam explosion were incorporated in

matrices likePLAandnatural rubber latex to formcomposites [30]. Themain feature observed in

the natural rubber compositewas a high increase in themechanical properties after incorporating

the nanocellulose.Due to the uniformdispersion of the nanocellulose in rubber latex the prepared

composites showed improved stiffness with out any loss of its elastomeric nature. The stress was

higher for all systems containing nanofiber composites than the pure natural rubber sample. This

is an indication of the effectiveness of reinforcement. XRD analysis of the natural rubber/

nanocellulose composite showed the dispersion of nanolayers of cellulose in the polymer matrix

(Figure 8.8). The dispersion of the nanocellulose was further confirmed by SEM (Figure 8.9).

Figure 8.8 XRD curves of the natural rubber/nanocellulose composite [23]
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8.5 Conclusions

This chapter presents an overview of studies on cellulosic nanofiber-reinforced rubber

composites. The properties of cellulose and cellulosic microfibrils have been highlighted.

Though sufficient data is present on cellulosic fiber-reinforced polymer nanocomposites,

studies pertaining to rubber composites are few and need to be addressed in detail. The

problems lie in the tedious process of extracting nanofibers from cellulosic sources and their

uniform dispersion in a continuous matrix. By addressing certain scientific and technical

challenges the possibility of advanced structural materials based on cellulosic nanofibers is

likely to be a reality in the near future.
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Nanofillers In Rubber–Rubber
Blends

Rosamma Alex
Rubber Research Institute of India, Kottayam, Kerala, 686 009, India

9.1 Introduction

Rubbers are used in a wide range of applications and in most of them two or more rubbers are

blended to optimize their all-round performance in service conditions. Most of the synthetic

rubbers require reinforcement with fillers for practical use. Carbon black (10–30 nm) and

precipitated silica (30–100 nm) still remain the conventional fillers for this purpose. Obviously

the key factors for reinforcement by fillers are good dispersion and enhanced interaction with

the rubber matrix. Recently several other nanofillers have received attention for reinforcement

characteristics in rubber, the most promising being organoclay, nanosilica, carbon nanotubes

and nano calcium carbonate.

9.2 Types of Nanofillers

Nanofillers are classified into three types based on their dimensions in polymer matrices.

The three dimensions of the particle can be in the order of nanometers (isodimensional

nanoparticles) and hence appear as spherical particles. Carbon black, silica, aluminum oxide,

titanium dioxide, zinc oxide and silicon carbide are examples for nanoparticle fillers. Only two

dimensions are in the nanometer scale and the third is larger, forming an elongated structure,

as in nanotubes or whiskers or nanofibers. Examples are carbon nanotubes, carbon nanofibers,

cellulosewhiskers, boron nitride tubes, boron carbon nitride tubes and gold or silver nanotubes.

Only one dimension of the filler is in the nanometer range and hence gives a layered appearance,

a few nanometers thick but several hundreds of nanometers long. Layered silicates, layered

graphite flakes and layered double hydroxides are examples for layered nanofillers. Due to the

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen

� 2010 John Wiley & Sons (Asia) Pte Ltd



high adsorption surface energies associatedwith these nanofillers, they have a strong tendency to

form aggregates and agglomerates.

9.2.1 Spherical Fillers

9.2.1.1 Carbon Black

Carbon black fillers are formed from pyrolysis of hydrocarbon materials whilst they are in the

vapor phase. Free radicals produced during breakdown of big molecules promote polymeri-

zation to liquid droplets and finally to solid particles. In late 1960s themicrostructure of carbon

black was determined by microscopic techniques. These techniques reveal that carbon black

seldom exists as single particles but instead as aggregates. The degree of aggregation is denoted

by the term “structure.”A low-structure blackmay have an average of 30 particleswhile a high-

structure blackmay have asmany as about 200 particles per aggregate [1]. The aggregates have

a tendency to cluster together to form agglomerates due to van der Waals forces. This

agglomeration is called secondary or transient structure. Carbon atoms, on the surface of

particles in the aggregates are present in oriented layers. If carbon atoms on the surface have

less crystallite orientation they become reactive compared to atoms present in layer planes,

more reactive if attached to hydrogen atoms and very reactive if present as a resonance-

stabilized free radical. Hence a surface of carbon black can differ in adsorptive capacity and

distribution of sites of higher energy. The principal functional groups identified on the surface

of carbon black are phenolic, ketonic and carboxylic, together with lactones. Commercially

available carbon black fillers have varying levels of structure, particle size, chemical reactivity

and pH that lead to different levels of reinforcement.

9.2.1.2 Silica

Silica (silicon dioxide) constitutes 60wt% of the earth’s crust and generally exists alone or in

combination with other oxides in silicates. Silica exists in a variety of crystalline and

noncrystalline forms. The noncrystalline forms include: (i) vitreous silica (silica glass) formed

by fusion and subsequent cooling of crystalline silica and (ii) amorphous silica that are

composed of small aggregated particles due to intramolecular hydrogen bonding. The surface

of silica and siliceous fillers contain silanol groups which have a higher acidity than hydroxyl

groups of aliphatic silanols and a much higher acidity than hydroxyl groups of hydrocarbon

alcohols. So they form hydrogen bonds withmany compounds likewater, amines, alcohols and

silanols. The primary aggregated particles act as single units in rubber matrix. They can further

agglomerate to the so called secondary aggregates or agglomerates as in the case of carbon

black. Technologically important forms of silica are fumed silica and precipitated silica,

obtained by coagulation of silica particles from an aqueousmedium under the influence of high

salt concentration or other coagulants.

9.2.2 Tubular Fillers

Carbon nanotubes and cellulose whiskers are used as reinforcing nanofillers for composites

with exceptional properties. Carbon nanotubes contain two or more layers that are closed at
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both ends and the diameter range from 3 to 30 nm. Single-walled nanotubes are generally

narrower with diameters typically in the range 1–2 nm and tend to be curved rather than

straight. The tubes can be considered as rolled-up graphite layers in differentmanners. They are

produced by arc discharge process by vaporizing graphite in a helium atmosphere, chemical

vapor deposition or laser ablation. It has amazing mechanical properties and is manyfold

stronger than steel.

Cellulose nanofibres are obtained from wood after suitable chemical treatment. Cellulose

chains aggregate to formmicrofibrils, by hydrogen bonds between hydroxyl group and oxygen

of adjacent molecules. The diameter of these fibrils ranges from 2 to 20 nm with lengths up to

several tens of microns. These microfibrils undergo transverse cleavage into short micro-

crystals under acid hydrolysis. Cellulose microcrystals can be obtained from wheat straw or

cotton by acid hydrolysis.

9.2.3 Layered Clays

Layered clays, composed of platy, or plate-shaped, very fine particles are chemically hydrous

silicates of Al, Mg, Fe and other less abundant elements. The individual clay layers are

aggregated into discrete particles mainly due to van der Waals forces. The clay particles can be

delaminated into discrete nanosized layers in polymer nanocomposites and in absence of

delamination or so-called exfoliation, the particles can have dimensions in themicro scale. They

are designated as phyllosilicates when silicone oxygen complexes have a two-dimensional

infinite layer structure. A layer can have tetrahedral structurewhen oxygen atoms are bonded to

silicon atom or octahedral structure when oxygen atoms are bonded to aluminum atom.

Sometimes in the sheets of silicon and aluminum atoms, silicon atoms get substituted by

aluminum atoms or aluminum atoms get substituted by magnesium atoms. Such isomorphous

substitution generates excess negative charge in the layers. Hence to counterbalance this

negative charge, alkali cations like Ca2þ , Kþ , Mg2þ and Naþ reside in the space between

the layers. The cations in the interlayer region canget exchangedbyother ions, and the ability for

this is related by a term called cation exchange capacity (CEC). It is simply a measure of the

quantity of sites on clay surfaces that can retain positively charged ions (cations) by electrostatic

forces. The layers of silicates are bound together byweakor strong interactions depending on the

chemical structure (Table 9.1).

It is also possible to have positively charged layers with anions intercalated in the interlayer

region together with water molecules so as to form anionic clays. Layered double hydroxides

(LDHs) which have the structure of mineral brucite, Mg(OH)2 can be considered as anionic

clays. In the natural form the hydroxide layers are neutral.When a fraction of theMg2þ ions in

brucite is substituted by trivalent cations such as Al3þ , the resultant hydroxide layers acquire a
positive charge and intercalate various anions, in the interlayer region [2].

Clay minerals are classified by their arrangement of tetrahedral and octahedral sheets,

chemical composition of the layers and type of chemical bonds between the layers. Thus, 1 : 1

clayminerals contain one tetrahedral and one octahedral sheet per clay layer; 2 : 1 clayminerals

contain two tetrahedral sheets with an octahedral sheet between them. In certain situations an

extra aluminumoctahedral layer will form in 2 : 1 clayminerals which can be considered to be a

2 : 1 : 1 claymineral. Suchminerals contain an octahedral sheet that is adjacent to a 2 : 1 layer as

in chlorite clays. In 1 : 1 clays there can be one sheet of silicon atoms (tetrahedral structure) and

one sheet of aluminum atoms (octahedral structure) as in the case of kaolin. Substituting 3Mg
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Table 9.1 The different types of clay used in nanocomposite preparation

Mineral Type Interlayer bonding CEC Swelling Specific surface

area, m2 g�1
Basal spacing,

nm

Kaolinite 1 : 1 nonexpanding Lack of interlayer surface,

strong hydrogen bonding

3–15 Almost none 5–20 0.72

Montmorillonite 2 : 1 expanding Very weak bonding 80–150 High 700–800 0.98–1.8þ
Vermiculite 2 : 1 expanding Weak bonding 100–150 High 500–700 1–1.5

Hydrous mica 2 : 1 nonexpanding Strong bonding 10–40 Low 500–200 1.0

Chlorite 2 : 1 : 1 nonexpanding Moderate to strong bonding 10–40 None — 1.4

(Reproduced with permission from S. Grunwald andK.McSweeney, “Secondary Silicates,” University ofWisconsin-Madison, Department of Soil Science,

http://www.soils.wisc.edu/courses/SS325/silicates.htm#structsil (accessed February 22, 2008).)
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in a kaolin structure [Al2Si2O5(OH)4] results in a serpentine mineral [Mg3Si2O5(OH)4]. In a

2 : 1 assemblage as in the case of a smecticmineral likemontmorillonite (MMT), there are three

sheets comprising of aluminum atoms (octahedral structure) lying between two sheets of

silicon atoms (tetrahedral structure). In smectics substitution is mainly in octahedral layer

while the maximum charge deficit in similar clay likemica is in tetrahedral layer. An interlayer

sheet in chlorite clay is interpreted as Mg(OH)2 while in vermiculite it is thought to

be octahedrally coordinated, 6H2O with Mg2þ . Talc {approximate molecular structure:

[Mg3Si4O10(OH)2]} is also a 2 : 1 layered silicate; the regions between galleries do not contain

cations as the layers are neutral. Thus the crystalline layers of talc are loosely superimposed on

one another and slide over each other readily giving rise to softness and soapy feeling. Mica

{approximate molecular structure: [KAl2Si3O10(OH)2]} carries negative charge in crystalline

sheets and electrical neutrality is accomplished by alkali cationsmostly Kþ (Figure 9.1). Other

layered silicates of importance are hectorite and saponite (Table 9.2). Hectorite ismined only in

limited locations. Most common synthetic clays are hectorite and fluorohectorite.

In fact the clay sheets stack upon one another like a deck of cards. In the case of smectic

minerals when substitution occurs in tetrahedral layers the negative charges form on surface of

silicate layers and lead to better interaction with polymer matrix than cases when substitution

occur in the octahedral layer.

9.3 Role of Nanofillers in Reinforcement

The addition of general fillers to elastomer matrix affects the viscoelastic character by an

increase in viscosity, limitation of chain mobility and improvement in mechanical properties.

The extent to which this change occurs strongly depend on: (i) particle size, (ii) rubber-filler

interaction, (iii) filler-filler interaction, (iv) filler shape and structure, (v) filler concentration

and (vi) filler dispersion in the matrix.

9.3.1 Particle Size

There is a direct relation between surface area and particle size. Surface area can be expressed

by m2 g�1 and particle diameter in nanometers. Fumed silica can have a surface area of

400m2 g�1 and carbon black 1000m2 g�1. Approximately it can be calculated that a compound

with 50 parts per hundred rubber of a reinforcing black like intermediate super abrasion furnace

black (ISAF) has a filler elastomer interface of 35m2 cm�3. Dimensions of the particulate

fillers for reinforcement are generally in the range 10–100 nm.

In the case of layered clays the interlayer distance is around 1 nm. Generally clays are

modified to have expansion in layers for use in elastomers, the interlayer distance is generally

increased by cation exchange using bigger cations and the corresponding expansion in clay

layers depends on the type of cation used (Table 9.3). The alkyl chains of quaternary

ammonium ions that replace the cations generally have 3–18 carbon atoms.

The concentration of cation also affects the basal spacing (d-spacing) [3]. The basal spacing

of the natural sodium montmorillonite clay (Na MMT) is 11.8A
�
. Addition of an alkyl

ammonium cation at a quantity equal to 50% coverage of the CEC enhances this d001 spacing

to 13.6 A
�
while further increase of the surfactant quantity leads to a substantial increase of the

clay d-spacing up to 18.5A
�
at surfactant levels of 150% coverage of the CEC and to 24.2A

�
at

250% coverage of the CEC.
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Clay

Phylosilicates Other silicates

1:1 silicates 2:1 silicates 

Talc Smectics Vermiculite Chlorite MicaKaoline Serpentines

Dioctahedral Trioctahedral Trioctahedral DioctahedralKaolinite,

nacrite

Chrysotile,

rectorite

Montmorillonite, beidellite,

nontronite

Saponite,

hectorite,

sauconite

Biolite Muscovite

Figure 9.1 Various types of clay (Reproduced fromV. Pravdic and I. Sondi, “Electrokinetics of claymineral surfaces,”Encyclopedia of Surface andColloid

Science (http://www.informaworld.com), 3, 2200–2206, � 2006, with permission from Taylor & Francis Ltd.)
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9.3.2 Rubber–Filler Interaction

Three types of interactions affect the viscoelasticity of rubber compounds. These are inter-

actions between rubber molecules, interaction between rubber and filler and interaction

between filler particles. Generally the presence of filler alters the relative segmental mobility

only slightly. However, the interaction between polymer and filler strongly influences the flow

behavior and mechanical properties.

The general equation for increase in viscosity, Z0, due to hydrodynamic effect of particulate

fillers in real rubber filler mixes is governed by the Guth-Gold equation [4, 5]:

Z ¼ Z0ð1þ 2:5 cþ 14:1c2Þ ð9:1Þ

where c¼volume fraction of particulate filler.

Here it is assumed that there is interaction between filler particles and they are nonuniform

in spherical shape. In the case of carbon black-filled vulcanizate the change accompanying

filler addition can be denoted by a change in Young’s modulus. Thus the Young’s modulus of

a vulcanizate containing low concentrations of spherical fillers, E, can be treated like

Equation 9.1 and can be modified as:

Ef ¼ Egð1þ 2:5 cþ 14:1c2Þ ð9:2Þ
where Ef and Eg denote the Young’s modulii of filled and gum vulcanizates respectively.

Though Equation 9.1 is valid for coarse fillers, for nanosized carbon black fillers the actual

increase in modulus is muchmore than what the equation predicts. So Equation 9.1 is modified

Table 9.3 The interlayer d-spacing and gallery thickness of alkyl ammonium exchanged MMT

Cation Interlayer d-spacing, nm Gallery thickness, nm

CH3(CH2)3NH3
þ 1.35 0.39

CH3(CH2)7NH3
þ 1.38 0.42

CH3(CH2)9NH3
þ 1.38 0.42

CH3(CH2)11NH3
þ 1.56 0.60

CH3(CH2)15NH3
þ 1.76 0.80

CH3(CH2)17NH3
þ 1.80 0.84

Table 9.2 Chemical formula and characteristic parameters of commonly used layered clays

Layered silicate Chemical formula1 CEC

milliequivalents/

100 g

Particle

length, nm

Location of

isomorphous

substitution

Montmorillonite [Al1.67 Mg0.33(Na0.33)]Si4O10 (OH)2 110.0 100–150 Octahedral

Hectorite [Mg2.67 Li0.33] (Na0.33)] O10 (OH,F)2 120.0 200–300 Octahedral

Saponite Mg3.00 [Al0.33 (Na0.33)Si3.67] O10 (OH)2 86.6 50–60 Tetrahedral

1Reproduced from W.D. Keller, “Clays,” Encyclopedia of Chemical Technologies, 6, 198,� 1979, with

the permission of John Wiley & Sons, Inc.

Nanofillers In Rubber–Rubber Blends 215



by introducing shape factor (f) which is the ratio of longest dimension of particle to the shortest

and given by:

Ef ¼ Egð1þ 0:67fc þ 1:62 f 2c2Þ ð9:3Þ
The equation becomes valid when f is assumed to values close to 6, though such anisotropy is

notshownbycarbonblack.Howeverif it isassumedthat rubberadsorbedonblacksurfacebyway

of weak interactions or mechanical entrapment (filler–rubber interaction) is a part of filler then

the volume fraction of filler increases and Equation 9.3 becomes more valid. Here the effective

volume fraction of filler is volume fraction of filler plus volume fraction of occluded/adsorbed

rubber. Thus the actual change inmodulus by addition offiller can be related to concentration of

filler.The interactionbetweenrubberandfiller isquantifiedbyboundrubbercontentwhich is the

fraction insoluble in a solvent that generally dissolves NR, like toluene. An efficient method of

estimating Young’s modulus of a rubber vulcanizate is from measurement of hardness.

9.3.3 Filler-Filler Interactions

Filler-filler interactions play a significant role due to breakage of the filler network. In the case

of fillers that form aggregates there can be a breakage and recovery of weak physical bonds

linking adjacent filler-filler aggregates, called the Payne effect [6].

The Payne effect is reflected under cyclic deformations with small strain amplitudes and is

manifest as a dependence of the viscoelastic storage modulus on the amplitude of applied

strain. Above approximately 0.1% strain amplitude, the storage modulus decreases rapidly

with increasing amplitude. At large amplitudes of about 20% the storagemodulus approaches a

lower bound. A pure gum vulcanizate shows a constant modulus over this range of amplitude.

A similar effect called the Mullins effect [7] occurs at larger deformations due to slippage of

polymer chains over the surface of filler particles.Mullins observed that under cyclic loading of

high strains, the virgin material exhibits a relatively stiff response. When the material is

subsequently unloaded, then reloaded, the stress-strain curve follows a significantly softer path.

After several cycles, the stress-strain response stabilizes. If the previous maximum strain is not

exceeded, the effect is relatively permanent. The slippage of chains also contributes to

frictional loss. So the presence of reinforcing fillers can increase heat build-up under cyclic

deformations of high amplitudes along with an increase in permanent set.

The filler particle may serve as physical crosslinks due to physical or chemical interactions

involving filler and rubber. The filler can physically be entrapped in the rubber and acts as a part

of filler. Due to these factors fillers can share in the load-bearing process when vulcanizate is

strained.When fillers contribute in sharing load during deformation their presence in thematrix

leads to higher strength. There is a considerable increase in modulus by the incorporation of

nanofilllers in rubber, which is considered to be due to the overall effect of crosslinking of

polymer network, hydrodynamic effect, polymer-filler interactions whichmay be physical and

chemical and formation of occluded rubber.

9.3.4 Shape and Structure of Filler

There is variation in viscoelasticity and accompanying mechanical properties when the shape

and structure of filler vary. Increase in viscosity with filler loading is much greater for acicular
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clay (attapulgus clay) than clays which occur as platelets (ASP 400 clay). In comparison the

increase in viscosity with spherical fillers (calcium carbonate) is very low. The increase in

viscosity due to variation in shape factor arising from any of the factors described above can be

approximated by Equation 9.2 by replacing the term viscosity bymodulus. Carbon black exists

as aggregates which can be compact, voluminous or branched, and all these factors contribute

to the definition of structure. Structure is evaluated as void volume using dibutyl phthalate

(DBP). On mixing with DBP, when void volumes are filled viscosity shows a sharp increase.

The shape and structure of filler also affects barrier properties. Fillers with a high aspect ratio

(similar to shape factor f used in Equation 9.2) improves barrier properties like air permeability

and solvent diffusion, more effectively than spherical fillers. The exfoliated clay layers and

intercalated bundles strongly restrict the motion of polymer chains which also reduce the

efficient diffusion of gas molecules. The aspect ratio exerts a stronger effect on diffusivity (D)

than on permeability. In a system filled with dispersed particles of aspect ratio a,D is related to

aspect ratio [8]:

D ¼ D0½1�c=ð1þ a=2Þ c� ð9:4Þ

where D0 is the diffusivity of amorphous polymer and c is the volume fraction of filler.

Reinforcing fillers resemble additional chemical crosslinks on their effect in a rubber

vulcanizate. They increase modulus and decrease swelling by solvents. However they show

enhanced creep and compression set.

9.3.5 Filler Reinforcement with Reference to Concentration and Cure

Filler reinforcement is much pronounced with noncrystallizing synthetic rubbers like styrene-

co-butadiene (SBR) and acrylonitrile-co-butadiene (NBR) in comparison with NR. There is an

optimum loading for reinforcement properties such as tensile strength, tear strength and abrasion

resistance whereas stiffness increases steadily with elongation and decreases at higher loading.

For layered clayswhich are used in concentrations of less than 10 parts per hundred rubber (phr)

there is also an optimumconcentration beyondwhich there is re-agglomeration offillers, leading

to inferior mechanical properties, and this is around 5 phr in most polymers. In blends of

ethylene-co-vinyl acetate (EVA)/natural rubber (NR) there is good dispersion at a loading of

2 phr, while at higher loading of 8 phr there is agglomeration of filler in both peroxide and sulfur

cure systems [9]. There is a possibility of good dispersion of nanofillerswhen the individual clay

layers get separated, leading to a structure of exfoliation. In exfoliated condition layered clays

improve the mechanical properties very effectively in low doses in the range 0.5–1.0 phr.

Carbon blacks like high-abrasion furnace blacks (HAF) act as catalysts and accelerate the

vulcanization reaction. During sulfur vulcanization, it is required that sulfur molecules which

exist as rings of eight atoms have to be opened to form active sulfur. Carbon black can help ring

opening process of S8molecules. The dissociation of an accelerator like benzothiazyl disulfide

(MBTS) is faster when it is heated together with sulfur, rubber and carbon black [10].

Generally, the acidic nature of filler and a tendency for absorption of accelerators retard

vulcanization as in the case of silica filler.

Organoclay generally increases crosslink density in sulfur vulcanization. While organo-

clay enhances curing through accelerating effect of quaternary ammonium salt used for

modification, unmodified clay shows cure retardation due to absorption of curative by clay for
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in situ clay modification. Na MMT can adsorb curatives for modification in fluorocarbon

rubber [11]. Amines used for modification of clay can increase the rate of vulcanization in

rubber compounds and also due to their interaction with sulfur promote intercalation of rubber

molecules into galleries, resulting in reinforcement.

9.4 Methods to Enhance Polymer-Filler Interaction and Reinforcement

Confinement ofmatrix within filler also promotes reinforcement. The reduction in filler-filler

interaction and promotion of rubber filler interaction is the basic concept of reinforcement by

nanofillers. They impart reinforcement as long as they are well dispersed, have a polymer-

filler interaction and are compatible with the polymer matrix. These conditions are achieved

by: (i) micromechanical interlocking, (ii) physical and chemical interactions.

9.4.1 Micromechanical Interlocking

Spherical fillers like silica and carbon black exhibit structure and there is the chance for

formation of immobilized rubber leading to reinforcement. In the case of layered silicate, due to

intercalation of polymer molecules confined between gallery regions, rubber becomes im-

mobilized to a small degree. In the case of tubular nanofillers like carbon nano tubes due to

imperfections in the otherwise smooth surface, there can bemechanical interlocking leading to

immobilization in a small degree.

9.4.2 Physical and Chemical Interactions – Modification of Nanofillers

The reactive sites onnanofillers, both those formedduring their productionand those introduced

by suitablemodification, help in reinforcement by enhancing the polymer-filler interaction.The

functional groups present on fillers like carbon black and silica are able to react with functional

groupspresent on rubbers. In the caseof carbonblack thefiller interaction ismainly of aphysical

nature,whereas in the case of silane coupling agent a chemical bondbetween silica and rubber is

established. There can be physical adsorption of rubber on the surface of carbon black during

processing operations. Polymer free radicals are formed during mixing due to the shear forces

generated.Suchfreeradicals reactwithcarbonblack toformboundrubberascarbonblackactsas

radical acceptors. In organoclays polymer can interact with hydroxyl groups present on clay or

suitable groups present on the surfactant used for modification.

Nanofillers like silica and layered clays exhibit poor wettability leading to poor dispersion in

rubber. This can be improved by: (i) surface modification (through the introduction of suitable

functional groups by chemical reactions) and (ii) surface coating. Obviously by these

techniques there is introduction of functional groups on filler surface.

9.4.2.1 Surface Modification of Nanofillers

Spherical Fillers
Surface treatment to improve filler polymer interaction has become very common in rubber

industry. The material used for surface modification is one which is compatible with chemical
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nature of both rubber and filler. Stearic acid and their metallic salts are good examples of

surface active agents. For inorganic nanofillers a coating of the filler surface by stearic acid or

silanes reduces the tendency to agglomerate and also increases compatibility with the rubber

matrix. The surface energy of silica can be reduced by adding glycols or amines in rubber

compound.Nano zinc oxide is stabilized by hydroxyl functional oligomers. Calcium carbonate

is generally coated with stearic acid or even with (g-aminopropyl) triethoxysilane. There is a

limitation for using a coating to increase compatibility with the rubbermatrix. Even though the

properties of polymers are improved by addition of surface active agents, the effect does not last

in humid conditions or during a long storage period. This is solved by introducing suitable

functional groups on the filler surface through chemical reactions.

There are many coupling agents that can be used to enhance polymer-filler interaction and

include silanes, phosphorous esters, titanate coupling agents and chromium acid complexes.

Organosilanes are widely used for the modification of silica surfaces. Coupling agents may be

added directly to polymers or may be fixed to the fillers prior to their addition to polymers.

The reaction between organosilane and silica called silanization brings about hydrophobation

of silica, reduces the filler network and makes silica compatible with polymer [12]. The

reduction depends not only on the degree of hydrophobation but also on the kind of silane used.

Long chains cover the silica surfacemore efficiently and/or form self-oriented layers that shield

the surface than short chain silanes. Silane coupling agents have dual reactivity since they are

capable of reacting both with polymer and filler. The stability of polymer-filler attachment

appears to be related to the strength of covalent bonds between polymer and filler. Surface-

treated clay such as kaolin is prepared by a process in which the clay surface is preconditioned

by treatment with gaseous hydrogen and then functionalized by reaction with a polymerizable

organic moiety of an organic compound. The products are useful as fillers for rubber, resin,

plastic and paper.

Layered Silicates
Layered silicates used in production of nanocomposites are also polar and hydrophilic. Some

polar polymers likeNylon 6 and some type of epoxieswill intercalate into pristine silicates. But

elastomers are highly hydrophobic and there is need for suitable modification of layered

silicates in order to have good dispersion in the matrix.

Themodifiermay be associated with silicate by strong interactions (covalent or ionic bonds)

so as tomake it less hydrophilic. Themost commonly usedmodifiers are alkyl ammonium salts.

Other cationic surfactants like phosphonium, pyridinium and imidazolium salts are also used

for modification. Not only does the clay become hydrophobic but also the interlayer distance

increases by this process. Such modified clays allow rubber molecules to intercalate into the

interlayer space or even tear apart the layers leading to exfoliation of layers. The simplest way

to reduce hydrophilic nature of silicate layers is by surfactant ion exchange method, wherein

the cation of the surfactant enters the layers displacing the ions present in the gallery region and

the result is an organosilicate. In a general process for this first a diluted dispersion of layered

silicate in deionized water is prepared through a process of sonication by which the layered

silicates can be effectively dispersed [13]. To this a solution containing twice the surfactant

stoichiometrically necessary for complete exchange is added. The amount of cation is

calculated based on CEC. The reaction mixture is held at 70 �C for the reaction to complete.

After complete reaction the organosilicate is filtered or centrifuged from reaction mixture and

washed repeatedly to remove excess surfactant and dried.
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In the “molten surfactant exchange method” the reaction is the same but mobility is given to

surfactant by melting it in the presence of silicate. If equilibrium is favorable to start with, the

high temperature helps to drive the ion exchange, allowing the use of an approximately

stoichiometric amount of surfactant (in some cases slightly higher) for complete exchange.

This technique is widely adopted for the large-scale modification of clay. Alternatively

functional groups can be introduced by reactions with suitable agents. Laponite clay is

modified by grafting either g-methacryloyloxy propyl dimethyl-methoxysilane (g-MPDES)

or g-methacryloyloxy propyl triethoxysilane (g-MPTES) onto the clay edges [12].

A functional group can be introduced along with an increase in interlayer distance by

suitable techniques. For instance, MMT is modified with aminosilanes along with surfactants

so as to have an increase in layer spacing and also introduction of functional group [14]. Clay-

modified aminosilanes are reported to show enhanced mechanical properties as in maleic

anhydride-grafted polypropylene clay nanocomposites due to interaction between functional

groups on the clay surface and polymer [15].

Tubular Fillers
Generally it is very difficult to get a good dispersion of carbon nanotubes (CNT) in a polymer

matrix due to the tendency of nanotubes to formaggregates byvanderWaals forces. Theabsence

of functional groups also adversely affects dispersion. Grafting with suitable polymer chains

increases compatibility with polymer matrix [16–19]. A breakthrough for the use of tubular

nanofillers was achieved by chemical bonding of suitable functional groups onto the surface

[20, 21]. Under suitable conditions surfactants, polymers or aromatic compounds get adsorbed

on surface of nanotubes and result in enhanced compatibility with polymer matrix [22].

Modification [23] of carbon nanotubes by oxidation was found to give homogeneous

dispersion of multiwalled carbon nanotubes (MWCNT) throughout SBR matrix and strong

interfacial adhesion between oxidized MWCNT and the matrix, along with considerable

enhancement of mechanical properties of the composite.

9.5 Role of Nanofiller as Compatibilizer

The influence of fillers on the miscibility of rubber blends is of immense technological interest

for both thermoset rubber blends and thermoplastic vulcanizates used in rubber industry. In

rubber blends, there is uneven crosslinking, heterogeneous filler reinforcement and nonuni-

form elastomer mixing that lead to a narrow interphase and poor physical or chemical

interactions between the two phases. All these factors influence the mechanical properties

of rubber blends.

Exfoliated clay layers are capable of severely reducing coalescence between dispersed

domains in polymer blends due to nano level dispersion of clay layers that act as physical

barriers. For instance the dispersed domain size of poly (ethylene-ran-propylene) rubber (EPR)

in incompatible polymer blends of nylon 6/EPR decreases significantly in the presence of a

small amount of organoclay [24]. The dispersed domain size of ethylene propylene diene

monomer rubber (EPDM) in incompatible polypropylene (PP)/EPDM blends is also reduced

significantly by the addition of nanoclay [25]. There are several reports to show that organoclay

acts as a compatibilizer in immiscible polymer systems [26–28]. Compatibilizers act through a

chemical reaction (reactive compatibilization) or by its capability for interaction with blend
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components or its interaction with chemicals present at the interface of blend components.

Most of the interactions are intermolecular forms of attraction such as van der Waals and

hydrogen bonding, based on the polarity of materials (nonreactive compatibilization). The

surfactants present in organoclay also contribute in compatibilization. In polystyrene/poly

(methylmethacrylate) (PS/PMMA), there is a drastic reduction of domain size in the presence

of modified clay which is attributed to the combination of partial compatibilization by

excessive surfactants in organoclays and increased viscosity. It is also possible that two

immiscible polymer chains can intercalate the same clay platelet and play the role of a block or

graft copolymer. Generally graft or block copolymers have similar segments to blend

components and hence act as compatibilizers in blends. If the filler has a strong interaction

with a particular elastomer of the blend it is enriched in that component while it is depleted in

the other.

Carbon black has a stronger interaction with polybutadiene rubber than with butyl rubber

due to large number of unsaturated bonds in the former system and the affinity of carbon

black generally follows the order, polybutadiene rubber(BR) > SBR > polychloroprene

rubber(CR) > NBR > NR > EPDM > isoprene-co-isobutylene rubber (IIR).

Nanoclay also shows preferential migration to specific rubbers when used in blends.

The migration depends on the polarity of polymer and type of surfactant used for clay

modification. In polyurethane rubber (PUR)/NR) blends layered clay preferentially goes to the

PUR phase with which it is more compatible [29, 30]. In NR/EVA blends organoclay has a

strong tendency to be located in the EVA phase [31]. In blends of PP and maleated ethylene

propylene rubber (EPR-g-MA) organoclay showed preferential migration and significant level

of exfoliation in the EPR-g-MA phase.

Organoclay is more compatible with polar rubbers and thus produces intercalated or

exfoliated structures. In a polar rubber like NBR the acrylonitrile content influences the

morphology of the nanocomposite. Within the nitrile rubbers, the ability for exfoliation

decreases as acrylonitrile content increases [32]. In the case of organoclay incorporated SBR

with increasing styrene content, the dispersion of clay and hence mechanical properties show

an improvement [33]. It is difficult to obtain a completely exfoliated structure in nonpolar

systems.

By introducing functional groups the polarity can be changed so as to have better filler

dispersion and hence compatibilizing action as when epoxidized natural rubber (ENR) has

been used as a compatabilizer in NR clay nanocomposites. In the case of a functionalized

rubber like ENR it can affect clay dispersion due to the enhanced interaction and also increased

level of vulcanization by reactions involving the epoxy groups. Thus the presence of polar

rubbers in small proportions or in large proportions as blend components give intercalated or

exfoliated structures. In the case of rubber blends there is the possibility of interfacial

crosslinks, and thus an organoclay incorporated blend consisting of a small proportion of

polar rubber shows improved mechanical properties. Here at least in a small degree layered

clay acts as a compatibilizer. Rubber blends of NR/NBR [34], NR/(carboxylated styrene-co-

butadiene rubber) XSBR [35] and NR/PU [30] have intercalated and exfoliated structures.

The interaction of both blend componentswith suitablymodified nanofiller can influence the

phase morphology of blends. Nanosized calcium carbonate modified by stearic acid acts as a

compatabilizer in blends of styrene-co-acrylonitrile (SAN) and EPDM due to a reduction in

surface energy of filler and enhanced polymer-filler interaction [36]. In 50 : 50 PP/EPDM

blends the size of dispersed EPDM phase is significantly reduced by addition of nanoclay [25].
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The impact properties of PP are considerably improved by incorporation of an ethylene-octene

copolymer and nano calcium carbonate due to the synergistic effect of the latter two

ingredients [37].

In reactive compatibilization, the compatibilizer acts also through a mechanism as a

surfactant by having hydrophobic interaction between hydrophobic parts of both polymer

and surfactant. Chemical interactions involving functional groups also enhance clay disper-

sion. Amaleated rubber such as ethylene propylene rubber-grafted malefic anhydride (EPR-g-

MA) is known to act as impact modifier and compatibilizer for polyamide 6 (PA6)/PP blends.

The synergistic effect of surface modified montmorillonite nanoclay and maleic anhydride-

graftedPP (MA-g-PP) could improve the strength and stiffness of PA6/PP nanocomposites, due

to a better matrix interfacial interaction between the constituent materials [38].

Unmodified clay can be exfoliated by polar rubbers. In Nylon-6/clay/acrylate rubber ternary

nanocomposite, the acrylate rubber particles and clay platelets help each other to disperse or

exfoliate in the Nylon-6 matrix. The silicate layers without organic treatment are exfoliated

with the aid of irradiated acrylate rubber particles and the irradiated acrylate rubber particles

are uniformly dispersed in the matrix with the aid of clay platelets. The novel nanocomposite

prepared by spray dryingmixture of irradiated rubber latex and clay followed by blending with

Nylon-6 shows simultaneously high impact strength, high flexural modulus and high heat

distortion temperature [39].

9.6 Structure Compatibility Concept of NR-Based Latex Blends

9.6.1 Forms of NR Suitable for Blend Nanocomposites

9.6.1.1 Fresh NR Latex

Fresh NR latex is a colloidal dispersion of rubber particles in an aqueous serum and stabilized

by proteins along with smaller quantities of fatty acid soaps formed through lipid hydrolysis.

Fresh latex coagulates by neutralization of the charges present on rubber particles arising from

adsorption of proteins and soaps. The proteins adsorbed react very slowly with acids. As fresh

latex is predominantly protein stabilized system, coagulation of latex takes several hours. The

time of coagulation is reduced by addition of surfactants based on fatty acids to latex before

adding coagulants [40, 41]. The added fatty acid soaps get adsorbed on rubber particles and

remain in the coagulated rubber. This has the added advantage that the uniformly distributed

fatty acids formed during coagulation affect the cure characteristics depending on the type of

surfactant used. Laurates impart excellent cure characteristics andmechanical properties while

oleates give poor aging characteristics.

There is a very high polydispersity for both particle size and molecular weight in fresh NR

latex. Alpha terminal group of rubber chain in fresh latex consists of mono- or di-phosphate

groups linked with phospholipids. The association or micelle formation of phospholipids is

expected to form long chain branching of molecules [42].

9.6.1.2 Latex Concentrates

Latex concentrates are obtained by centrifugation or creaming process. During the centrifu-

gation of ammonia preserved NR latex comparatively bigger particles separate into the
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creamed fraction as centrifuged latex and smaller particles separate into skim fraction. A

similar process takes place during the creaming operation performed by the addition of

creaming agents like alginates, a small quantity of which remains in the creamed latex. The

particles in NR latex concentrates are stabilized predominately by fatty acid soap-based

surfactants and consequently coagulate quickly on addition of acids. The rubber molecules are

highly entangled and branched. The products prepared directly from latex have high strength

due to long chain branching and high molecular weight, as the branched structure of rubber

molecules remains even after drying them into films [43].

9.6.1.3 Skim Latex

Skim latex is a protein-rich byproduct obtained during the centrifugal concentration of natural

rubber latex.Normally, the rubber content of skim latex is in the range 2–10%. It contains about

two-thirds of the total serum from the field latex. The average size of its rubber particles is

smaller than that of field latex. In addition to the water soluble substances in serum, latex

contains higher quantity of proteins which are mainly distributed as adsorbed ions on the

surface of the rubber particles. It contains a higher quantity of fatty acid soaps and has more

metallic contaminants like manganese and copper ions. Due to these factors coagulation is

difficult, and the rubber recovered has a faster-curing behaviorwith a higher hardness,modulus

and higher compression set along with poor aging characteristics depending on the content of

pro-oxidants.

The rubber molecules are found to be linear and have no fatty acid ester groups linked to the

chain ends. Due to this chain entanglement involving fatty acid ester group of phospholipids is

reduced and consequently shows reduced green strength [43, 44]. Due to these factors there is

enhanced ability of intercalation as compared to rubber molecules that show long chain

branching due to intermolecular interaction.

9.6.1.4 Prevulcanized Latex

One advantage of latex concentrate is that it can be prevulcanized. Prevulcanization is a

modification carried out in NR latex for the production of latex-based goods. On heating latex

with curatives added as dispersions it is possible to crosslink the individual particles in latex

without destroying the colloidal character. It appears that the crosslinking takes place in

individual particles so that after prevulcanization the rubber particles have the same shape, size

and distribution as the initial latex. Prevulcanization is carried out by reactions of latex particles

with sulfur and accelerators in presence of activators by heating at temperatures around 50 �C
for about 2–4 h. Alternatively by heating latex with peroxides and activators at specific

temperature for specified time or by exposing latex to high energy radiation like gamma rays, it

is possible to prevulcanize latex.

The level of prevulcanization is assessed by coagulation with chloroform. Unvulcanized

latex coagulates as a consolidatedmass,while fully prevulcanized latex coagulates as a powder.

NR vulcanizates in powder form can be obtained by coagulation of fully vulcanized NR.

Ultrafine fully vulcanized powdered rubber prepared by irradiation of natural rubber latex

containing sensitizers with rubber particles of size 50–150 nm find use as impact modifiers

when blended with plastics [45].
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9.6.1.5 Dry Natural Rubber

The color of dry NR generally varies from a light honey color to black. However, the pale latex

crepe rubber obtained using suitable processing techniques including a bleaching process for

the removal of coloring agents, is white in color.

The linked unsaturated fatty acid groups of NR molecules undergo oxidation to form

carbonyl groups and produce intermolecular crosslinking involving the proteins. This leads to a

storage hardening process for dry NRwhich is generally quantified by an increase in viscosity.

The green strength of natural rubber is attributed to long chain branching, interaction between

polar groups, presence of gel and chain entanglement. The rubber molecules undergo

crystallization on stretching to about 300%. The difference in these factors account for the

difference in green strength within different types of NR or other elastomers [46–48].

9.6.2 Important Synthetic Latices used in Blend Nanocomposites

The majority of synthetic latices of industrial importance contain copolymers based on

styrene, butadiene, acrylonitrile and so on and a homopolymer based on chloroprene [49].

Emulsion copolymerization provides a way of fixing dissimilar monomer repeat units

to remain in close proximity in the polymer phase. The important types of synthetic latices

are: (i) styrene butadiene copolymer latices, (ii) acrylonitrile butadiene copolymer latices,

(iii) polychloroprene latices, (iv) vinyl acetate polymer latices, (v) acrylic latices and

(vi) vinyl chloride and copolymer latices. A typical aqueous emulsion polymerization is

carried out by slowly stirring water, monomer, initiator and surfactant. At a suitable

temperature the initiator decomposes to give free radicals that initiate the polymerization

reaction. The reaction may be controlled by adjusting temperature and time, by the addition

of a short stop and by removal of unreacted monomers.

Synthetic latices are made of spherical particles, much smaller and more uniform in size

in comparison with natural rubber latex. They are coagulated by acids, metal salts and

certain solvents. Since they have larger quantity of surface adsorbed stabilizers, usually

soap, they dry slowly. Mechanical stability of synthetic latex is generally superior to NR

latex. Even with high levels of colloidal stabilization rubber particles are rarely saturated

with adsorbed stabilizers. Hence when mixed with NR latex there is tendency for adsorption

of stabilizers present on NR latex and to cause microflocculation. The wet gel strength of

synthetic latex is generally lower than NR latex mainly because interparticle integration is

hindered by branching present in polymers along with the presence of high amount of

colloid stabilizers. Concentration by centrifugation is usually not possible because particles

are too small and in some cases the difference in specific gravity between particle and

dispersion medium may not be sufficiently large. Functional groups introduced in rubbers

provide additional sites for vulcanization, improves compatibility with NR and also confer

special properties to the rubber.

Introduction of functional groups in acrylonitrile butadiene or styrene butadiene copolymers

results in rubbers with superior properties as in carboxylated acrylonitrile-co-butadiene rubber

(XNBR) and styrene-co-butadiene rubber (XSBR). There is enhancement in mechanical and

chemical stability for latex along with improvement in wetting characteristics and adhesion to

fibrous fillers. Generally the rubber shows enhanced chemical resistance and improved

adhesion to other matrices. The superior resistance of XNBR to oil and solvent along with
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abrasion makes it suitable for industrial glove dipping. The degree of carboxylation has

significant effect on latex dipping performance. The accepted level of carboxylation is between

3 and 6%. At the highest level, it causes excessive stiffening with ZnO. In XSBR, levels of

carboxylationvary from 1% tomore than 10%while the styrene content varies from 45 to 60%,

which is considered to be the optimum range for good mechanical properties.

Among the additional reagents that react with carboxylated polymers are metal oxides,

polyamines and epoxies. Considerable use is made of such reagent for the crosslinking of

polymers contained in carboxylated synthetic latices. Vulcanization is generally carried out by

sulfur and accelerators. In addition peroxide curing is also employed. Vulcanization by gamma

radiation and electron beam is also practiced.

9.7 Solubility Parameter and Mixing of Latices

For mutual solubility or miscibility, the difference between the solubility parameter values of

polymers 1 and 2 must be less than 1. In the case of rubbers with a wide difference in polarity,

suitable compatibilizers are incorporated in small proportions to enhance miscibility when

used in blends. The compatibilizers used generally are those that have segmentswith chemistry

similar to each of the blended components. Methyl methacrylate-grafted natural rubber acts as

a compatibilizer in blends of NR and NBR [50].

Polar interactions or any interactions leading to crosslink formation favor compatibility

between rubbers during mixing. Functionalized forms of NR are well known to have

interactionswith suitably functionalized synthetic rubber. For example, blends of carboxylated

nitrile rubber and epoxidized natural rubber crosslink without the aid of vulcanizing

agents [51].

Along with interactions between rubbers there is the possibility of covulcanization in latex

blends. Prevulcanization of one of the phases and covulcanization involving blend components

is expected to increase dispersion of nanofillers.

9.7.1 Particle Size and Molecular Weight

The particle size of freshHevea latex can have a bimodal distribution with a mean diameter of

1.07mm [52] and in some cases a lower size range of 0.08–0.75mm [53]. The particle size of

skim latex is shown to be about 0.1 mm [54] or in the range 0.07–0.99mm [55]. This is expected

because particles which are small generally separate into skim fraction.

For fresh NR latex particle size varies from 50 to 1300 nmwhile synthetic latices are smaller

in size. The average particle size of high ammonia centrifuged latex is about 510–600 nm, of

low ammonia latex concentrate is 480–500 nm and of creamed latex is about 494 nm.With this

there is the possibility of selecting NR latex of suitable particle size appropriate for blending

with synthetic rubber latices. NR present in latex particles has a number average molecular

weight of about 5� 105 gmol�1 while synthetic rubbers generally have a lower molecular

weight. It is believed that rubbers present in smaller particles of natural rubber latices have

higher molecular weights [53]. However, more extensive analysis is required to understand

correlation between rubber particle size and the molecular weight in different rubber

yielding plants.
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9.7.2 Nonrubber Solids and Total Solids Content

In latex, the interphase of polymer particle-aqueous phase develops an electrostatic charge due

to adsorption of ionized surface activematerials. In the presence of the preservative, ammonia,

the fatty acids obtained from phospholipid hydrolysis form fatty acid soaps and adsorb onto

rubber particles. Fatty acid soaps added to latex also get adsorbed onto rubber particles. In

synthetic rubber latices in spite of the presence of higher nonrubber solids there is an absence of

full coverage of rubber particles by surfactants. In a latex blend system comprising of particles

with different chemical structure and size there exists the possibility of a change in the nature of

functional groups bound to the surface of rubber particles due to displacement of less-active

surfactants by the more-active ones. The fact that by judicious choice of surfactants, the nature

of adsorbents, their interaction with modified clay and their sensitivity to coagulants can be

controlled plays a major role in production of rubber blend nanocomposites.

9.8 Preparation of Nanocomposites

Two different approaches are generally used for the production of polymer nanocomposites

based on layered silicates. One approach involves enhancing themobility of polymer chains, in

the presence of silicate layers due to thermodynamic compatibility between polymer and clay.

This technique is employed inmelt blending, solvent casting and latex stage compounding. The

other approach attempts to literally force the layers apart through the preferential insertion of

material in the interlayer galleries by in situ polymerization techniques.

9.8.1 Solution Blending

Solution blending is used mostly for composites based on layered and tubular nanofillers. Here

alsomodified clay is effective as compared to unmodified clay. The layered silicate is dispersed

in suitable solvents along with the polymer and thoroughly mixed. At the end of the reaction,

solvent is allowed to evaporate. The curatives can be added either before solvent removal or in

the dry form after solvent removal. The solvent not only helps in increasing the layer spacing

but also imparts mobility to the rubbermolecules. The dispersion is expected to be enhanced as

compared to melt intercalation. Addition of a modifier like silane coupling agent along with

clay further enhances the compatibility with rubber matrix [56].

9.8.2 Latex Stage Compounding

In the manufacture of rubber products it is a requirement to add various quantities of fillers,

plasticizers, curatives and other ingredients prior to thevulcanization step. Intimatemixing of the

ingredients call for energy consuming and expensive equipments like intermix or two rollmixing

mill. Further it is very difficult to disperse the different ingredients and there are chances of fine

powders going into the surrounding air. This leads to health concerns due to inhalation and

environmentalpollution.Latex stagecompoundingoffersapotential alternative in rubberproduct

manufacture due to thesemajor concerns of energy consumption, health hazards, increased labor

andenvironmentalproblemsas themethodiseasyandsimple.Beingknown thata largenumberof

rubberypolymers that need tobeused inblendsareavailable commercially asnatural, syntheticor

artificial latices, there exists the possibility of a simple and environmental friendly means for
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production of latex based nanocomposites. By blending with synthetic latices some problems

related to protein allergy of NR latex can be alleviated. Low viscosity of latices enables the

application of high shear forces during mixing. Suitable modification in the coagulation char-

acteristics and nonrubber solids can be introduced. By latex stage compounding there is the

possibility of using prevulcanized latex that can directly be converted into nanocomposites or

nanofiller incorporated latex that can be coagulated, dried and then processed conventionally.

Comparatively higher amount of fatty acid soaps are adsorbed on rubber particles of bothNR

and synthetic latices.Water is a good agent for expansion of clay layers. Hence organoclay gets

more uniformly dispersed in latex blends. The coagulation characteristics and interaction

between rubber and filler can be enhanced by the type of nonrubber ingredients in latex. Latex

stage mixing has been commercially used in the production of carbon black master batch.

9.8.2.1 Mode of Incorporation of Compounding Ingredients

Homogeneous dispersions of polymers, a requirement for enhancement of mechanical

properties in polymer blends is easily achieved in polymer blend nanocomposites by mixing

the ingredients in emulsion forms. Usually dispersions of nanofillers like carbon black, silica,

layered clays, calciumcarbonate and so on, prepared using suitable surfactants, are added to the

latex under slow stirring. Rather than adding as dispersions, nanosized fillers can be produced

in the matrix by a precipitation process.

Carbon Black Master Batches
The advantages of using master batches instead of carbon black itself include improved

cleanliness, higher filler loading, improved dispersion, reduced power requirement of mixing,

convenience of storage, handling andweighing.Disadvantages are the interference of adsorbed

dispersing agents used during preparation of dispersion that may lead to partial deactivation of

the filler surface. In addition there are reports of the likely intervention of polymer-filler

interaction due to the presence of proteins in latex that adsorb on the surface of carbon black and

reduce polymer-filler interaction [57].

The basic method is to mix polymer latex with slurry and then coagulate the mixture with

chemicals. With this method there is improvement in filler dispersion as compared to mill

mixing. However, the coagulation and mixing times are longer. It is necessary to add acid at an

elevated temperature to get a firm coagulum. The pH should be maintained above 7.5.

In a typical process the carbon black slurry is prepared by finely dispersing it in water

mechanically without using surfactants. The slurry is injected into the mixer at very high speed

and mixed continuously with NR latex stream. Under the highly energetic and turbulent

conditions themixing and coagulation of the polymer with the filler ismechanically completed

at room temperature in a very short time. After dewatering, the material is dried with minimum

exposure to high temperature to prevent oxidative degradation. It is reported that when filler is

well dispersed in polymer, the aggregates tend to re-agglomerate during storage and vulcaniza-

tion [58–60]. By suitable surfacemodification this re-agglomeration is reduced to a satisfactory

level. A substituted aromatic ring or chain can be attached on the surface of carbon black by

decomposition of a dizoniumcompoundderived froma substituted aromatic or aliphatic amine.

When carbon black surface ismodifiedwith 4-aminophenyl disulfide (APDS) there is an added

advantage that sulfidegroups are able to reactwith the polymer during vulcanization, increasing

the polymer-filler interaction. This results in excellent dispersibility and stable dispersions of
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carbon blacks in aqueous media. Fluffy carbon black received as slurry in water is also directly

added. Carbon black master batches are popular with NR, SBR and XSBR.

Nanosilica in situ Formation
The particle size of precipitated silica filler used in rubber industry is in the range 20–80 nm.

Because of the small size and the large specific area the incorporation of silica into rubbers by

normal mixing techniques gives rise to poor dispersion, increase of viscosity and deactivation

of curing agents. These problems are solved to a great extent by in situ silica formation. The

earlier methods were based on a sol gel process, where silica is formed in the rubber matrix by

polymerization of tetraethoxysilane (TEOS). The reaction takes place in two steps: hydrolysis

and condensation, to produce silica [61–64]. In situ polymerization of TEOS is possible with

different elastomers like in silicon rubber, ENR, SBR and NR. The compatibility of in situ-

formed silica with rubber is improved by using organotriethoxysilane together with TEOS so

that alkyl groups can be introduced on silica surfaces.

However this method has a disadvantage of use of large amount of solvent and long reaction

time. This can be overcome by suitable in situ precipitation methods in the latex stage by

addition of sodium silicate followed by precipitation using ammonia or sulfuric acid. On

addition of acid to a dilute solution of silicate, silica sol is formed. Silica is precipitated from

silica sol by adjusting salt concentration and pH. Precipitating agents include sodium, calcium,

other polyvalent metal cations and ammonium ions.

Layered Clay Nanocomposites
Rubber nanocomposites are said to be formed in situ within an elastomer matrix by addition of

organoclaywhen there are at least partially exfoliated or intercalated clay platelets. They are also

formed by unmodified clay when the rubber molecules separate the clay particles into either

individual layers or just silicate layer aggregates of nanometer thickness without the intercala-

tion of rubber molecules into clay galleries. This is owing to the combined effect of clay layer

expansions by hydration of intergallery cations like Naþ or Kþ and shear forces exerted during

slurry preparation. Several rubber–clay nanocomposites, NR-clay [18, 65], NBR-clay [66],

XNBR-clay [67], SBR-clay [68–70] and so on are prepared by directly co-coagulating the

rubber latex and clay aqueous suspension followed by traditional mixing and vulcanization.

Owing to good clay dispersion, modulii, tensile strength and barrier property improvements are

observed in rubber nanocomposites at comparatively low concentrations of up to 5 phr.However

at higher loadings of clay about 10 phr the clay layers inhibit the strain-induced crystallization of

NR. Alternatively nanocomposites are also prepared by adding aqueous clay dispersion to

prevulcanized latex followed by vulcanization [71].

Latex nanocomposites can also be prepared by carrying out emulsion polymerization of

suitable monomers by conventional method in presence of modified clay dispersions [12]. For

example a laponite nanofiller can be modified by grafting g-methacryloyloxy propyl dimethyl-

methoxy silane onto clay edges or exchanging interlayer sodium ions by a free radical initiator.

This functionalized clay isdispersed inwater, andnanocomposite latex is synthesizedbyusinga

mixtureof styreneandbutylacrylate alongwith sodiumdodecyl sulfateasananionic surfactant.

Carbon Nanotube Latex Blends
Suitably incorporated carbon nanotubes provide a certain level of reinforcement in rubbers. It

also provides electrical conductivity depending on the volume fraction of filler in rubber

matrices that are generally thermal and electrical insulators.
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Dispersion characteristics of carbon nanotubes in NR can be improved by suitable

modification [72]. Carbon nanotubes are incorporated in rubber matrices after dissolution of

rubber in suitable solvents followed by evaporation of solvent or by direct addition as

dispersion to latex followed by conventional processing methods. Twelve-fold

modulus enhancements by solution method has been reported [73]. During addition in the

latex stage, the type of surfactant plays a major role in controlling the properties of

nanocomposites.

9.8.3 Melt Intercalation

To facilitate intercalation and exfoliation usually modified clay rather than unmodified is

used. Structure and properties of rubber clay nanocomposites depend on type of rubber, type

of intercalant, melt blending conditions and vulcanization process. Better dispersion of clay

also imparts transparency in nanocmposites when vulcanized with di-cumyl peroxide. As a

large variety of elastomers are available in dry rubber forms and not as latex, melt

intercalation provides an easy route for production of nanocomposites. For instance

nanocomposites based on EVA, IIR and so on are easily prepared by addition of organoclay

as dry powder during the mixing operation [74–77]. Generally rubber molecules that have a

low molecular weight and contain functional groups have a greater chance for intercalation

than molecules with a lowmolecular weight and a nonpolar nature [78]. In a nonpolar rubber

like EPDM, the presence of stearic acid results in very good dispersion of clay due to the

chemical reactions leading to ester formation involving carbonyl groups of acid and

hydroxyl group of clay [79]. The level of intercalation also depends on the chemical nature

of the surfactants used for modification. For instance a hydroxyl group-containing inter-

calant like methyl tallow-bis-(2 hydroxyethyl) quaternary ammonium ion shows better

dispersion in comparison with that which does not contain hydroxyl groups in polymer

matrices like hydrogenated nitrile rubber (HNBR) due to the possibility of hydrogen

bonding.

With the possibility of interaction between intercalant and vulcanizing agent there can be

expulsion of modifiers from the clay galleries, leading to some sort of de-intercalation.

Thus, the level of dispersion is lower when there is the possibility for interaction with

curatives. For example, in rubber nanocomposites, octadecyltrimethylamine-modified

MMT shows a higher level of dispersion than octadecylamine-modified MMT, as the

latter is more reactive with curatives [80]. In the case of natural fibrillar silicate minerals, a

silane coupling agent improves dispersion in the rubber matrix, especially in SBR. This

advantage includes a better interaction with rubber along with enhanced vulcanization as

the sulfur atoms of the silane coupling agent (Si 69) also participate in the vulcanization

reaction of SBR.

9.9 Rubber Blend Nanocomposites Based on Skim NR Latex
andFreshNRLatex: Preparation, Characterization andMechanical
Properties

As the nonrubber constituents in skim latex are higher, leading to a faster cure, the particle

size is small the rubber molecules have a more linear structure, and there is the possibility of
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a good interaction with synthetic latices when used in blends with them. A higher

interaction with modified clay is also expected due to the ability for linear molecules to

intercalate into clay galleries. Skim NR latex has a low dry rubber content of 2–6% and

hence limits its use in direct blending of high proportions with synthetic or NR latices

owing to problems of handling large volumes of latex and coagulation. Hence it is necessary

to increase the dry rubber content by suitable methods for practical purposes. Skim latex

undergoes a creaming process easily in the presence of a creaming agent like ammonium

alginate. Alternatively creaming also takes place in presence of alkali and surfactant on the

general principle of creaming [81]:

dh=dt ¼ �ðr�sÞgx2=18Z ð9:5Þ

where dh/dt is the speed at which rubber particles rise to the surface, r is the density of rubber

particles, s is the density of dispersion medium, x is the diameter of rubber particle, Z is the

viscosity of dispersionmedium and g is the acceleration due to gravity. In presence of alkali and

surfactant the proteins adsorbed on rubber particles reduce due to alkali hydrolysis and

displacement of proteins and natural soaps by active soaps. These changes lead to loose

coherence of rubber particles without actual coalescence. Thus there is an apparent increase in

rubber particle size and an increase in both the density and viscosity of the dispersion medium,

all of which contribute to the creaming process [82].

Thismethod has the advantage that there is not only also an increase in dry rubber content but

also reduction in particle size. Blends of skim latex and NBR latex at different proportions can

undergo co-creaming (Figure 9.2). Suitably concentrated skim latex can also be used for

production of NR nanocomposites either in a pure form or in blends with synthetic latices. In

the presence of skim latex there is a displacement of less-active surfactants by the more-active

ones, leading to an increased tendency for colloidal destabilization by acids when used in

blends with other latices. Due to these changes, the sensitivity of latex blends to coagulation is

also improved by the presence of suitable surfactants. The presence of nonrubber ingredients,

specifically the fatty acids, help in a better rubber-filler interaction and filler dispersion. Due to

Figure 9.2 Photographs showing the creaming process of skim natural rubber latex/NBR latex with a

dry rubber content of NR/NBR of: (a) 75/25; (b) 50/50; and (c) 25/75
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good filler dispersion and filler-rubber interaction NR/NBR blends prepared from skim latex

show very good mechanical properties. The possibility of intercalation results in enhanced

modulus and tensile strength, with comparatively good elongation in skim NR and in blends

with NBR (Table 9.4).

Quick coagulation of fresh NR latex provides a novel method for the production of

nanocomposites. In the case of fresh NR latex, if suitable fatty acid soaps are added, there is

a displacement of protein anions by added fatty acid soap anions which sensitize latex to

quick coagulation by acids. These fatty acid soaps get precipitated to corresponding fatty

acids and remain on the rubber after coagulation. Such fatty acids can enhance filler

dispersion. Hence organoclay gets more uniformly dispersed in latex blends due to

interactions involving nonrubber ingredients. As a result of quick coagulation the well

dispersed clay is expected to remain unaggregated in the latex coagulum (Figure 9.3). NR/

NBR or NR/XNBR blends can be easily prepared by a process of quick coagulation of latex

blends. The blends have enhanced mechanical properties and oil aging characteristics

(Table 9.5).

9.10 Advantages of Nanocomposites and Application of Rubber
Nanocomposites

At low concentrations nano particles improve stiffness, strength, abrasion resistance,

barrier effect, electrical conductivity and flame behavior in rubber vulcanizates. Improve-

ment in air permeability (Figure 9.4) along with uniform filler dispersion gives more surface

finish and fewer rejections in large-scale production of thin-walled goods like thin films,

gloves, balloons, medical items and so on (Figure 9.5). Potential industrial applications of

Table 9.4 Mechanical properties of NR/NBR blends based on skim NR latex1

Parameter Skim NR NBR (35% acrylonitrile

content)

NR/NBR 25/75 blend

Gum With 5 phr OC

Modulus 100%, MPa 1.05 1.53 1.05 1.42

Modulus 300%, MPa 1.99 3.71 2.04 3.16

Tensile strength, MPa 22 4.1 18.15 20.82

Hardness, shore A 50 50 47 52

Compression set, % 20 35 26.7 27.4

Heat build-up, �C 14 28 24 26

Elongation at break, % 600 380 650 740

ZnO 5 phr, stearic acid 1 phr and antioxidant 1 phr were used for all mixes.

S/CBS for NR was 2.5/0.8 phr, S/CBS/MBTS for NBR was 1/1.7/0.4 phr, S/CBS/MBTS for blend was

1.4/1.5/0.3 phr.
1Skim latex is used without creaming.
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Separation of clay layers due to high shear forces generated during    

preparation of dispersion  
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Figure 9.3 Schematic diagram showing formation of rubber nanocomposite from fresh NR latex
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rubber nanocomposites include a large number of latex and dry rubber goods. Some of them

are foams, catheters, tubes, packing membranes, tire inner tubes, sports goods, inner

bladders of play balls, ball covers, automobile components, electrical devices, applications

where electrical heating is required, electrical shielding, sensing devices and related

products.

Table 9.5 Mechanical properties of NR/NBR and NR/XNBR blends based on fresh NR latex

Parameter NR1 XNBR NR/NBR2, 25/75 NR/XNBR, 25/75

Gum OC filled OC filled

Modulus 100%, MPa 0.97 3.25 1.44 1.96 3.26

Modulus 200%, MPa 1.5 7.2 2.50 3.25 6.14

Modulus 300%, MPa 2.4 — 3.73 4.80 11.06

Tensile strength, MPa 23.5 11.8 7.32 8.98 13.9

Hardness, shore A 40 72 59 62 65

Resilience, % 80 6 58.3 51.2 7.0

ASTM fuel c absorption 10 d/33 �C,
% weight of oil absorbed

310 127 70 63.89 201

NR was cured by ACS1 formulation, S/CBS/TMTD for NR/NBR blend was 1.15/3.1/0.3 phr, S/MBTS/

DCP for NR/XNBR blend and XNBR.
1Fresh NR latex.
2NBR latex of 40% acrylonitrile content.
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Figure 9.4 Air permeability of NR nanocomposites with nanoclay (Cloysite 91A) from latex

concentrate (prevulcanized latex films 0.5mm thick) and fresh NR latex (compression molded

test slabs 2.5mm thick) as obtained from the Lyssy gas permeability tester (model L 100–5000,

Switzerland)
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10.1 Introduction

Polyurethane chemistry, first discovered by Otto Bayer in 1937, encompasses the series of

polymers whose molecular backbone contains a significant number of urethane linkages,

regardless of the content of the rest of the macromolecule [1]. The urethane linkage is formed

via the reaction between an isocyanate group and a hydroxyl group. Initial studies into these

polymers focused on forming linear polyurethanes by reacting diisocyanates with diols;

however, it was quickly realized that by varying the structure and molecular weight of the

reactants, a series of polymers with wide ranging properties could be produced [2]. Early work

focused on polyester-based polyols; however, the enhanced hydrolytic stability and immense

versatility afforded by the broader family of polyether-based polyols, quickly saw them

become the preferred reactant in polyurethane synthesis [2]. The vast selection of polyols,

isocyanates and chain extenders allows polyurethanes to be varied from soft thermoplastic

elastomers to adhesives and coatings to flexible foams and rigid thermosets; however, this

chapter focuses solely on the elastomeric thermoplastic polyurethanes (TPUs).
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10.2 Market

TPUs are a member of the broader class of thermoplastic elastomer (TPE) materials. TPEs

combine the flexibility and resilience of rubbers with the processability of plastics. Global

demand for TPEs is forecast to increase 6.3% annually through 2011 to 3.7 million tonnes

(Freedonia, April 2008). TPU materials currently comprise approximately 15% of the volume

of TPE sold annually [3].

Some common applications for TPEs include automotive interiors, footwear, asphalt

modification, overmoldings such as soft feel grips, cell phones, closures, seals and adhesives,

cable jacketing, sport and leisure items, packaging, buttons, building and medical equipment.

The various TPE classes compete on the basis of flexibility, ultimate properties, adhesion and

compatibility with other part components, chemical resistance and price.

The broader TPE family is comprised of the following five groups of materials.

10.2.1 Styrene Block Copolymers

This group is at the low-cost end as they are produced in a single polymerization step from

relatively cheap monomers. The group consists of several major polymers: styrene block

copolymers (SBS), SIS and SEBS. Themain application for SBS is asphaltmodification. SIS is

mainly used for adhesives and sealants. SEBS is used for soft feel grips, particularly on low-

cost items such as razors and toothbrushes.

10.2.2 Thermoplastic Olefins

Thermoplastic olefins (TPOs) demonstrate a wide range of costs and performances. While

a compounding step is generally required, recent developments in catalyst technology allows

these polymers to be produced in a single polymerization step. As a result TPOs are challenging

higher-priced TPEs in some markets, particularly automotive, where they are used in

applications such as fender bars and body side moldings.

10.2.3 Thermoplastic Vulcanizates

These materials consist of a cross-linked rubber phase dispersed in a thermoplastic matrix. The

original material (Santoprene) was based on EPDM rubber in polypropylene, but many other

combinations now exist. The cross-linked rubber phase gives a significant improvement in

compression set (resilience) which allows the use of thermoplastic vulcanizates (TPVs) in

more demanding applications. For example, they are widely used in window glazing seals due

to long-term sealant properties provided. The cost of these materials is generally higher due to

the secondary compounding and cross-linking stage required.

10.2.4 Copolyester Elastomers

Copolyester elastomers (COPEs) are relatively expensive, high-performance materials with

outstanding toughness and fatigue properties. They are used in applications such as automotive

constant-velocity joint boots, subject to long-term flexing under demanding conditions.
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10.2.5 Thermoplastic Polyurethanes

Thermoplastic polyurethanes (TPUs) are very versatile materials with high performance

characteristics, although they are typically more expensive than TPVs. Variation of the

polyurethane chemistry allows a very wide range of materials to be produced from hard,

durable ski boot grades to soft feel grips. A growing application for TPUs is for the

production of Spandex elastic fibers via melt spinning rather than solution spinning. Footwear

and automotive are the other major areas of application for TPUs. Specialized TPUs

have become standard for biomedical applications including implantable device components

such as pacemaker lead insulation, where they offer good flexibility, biostability and

biocompatibility.

10.3 TPU Chemistry, Morphology and Properties

TPUs are linear, block copolymers of alternating hard and soft segments. The soft segments are

composed of long-chain diols (typically polyester- or polyether-based) with a molecular

weight of 1000–4000 gmol�1, whilst the hard segments commonly consist of alternating

diisocyanates and short-chain extender molecules [1]. Thermodynamic incompatibility be-

tween the segments results in phase separation and subsequent organization into hard and soft

domains (Figure 10.1) which afford TPUs their distinct mechanical properties [4–6].

The flexible, amorphous soft domains primarily influence the elastic nature of the TPU, but

still have some influence on the hardness, tear strength and modulus of the polymer. They are

typically above their glass transition temperature (Tg) at room temperature and thus control

Figure 10.1 Generalized thermoplastic polyurethane morphology (hard segments¼ black solid lines

connected by short chain extenders; soft segments¼ gray, nonlinear lines)
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TPU performance at low temperatures. In contrast the rigid and typically semi-crystalline (as

they are below their Tg at room temperature) hard domains primarily influence modulus,

hardness, tear strength and melt processability [1]. However, the hard domains also act as

physical cross-links, imparting elastomeric properties to the soft domain phase [7]. Thus, the

mechanical properties of TPUs are strongly influenced by the exactmicrophasemorphology of

the hard and soft domains. These are in turn, dependent on such factors as the composition

ratios, the thermodynamic compatibility, molecular weight and polydispersity of the hard and

soft segments and the thermal history of the TPU [8–14].

The unique microphase morphology confers TPUs with a higher tensile strength and

toughness when compared with most other elastomers [8], and the absence of covalent

cross-linking allows TPUs to be both melt and solution processed. However, under continuous

and/or cyclic loading the absence of chemical cross-linking allows the hard domains to

restructure, which results in large hysteretic losses and poor creep resistance [15, 16]. The

clever introduction of nanofillers to this complex nanoscale morphology and the characteriza-

tion of the level of interplay between the various system components present a fascinating

challenge for current researchers.

10.4 TPU Nanocomposites

The polymer industry is continually researching to find new materials that offer increased

performance at lower costs, often necessitating the introduction of fillers. There have been

various attempts to improve the mechanical performance, creep resistance and permanent set

of TPUs, either by varying the composition of the hard and soft segments [11, 17], or by

introducingmacro- or micro-sized particulate fillers [18, 19], with themajority of these studies

yielding suboptimal results. Nanoparticles (particles where at least one dimension is less than

100 nm) offer significant advantages over macro- or micro-sized fillers, including a greater

surface area to mass ratio, low percolation threshold and often very high aspect ratios, and as

such there has been significant research and investment into the production of polymeric

nanocomposites. Recently, a range of nanoparticles have been used in TPU-based composites,

with varying levels of success. Figure 10.2 compares several examples of optimum enhance-

ment of TPU mechanical properties afforded by the incorporation of various nanofillers. The

bottom of each bar represents the starting property for pure “host” TPU, and the top of each bar

represents the increased strength or stiffness achieved after nanofiller addition. An “ideal”

property profile is also shown, where the stiffness of the TPU is minimally altered and the

ultimate tensile strength is greatly enhanced. Such a property profile has been traditionally very

difficult to achieve via the composite approach due to substantial stiffening, and softer TPU

formulations tend to suffer from a lack of strength due to the limits of segmental demixing

evident at low hard segment composition ratios. Traditionally, if a stiffer, harder and stronger

TPU is required, a higher hard segment composition ratio can be formulated.

There are reports in the literature of TPU nanocomposites incorporating nano silica in the

form of either fumed silica [20, 21] to improve the mechanical or adhesive properties of TPUs,

or in the form of polyhedral oligomeric silsesquioxane (POSS) components to improve either

biostability [22] or resistance to thrombosis [22, 23]. However, the vast majority of work on

TPU nanocomposites has involved the use of layered silicate or carbon nanotube-based

nanofillers. Therefore this chapter focuses upon these two classes.
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10.5 Layered Silicate/TPU Nanocomposites

The layered silicates frequently used in nanocomposites belong to the structural family known

as the 2:1 phyllosilicates, which consist of 1 nm platelets, whose lateral dimensions range from

30 nm to several microns [24]. The crystal lattice of each platelet typically consists of an

aluminum- or magnesium-rich octahedral layer sandwiched between two silica tetrahedral

layers, as depicted in Figure 10.3. The platelets arrange themselves into stacks that are several

microns in size. The platelets have a regular van der Waals gap between them known as

the interlayer or gallery spacing. Isomorphous substitution of Al3þ by Mg2þ or Fe2þ , or
substitution of Mg2þ by Liþ , results in a net negative surface charge on the platelets. The
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Figure 10.2 Comparison of tensile strength andYoung’s modulus for various TPU host matrices before

and after nanofiller incorporation. The bottom of each bar represents the starting property for pure “host”

TPU, and the top of each bar represents the increased strength or stiffness achieved after nanofiller

addition. An “ideal” property profile is also shown

Figure 10.3 Structure of 2 : 1 phyllosilicates [25] (Reprinted with permission from C.S. Hurlbut, W.E.

Sharp and E.S. Dana, Dana’s minerals and how to study them, 4th edn, John Wiley & Sons, Inc.,

New York. � 1998.)
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excess negative charge of the platelets is compensated by hydrated cations (for example, Naþ
or Caþ ) that reside in interlayer positions.

Natural layered silicates, such as montmorillonite, hectorite, beidellite, saponite, rectorite,

nontronite and several less common species, are usually formedwhenvolcanic ash is deposited

under marine conditions or in alkaline lakes or through the hydrothermal reaction of volcanic

rock at high temperatures [24]. While natural silicates are inexpensive and readily available,

their size, purity and chemical structure is inconsistent. Synthetic layered silicates, however,

are attractive because their size and composition is more consistent than natural fillers [26].

Synthetic layered silicates are prepared via hydrothermal reactions [26–28] and are commer-

cially available in large quantities. The most commonly employed include trade names such as

Laponite�, Lucentite� and Optigel� (synthetic hectorites from Rockwood Additives, Kobo

Specialty Chemicals and S€ud Chemie, respectively), and Somasif� (a very high aspect ratio

synthetic fluoromica from CBC Japan).

The purpose of the nanofiller in a nanocomposite is to be distributed on a nanoscale level and

therefore undergo substantial interactions with polymer chains and sequences. There is

therefore tremendous potential “reinforcement efficiency” due to the very high nanofiller

aspect ratio and surface area, the local confinement of molecular motion [29–31] and the

tailoring of specific hard or soft segment interactions with the nanofiller surface [32–34].

However, due to the layered structure of the silicate nanofillers, the organization of the resultant

nanocomposite depends on the thermodynamic compatibility of the polymer and the layered

silicate, intercalation kinetics and the processing conditions [35, 36]. The types of structures

encountered are shown in Figure 10.4.Virgin layered silicate particles are naturally hydrophilic

and as such are largely immiscible with TPUs which contain a significant hydrophobic

component in form of the soft segments. This natural repulsion between the untreated silicate

and the TPU discourages the formation of an exfoliated system as required for an effective

nanocomposite. Instead a phase separated or microcomposite is formed whose properties do

not exceed those of traditional composites.

In order to prepare effective nanocomposites, the hydrated cations in the interlayer spacing

are replaced with organic cations to render the surface more organophilic and improvewetting

by the polymermatrix [37, 38]. Furthermore, this substitution allows for swelling of the gallery

between silicate layers, which in turn allows the polymer to enter between the galleries during

the formation of the nanocomposite. An unswollen silicate has an interlayer spacing in the

order of 1 nm, which is smaller than the host polymer’s radius of gyration [39, 40]. The control

and enhancement of both the polymer/silicate interaction and swelling of the gallery layers, are

thus critical factors in the production of anypolymeric nanocomposite, particularly so for TPUs

which generally possess both hydrophilic components (hard segments) and hydrophobic

components (soft segments).

In 1998, Wang and Pinnavaia [41] reported the first examples of TPU/layered silicate

nanocomposites. The nanocomposites were prepared via in situ polymerization using mont-

morillonite (ion exchangedwith alkylammonium salts) as nanofillers. X-ray diffraction (XRD)

patterns indicated that intragallery polymerization contributed to the dispersion of the

organosilicates, and improvements in tensile strength, elongation and modulus were observed.

The commercially-available Cloisite� series of organosilicates have been used in a large

number of TPU nanocomposite studies. Earlier studies employed solvent casting [42–45] in

order to assist in overcoming some of the abovementioned thermodynamic barriers and also to

avoid complications due to thermal degradation of the alkylammonium modifiers [46, 47].
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Figure 10.4 Generalized possible polymer-clay nanocomposite structures: (a) phase separated;

(b) intercalated; (c) intercalated and flocculated; (d) exfoliated; (e) ordered exfoliated; and (f) mixed
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Interestingly, the more hydrophobic Cloisite 15A generally did not offer good dispersion,

although increases in tensile and barrier properties [43, 45] were reported with this nanofiller.

Finnigan et al. reported that the more hydrophilic Cloisite 30B produced nanocomposites with

relatively better dispersion, with very large associated increases in stiffness, tensile hysteresis

and permanent set [42]. This increase in hysteresis in the nanocomposites is not well

documented in the literature but is an important observation because many dynamic applica-

tions of TPUs require that resilience is maintained. This study was also the first to directly

compare identical TPU nanocomposite formulations prepared via both solution and melt

processing. However the very small laboratory-scale conical twin-screw extruder employed

was shown to give rise to extreme thermal degradation and loss of ultimate properties.

Due to the more commercially scalable nature of melt compounding, several workers have

investigated TPU/Cloisite nanocomposites prepared via melt compounding on a larger

scale [42, 48–52]. The relatively hydrophilic Cloisite 30B and Cloisite 10A generally disperse

and delaminate well in TPUs [42, 49, 50, 52]. This is due to their respective polar hydroxyl and

benzyl functionalities,which promote a thermodynamically favorable enthalpic driving forces,

such as H-bonding, for intercalation [32, 42, 53]. Cloisite 25A, in the middle of the

hydrophilicity/hydrophobicity range, has also resulted in good dispersion and property

enhancement [54, 55]. Dan et al. achieved the best property improvements with Cloisite

30B and also found that higher tensile properties could be achieved in an ester-based TPUwith

respect to an ether-based TPU, despite better dispersion in the latter. They also reported

an influence of some nanofillers on the hard/soft segment demixing behavior and morphology,

as well as a decrease in observed properties after a second melt processing step, implying

thermal degradation.

Chavarria and Paul probed further into the effect of organoclay structure by modifying

a series of montmorillonite-based nanofillers with various alkylammonium surfactants and

studying the resulting structure/property relationships for a high-hardness ether-based versus

a medium-hardness ester-based host TPU. They concluded that for both host TPU systems: (i)

one long alkyl tail on the ammonium ion rather than two, (ii) hydroxyl ethyl groups on the

amine rather than methyl groups and (iii) a longer alkyl tail as opposed to a shorter one leads to

improved clay dispersion and TPU nanocomposite stiffness. However although the harder

ether-based (and presumably higher melt viscosity) TPU host polymer resulted in better

nanofiller dispersion, the percent increase in properties remained higher in the softer TPU

grade. Meng et al. [52] also showed that the level of nanofiller (Cloisite 30B) dispersion

improved by processing into a higher molecular weight TPU host of higher viscosity due to

improved shear. They also showed that an optimum Brabender melt processing time was

required in order to achieve the highest combination of nanofiller dispersion and tensile stress at

500% strain, due to excessive thermal degradation at longer processing times. Ma et al.

organically modified a less well known class of layered silicate, rectorite, and performed melt

compounding studies in a polyester-based TPU and reported substantial increases in both

tensile strength and tear strength [51]. Most interestingly, the strongest formulations did not

necessarily provide the best tear strength, suggesting that toughening mechanisms in these

systems are complex and that nondelaminated clay tactoids may play more of a role in

toughening than discrete organoclay platelets.

Whilst much of the research has focused on ionic substitution of bulky organic surfactants,

several attempts at covalent modification of the silicate surface have been attempted [56, 57].

The initial report from Tien and Wei [56] utilized organosilicates with one to three hydroxyl
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groups per surfactantmolecule that were capable of participating in the polymerization process

and promoting delamination from within the layers. Since this time others have used this

approach with Cloisite 30B [57]. The tethering of TPU chains to the organosilicate surface is

also performed in order to achieve a strong interfacial bond. However, it is difficult to reach the

full potential for property improvements via this route, because the isocyanate groups can also

react with bound water in the silicate interlayer and with hydroxyl groups on the silicate edges,

which if not correctly accounted for, can lead to reducedmolecularweight and increasedmatrix

cross-link density [58].

The size of the layered silicate has been shown to influence the resulting nanocomposite

morphology. Due to the relative scale of the hard domains compared with the most common

silicates employed, few groups have investigated this area. However, research into smaller

silicates has shown tensile strength can be significantly enhanced without significantly altering

Young’s modulus or resilience [59, 60]. In particular, the number of polymer/filler interactions

and entanglements increase as the platelet size decreases, because the smaller platelets have

a larger surface area and a smaller interparticle distance. This can have a significant effect on

the mechanical properties, particularly at high strains where smaller platelets can more readily

rotate without overcrowding, and therefore can more readily interact with the matrix by

communicating in shear. Finnigan et al. [60] clearly demonstrated this by performing in situ

strained synchrotron SAXS measurements on a series of solution-cast TPU nanocomposites

incorporating organically modified fluoromica nanofillers of controlled aspect ratio which had

been prepared via high energymilling. In a followup study they showed that superior resistance

to stress relaxation could also be achieved by the incorporation of low aspect ratio organo-

clays [59]. They explained that as the particle size and aspect ratio of the filler increases, TPU

chains in the interfacial region are more restrained and experience greater localized stresses,

which results in an increase in strain-induced slippage at the polymer/filler interface. This

technology has been patented [61] and a startup company, TenasiTech Pty Ltd, formed to

commercialize the technology.

By using a Monte-Carlo simulation, Pandey et al. [62] predicted that smaller clay platelets

shouldbemoreeasilydelaminatedanddispersed inacompatible solvent/hostpolymer thanhigh

aspect ratioclays.Furthermore,computationalmodelsbyBalazsetal.onblockcopolymershave

indicated that a change in microphase texture and properties would be expected at nanofiller

scales with the block copolymer phase domain size [63]. McKinley et al. [34, 64] incorporated

unmodified, lowaspect ratio hectorite (Laponite�) into anumberofTPUsat up to20wt%using

a novel solvent exchange technique. They reported remarkable mechanical property, heat

distortion temperature and morphological changes in fully delaminated nanocomposite sys-

tems. Some degree of “tuned” segmental association of the Laponite� was demonstrated,

depending on the solubility parameter of the chosen soft segment [34].

10.6 Carbon Nanotube/TPU Nanocomposites

Carbon nanotubes are unique, one-dimensional macromolecules of sp2-bonded carbon atoms.

Single-walled carbon nanotubes (SWNT) are constructed of a single graphene sheet rolled into

a seamless cylinder (diameter 0.4–2.0 nm), while multiwalled carbon nanotubes (MWNT)

consist of nested graphene cylinders of increasing diameter (2–100 nm) arranged around

a hollow core [65]. Nanotubes can be up to several microns in length, whilst the ends of the
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graphene cylinders can be capped [66] or uncapped [67] with hemi-fullerenes depending on

synthesis and processing conditions. Both SWNT and MWNT possess high tensile strengths,

are ultra-lightweight and have excellent thermal and chemical stability, prompting the

explosion of research into CNT-based polymeric nanocomposites. Since the much vaunted

discovery of MWNT in 1991 by Iijima [66], there has been much research into efficient and

high-yield methods of synthesis for CNT [68]. Currently, there are three main strategies

employed for CNT synthesis:

. arc discharge;

. laser ablation;

. chemical vapor deposition (CVD).

These methods have all been extensively reviewed [65, 69, 70] and are not discussed here.

Suffice to say each synthesis method (and resultant purification technique) results in different

nanotube morphologies, catalyst concentrations, oxidation levels, chirality and structural

deformations.

The manipulation and incorporation of large numbers of individual CNT into polymeric

systems is a difficult task because high molecular weights and strong intertube forces (both van

der Waals and electrostatic) promote the formation of micron-sized bundles and ropes [71],

leading to phase separation and poor mechanical properties. As a result both surfactant and

covalent functionalisations have been employed in an attempt fragment and disperse these

micron-sized inclusions. Since many other applications of CNT require their dispersion in

avariety of solvents (for example, organic solvents for polymer interactions, aqueous solvents for

drug delivery) there have been numerous investigations [72–77] into surface modification of the

CNT sidewall and hence these are not covered here. Significantly, there are several companies

that now sell prefunctionalized (for example, Cheap Tubes, Inc., Bayer) and even custom

functionalized (for example, Zyvex� and Baytubes�, as well as unpurified and pristine)

nanotubes specifically for nanocomposite applications, underlining the importance of this area.

As with the layered silicates, the interfacial region between nanotube and TPU is a critical

parameter in understanding and optimizing the performance of TPU/CNT nanocomposite

materials. Computational studies indicate that when there is no chemical bonding present, the

interactions are electrostatic and van derWaals in nature [78–80], with several researchers also

demonstrating that polymerwrapping of the nanotubes occurs [81]whichminimizes energy for

geometric reasons [82]. Under such conditions, kinks in the nanotubes, defect sites and

diameter changes in the CNT sidewall may result in nanomechanical interlocking, improving

interfacial interactions [78]. Covalent functionalization of CNT also has a profound effect on

the load transfer frompolymer to nanotube, especiallywhen external stress is applied normal to

the nanotube axis, with reinforcement scaling roughly with the number of available functio-

nalized sites [83]. These findings suggest that, for purely mechanical applications, highly

functionalized nanotubes are preferable to pristine nanotubes, although it remains unclear

whether the conformation of the covalent functionalization is important or whether the

functional unit spacing plays any role.

Initial experimental interest in TPU/CNT nanocomposites was relatively low, with only

two published studies in 2004 [76, 84]; however, this has since jumped to over 43 published

studies into TPU/CNT nanocomposites, accounting for approximately 9% of published

studies into polymer/CNT nanocomposites and 10% of published studies into polyurethane
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nanocomposites. The majority of these TPU/CNT nanocomposites have been formulated via

solution processing techniques [76, 84–93], although in situ polymerization [91, 94–97] and

melt processing techniques [87] have been reported as well. Despite the superior mechanical

performance of SWNT,MWNTare themost commonvariety of CNT studied and awide variety

of surface functionalizations have been investigated. Koerner and coworkers reported the first

study into TPU/CNT nanocomposites, in which researchers attempted to improve the stress/

recovery characteristics ofmorthane (a commercially available, shapememory TPU) by adding

1–5 vol% MWNT via a solution-processing technique [84]. Researchers demonstrated that the

nanocomposite could store and subsequently release up to 50% more recovery stress than

the unmodified TPU. The nanocomposite also demonstrated the ability to recover stress, above

that of the host TPU, when exposed to increased temperatures, infrared radiation and electrical

current. The authors theorized that the absorptionof energybyMWNTcaused localizedheating,

which in turn melted the strain-induced polymer crystals, increasing stress recovery.

Sen and coworkers were the first to investigate the fabrication of TPU nanocomposites

incorporating functionalized SWNT [76]. The solution-processed nanocomposites demon-

strated significantly increased mechanical properties over the host TPU. Whilst the final

material was mechanically inferior to several commercially available TPUs without nanopar-

ticle reinforcement, the study was the first to demonstrate both the possibility of increased

dispersion in a TPU/CNT nanocomposite and that TPU/CNT interactions can be enhanced by

CNT functionalization.

As a result, the majority of research into TPU/CNT nanocomposites has focused on using

functionalized CNT; however, there have been several studies published where pristine CNT

have been used [86–88]. Importantly, these investigations have demonstrated poor CNT

dispersion and phase separation between SWNTand the host TPU, suggesting that the future of

TPU/CNT nanocomposites lies with modification of the CNT surface. There have been a wide

variety of functional groups attached to CNT in an attempt to overcome these problems. CNT

surface modifiers are typically either short hydrophilic groups like �COOH [89, 90],

�NH2 [91] and �OH [92], capable of significant hydrogen-bonding with the host polymer,

or long-chain hydrophobic groups designed to break apart CNT aggregates and increase

dispersion [76]. Recently, significant results have been achieved by Deng and coworkers

[93, 98], who demonstrated dramatic mechanical enhancements with very small loadings of

MWNTmodifiedwith novel functional groups. Several research groups have also attempted to

use CNT as cross-linking agents, covalently bonding individual CNT to the TPU backbone.

However, results have been mixed due to the fine stoichiometric control required to produce

nanocomposites with the same molecular weights and hard/soft segment ratios as the control

TPU [96, 97].

Despite the abundance of work into TPU/CNT nanocomposites, the only published

investigation of TPU/functionalized CNT nanocomposites formulated by melt processing

techniques was conducted by Chen and coworkers [87]. The researchers determined that the

acid-treated MWNT dramatically increased the mechanical properties, with an eightfold

increase in Young’s modulus and a 2.4-fold increase in tensile strength due to the strong

interfacial interactions and good MWNT dispersion and within the melt-drawn fibers.

Significantly this result corroborates computational studies that suggest melt processing may

induce a residual thermal radial stress (through differences in coefficients of thermal expansion

between the CNTand the host polymer), forcing the polymer into closer contact with the tube

surface and thereby enhancing interactions [78].
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10.7 Future Perspectives

While the nanocomposite approach has undoubtedly led to several encouraging examples of

new functional and mechanical property profiles, most examples have failed to live up to their

theoretical potential. An excellent recent review paper by Schaefer and Justice [99] points out

that in the majority of polymer nanocomposites today “large scale disorder is ubiquitous.”

Consistent with some of the reports discussed here, they suggest that the fixation on high aspect

ratio nanofillers is unproductive due to: (i) problemswith agglomeration and dispersion of high

aspect ratio particles and (ii) the potential for tailored molecular self assembly involving

a higher degree of “cooperation” between nanofiller and matrix. The nature of more recent

investigations suggests that a more systematic and exacting approach is now being adopted by

TPU nanocomposites researchers, guided by a growing number of multiscale theoretical

modeling efforts. New experimental techniques need to be developed and applied in order to

better probe and understand the subtle structures and conformations at the nanofiller/TPU

interface. Synchrotron X-ray and neutron scattering will continue to play an important role

here. Highly engineered model nanoparticle and TPU systems may be required in order to

elucidate these questions. There is also a need for the development of new classes of layered

inorganic nanofillers which are more readily delaminated and more thermally stable. Metal

phosphonates have been proposed as one possible new class [100], and there have also been

some efforts to employ covalent organic modification [101] using silane grafting.

Historically, themechanical testing performed on polymer nanocomposites has been limited

to simple tensile experiments and thereby has largely ignored many of the properties critical to

the true service performance of the materials. Therefore long-term mechanical, thermal, or

other environmental ageing, tear- or cut-growth resistance and fatigue performance of TPU

nanocomposite materials are other areas greatly in need of attention.

The effects of processing on nanocomposite structure and properties and the use of

rheology to elucidate the effects of nanocomposite formation are new and exciting fields of

research in nanocomposites. Traditionallymuchwork (highlighted above) has focused on the

properties of nanocomposites produced from one type of process and/or processing condi-

tion. Clearly the effects of processing on nanocomposite formation and the understanding of

the rheology of nanocomposites are some of the next key scientific steps needed to fully

understand and control TPU nanocomposite properties and performance in various applica-

tions. An optimistic perspective would see future applications of TPU nanocomposites in

biomedical implants (for example, softer, tougher implantable electrode insulation for

pacemakers), more abrasion-resistant mining screens, stronger, lighter melt spun Spandex,

thin films (tougher, more scuff-resistant coatings on golf balls and protectivewear) andmany

others. Nanocomposite technology could also see TPUs remain at the “top of their class”with

respect to the many other TPEs available.
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11.1 Introduction

Over the past decade, studies utilizing organoclay nanoplatelets in polymers to create

nanocomposites having properties greater than their parent constituents have been acceler-

ated. It has been demonstrated that both thermoplastic and thermoset nanocomposites

reinforced by organoclay nanoplatelets lead to an excellent increase of elastic modulus [1].

The clay nanoplatelets in their natural state exist as agglomerated tactoids; although an

aspect ratio of each silicate nanolayers is extremely large (�1000). The reinforcing effect of

the nanoplatelets on the elastic modulus of nanocomposites is maximized when each

individual nanoplatelet is completely separated and homogeneously dispersed in the matrix.

Additionally carbon nanotubes (CNT) are another major nanoreinforcement for polymers

after CNTwere discovered by Iijima in 1991 [2], due to their splendid elastic modulus and

strength, [3–8]. Regardless of either clay nanoplatelets or CNT, the nanocomposites with

heterogeneously dispersed nanoscale reinforcements possess a lower elastic modulus than a

homogeneously dispersed system.

The usefulness of rubber ranges widely from household applications to various industrial

products; interestingly, the production of tires and tubes are rubber’s highest applications.

These rubbers are often reinforced by various reinforcements to substantially improve their

mechanical properties [9]. For example, it is known that carbon black (CB) and inorganic fillers

are used as additives to rubbers to improve the strength of vehicle tires. Rubbers have a high

molecular weight, thus rubber compounds show high viscosity. The volume loading of these
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reinforcements in highly viscous rubber compounds is extremely high in general, due to the low

aspect ratio of the reinforcements. This fact reduces the processability of rubber composite

compounds [10]. Considering that the homogeneous dispersion of nanoscale reinforcements

having a high aspect ratio in a much smaller volume loading result in the significant

improvement of mechanical properties for polymers, nanoscale reinforcements having a high

aspect ratio can replace conventional reinforcements for rubber matrix and significantly

improve the mechanical properties of rubbers.

This chapter discusses reported recent efforts in observing the morphologies of various

rubber nanocomposites using wide range of microscopy techniques, including scanning

electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force

microscopy (AFM). Morphological observations using various microscopies are extremely

important to understand the relation between processing methods and properties of rubber

nanocomposites, since the mechanical and electrical properties of the rubber nanocomposites

strongly depend on the dispersion level of nanoscale reinforcements. The observed morpho-

logical information needs to be used for feedback to improve processingmethods that will lead

to optimize various properties of rubber nanocomposites. Eachmicroscopy technique has both

advantages and disadvantages. Therefore, experimental results are reviewed to discuss the

advantages and disadvantages of the different microscopy techniques, and various artifacts are

highlighted in each section of this chapter.

11.2 Optical Microscopy

The optical microscope, the oldest and simplest technique in the varieties of microscopes, uses

visible light and a system of optical lenses tomagnify images of small samples. The advantages

of the optical microscopy include simplicity of technique and minimal sample preparation for

observations. Theoretically, the magnification of an optical microscope is limited by only the

resolution of the lens system. The best possible resolution can be calculated as approximately

200 nm. However, the limit of magnification for most optical microscopes is only 1000�,

which is set by the actual resolution of the lenses. Additionally, an optical microscope has a

shallow focal depth of only 1mm at a magnification of 100�, while SEM has a deeper focal

depth of about 1mm at the same magnification. Therefore, optical microscopy has low

apparent optical resolution due to the blurriness of objects which are out of focus. Another

limitation of the standard optical microscopy is that it can only be applicable to dark or strongly

refracting materials. Therefore, due to these limitations, optical microscopy is not suitable to

observe the nanoscale dispersion of nanoscale reinforcements in a rubber matrix. In other

words, when the dispersion of reinforcements can be seen using optical microscopy, this

directly means that the nanoscale homogeneous dispersion of nanoscale reinforcements is not

achieved for the sample.

However, optical microscopy is still useful to obtain different morphological information.

Liu et al. prepared nanocomposites of poly(methylvinylsiloxane) (often called “silicone”)

elastomers with polyhedral oligomeric silsesquioxane (POSS) by melt blending in a Haake

Banbury mixer [11]. POSS has a 3-D and well defined cage-like molecular structure

represented by the formula of (RSiO1.5)n, where each R is an organic group at a corner of

the cage. In other words, the chemical composition of POSS is intermediate between silica

(SiO2) and silicone (R2SiO). At first, the dispersion conditions of POSS in the blends were
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visually observed by optical microscopy, after mixing the blends at different temperatures.

For blends prepared at low mixing temperatures, the POSS crystals were dispersed in the

silicone rubber matrix as large crystal aggregates of up to 100 mm with irregular shapes.

However, the shape of the POSS crystals became hexahedral or flake-like for blends prepared at

high mixing temperatures, and it seemed that POSS crystals at higher temperatures (>160 �C)
were highly dissolved in the silicone rubber matrix. In order to additionally observe the phase

and crystalline morphologies of the blends, a polarizing optical microscope was used while

the samples were heated and cooled on a hot-stage. The polarizing optical microscopy can

distinguish between materials with different refractive indexes, and thus provides more

information in addition to the ordinary benefits of conventional optical microscopy. As a

result, the dispersion conditions of POSS in the blends could visually be observed at different

temperatures. POSS/silicone rubber mixture blended at 40 �C was placed between two glass

plates, heated from40 to 160 �C, kept at the high temperature for 3min and then cooled to 40 �C
again. The morphological evolution for the sample was recorded using a polarizing optical

microscope, as shown in Figure 11.1. The original crystals of POSS in the sample at 40 �Cwere

in irregular shapes, as seen in Figure 11.1(a), and the number of the crystals gradually

decreased. The POSS crystals completely disappeared after heating to 160 �C, as seen in

Figure 11.1(d), which implied that the POSS was totally dissolved in the silicone matrix.

During subsequent cooling, some dissolved POSS molecules crystallized out in hexahedral or

flake-like structures again. These results of optical microscopy were useful to observe how the

blends became transparent when the processing temperature rose to 160 �C, which was far

below the melting point of POSS.

Lim et al. processed polyamide (PA) 6-based ternary nanocomposites, which were prepared

by melt-compounding of organoclay nanoplatelets as reinforcement and maleic anhydride

grafted polyethylene-octene elastomer (POE-g-MA) as the toughening agent while changing

the compositions of organoclay nanoplatelets and POE-g-MA [12]. TEM micrograph reveals

that nanoscale rubbery phases of POE-g-MAwere dispersed in the PA 6 matrix, separate from

the organoclay nanoplatelets. Optical microscopywas used to investigate the individual effects

of organoclay nanoplatelets and dispersed rubber particles in a PA 6 matrix on the fracture

toughness KIC and J-integral using single-edge-double-notch four-point bend (SEDN-4PB)

technique. Experimental results showed that values of J-integral decreased gradually from52.0

to 31.5 kJ/m2 with increasing organoclay content from 0 to 10wt% at a fixed POE-g-MA

elastomer content (30wt%). Optical microscopy as well as TEM were used to understand

the influences of rigid organoclay nanoplatelets on the toughness of nanocomposites of PA

6/POE-g-MA blends. The plastic zone in front of the crack tip was observed as numerous line

arrays resembling the craze-like feature using optical microscopy. The size of this plastic zone,

observed as a craze-like feature by optical microscopy, was reduced with increasing organo-

clay content, since the nanocomposites lose plasticity with the addition of rigid organoclay

nanoplatelets. A tougher specimen showedmore plastic behavior; the size of the plastic zone in

front of the crack tip of this tougher specimen was larger. Therefore, the decrease of J-integral

with increasing the organoclay content was well correlated with the smaller plastic zone

observed by optical microscopy.

Chiu et al. also processed similar organoclay/PA 6,6 nanocomposites with POE-g-MA

through a melt-mixing procedure using an intermeshing twin-screw extruder in the co-rotating

mode [13]. Instead of fracture toughness, crystalline morphology of PA 6,6 was investigated

using polarizing optical microscopy. The thin-film specimens were prepared by first melting
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the samples and then these were compressed between glass slides. Typical spherulites were

grown in a neat PA 6,6 sample. After adding organoclay nanoplatelets, the PA 6,6 spherulites

were diffused and became smaller. It was further observed that a lot of dark spots, representing

POE-g-MA phases, were exhibited within the PA 6,6 spherulites after the exclusive addition

of only POE-g-MA, while the size of the spherulites became slightly smaller than that of neat

PA6,6. Thismeant that POE-g-MAcomponent could be includedwithin the PA6,6 spherulites.

For the organoclay/PA 6,6/POE-g-MA nanocomposites, broken spherulites containing

POE-g-MA were developed; the crystalline boundary became indistinct.

Although optical microscopy still provides useful morphological information of rubber

nanocomposites, nanoscale dispersion of nanoscale reinforcements or nanoscale rubber phases

cannot directly be observed by optical microscopy.

Figure 11.1 Polarizing optical microscope of POSS/silicone nanocomposites during the heating and

cooling process (10 �C/min) (Reprinted from Polymer, 48, L. Liu, M. Tian, W. Zhang, L. Zhang and

J.E. Mark, “Crystallization and morphology study of polyhedral oligomeric silsesquioxane (POSS)/

polysiloxane elastomer composites prepared by melt blending,” 3201–3212, � 2007, with permission

from Elsevier.)
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11.3 Scanning Electron Microscopy

11.3.1 Micrographs with Secondary Electron

SEM provides images while a finely focused high-energy electron beam scans across the

specimen surface in a raster scan pattern.When the electron beam strikes the specimen surface,

it generates secondary electrons and backscattered electrons at or near the specimen surface.

The primary detectionmode is secondary electron imaging, which can produce high-resolution

images of the specimen’s surface with topographic features in about 1–5 nm resolution. SEM

has a deep focal depth, resulting in a characteristic 3-D appearance useful for understanding the

surface structure of the specimens.

SEM specimens need to be electrically conductive for the electron beam to scan the surface

and to have a path to ground. An advantage is that the sample preparation for SEM is minimal,

comparing with TEM sample preparation. Fractography conducted by SEM is the observation

of fracture and failure surfaces of specimens. The fracture and failure surfaces of rubber

nanocomposite specimens need to be cut into a smaller size to fit into the SEM specimen

chamber, firmly bemounted on the specimen holder and then be sputter-coated with a ultrathin

layer of electrically conductive material, such as Au, Au/Pd or Ir. The dispersed nanoscale

reinforcements can often be observed on the fracture and failure surfaces of rubber nano-

composites. However, the disadvantage of the SEM is that only the specimen surface, not the

inside of the specimen, can be observed.When nanoscale reinforcements are aggregated in the

rubber matrix or when the reinforcement–rubber interaction is poor and interfacial debonding

happens on the reinforcement–rubber interfaces, it is easy to recognize nanoscale reinforce-

ments on the fracture and failure surfaces. However, when nanoscale reinforcements are

uniformly dispersed and these are well coated with rubber matrix due to a cohesive failure in

rubbermatrix instead of interfacial debonding on the reinforcement–rubber interface, it is often

difficult to distinguish between rubber matrix and nanoscale reinforcements.

SEM was utilized to observe rubber nanocomposites reinforced by organoclay nanoplate-

lets [14], polyaniline-treated clay nanoplatelets [15], graphite nanoplatelets [16, 17], starch

nanocrystals [18], vapor-grown carbon nanofibers (VGCNF) [19, 20], and multiwalled carbon

nanotubes (MWCNT) [21, 22]. Sharif reported that each different degree of dispersion of

organoclay nanoplatelets was observed with a different roughness of failure surfaces [14].

Soto-Oviedo et al. observed aggregates of clay nanoplatelets using SEM [15]. Therefore,

preparation of polyaniline/clay nanocomposites before adding these to a rubber matrix did not

help to have an excellent nanoscale dispersion of individual clay nanoplatelets, although the

utility of polyaniline could add a shielding performance to polymers because of reflecting

and absorbing electromagnetic waves by intrinsically conducting polymers [23]. Yang et al.

observed the graphite platelets dispersed in acrylonitrile butadiene rubber (NBR) matrix on

failure surfaces using SEM due to the uncompleted exfoliation of graphene layers [16].

Different sizes and shapes of graphite platelets dispersed in a NBRmatrix resulted in different

morphologies of worn surfaces of composites after friction testing. Mu et al. also observed

graphite nanoplatelets on the failure surfaces to see different degree of dispersion of graphite

nanoplatelets, depending on different processing methods [17]. Solution method resulted in a

relatively larger size of graphite nanoplatelets in silicone rubber matrix, thus the thermal

conducting path existed and the relatively larger graphite nanoplatelets were observed on the

failure surface by SEM. However, when the nanocomposites were prepared by melt mixing,

the size of graphite nanoplatelets was significantly reduced and the thermal conducting path

Microscope Evaluation of the Morphology of Rubber Nanocomposites 259



was not obtained with the same amount of graphite nanoplatelets. Due to the smaller size of

graphite nanoplatelets, these could not clearly be observed on the failure surface by SEM.

Angellier et al. observed different surface morphologies of failure surfaces of starch nano-

crystal-reinforced natural rubber nanocomposites, depending on surface treatments on starch

nanocrystals [18].

Compared with nanoplatelets or nanoscale spherical reinforcements, nanoscale fibrous

reinforcements, such as CNTand VGCNT, provide better possibilities to observe dispersion of

the reinforcements in rubber matrix using SEM, because the pulled-out CNT and VGCNT

having a length within the micron scale can easily be observed although the diameters of these

fibrous reinforcements are in the nanoscale.Agood examplewas reported bySridhar et al. [22].

The failure surface of VGCNF/chlotobutyl rubber nanocomposites was observed by SEM,

as seen in Figure 11.2. VGCNF was observed on the entire failure surface, and it seemed that

these reinforcements were homogeneously dispersed in the rubber matrix.

Miyagawa et al. processed anhydride-cured biobased epoxy containing 30wt% epoxidized

soybean oil (ESO) and its organoclay nanocomposites, and then the morphologies of fracture

and failure surfaces of these specimens were observed by SEM after fracture and Izod impact

testing [24]. As shown by arrows in Figure 11.3(a), many ESO-rich rubber phases in the

Figure 11.2 SEM microphotographs of VGCNF-reinforced chlorobutyl elastomers at increasing filler

loadings: (a) and (c) 3 phr; (b) and (d)12 phr (Reprinted fromV.Sridhar,D.Xu,D.K.Tripathy and J.K.Kim,

“Impedance and EMI shielding characteristics of vapor grown carbon nanofiber reinforced chloro-butyl

elastomeric composites,” e-Polymers, no. 44, � 2008, with permission from e-Polymers Foundation.)
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nanoscale or submicron scale were observed everywhere on the Izod impact failure surface

of the epoxy containing 30wt% ESO when no organoclay nanoplateletes were added. Indeed,

the biobased epoxy with 30wt% ESO was not transparent, due to different refractive indexes

of epoxy matrix and ESO-rich rubbery phases. The biobased epoxy with 30wt% ESO showed

a significantly improved Izod impact strength and fracture toughness due to the phase

separation. But, no phase separation was observed on the Izod impact failure surfaces after

adding either exfoliated or intercalated organoclay nanoplatelets (5.0wt%) into epoxy contain-

ing 30wt% ESO, as seen in Figure 11.3(b) and (c), although the surfaces were still rough. The

lack of ESO-rich rubbery phases also appeared in transparent nanocomposites showing a

lower fracture toughness and Izod impact strength. Similarly, there are other reports regarding

ESO-toughened phenolic resin [25], acrylic rubber dispersed epoxy nanocomposites rein-

forced by clay nanoplatelets [26] and carboxyl-randomized liquid butadiene-acrylonitrile

rubber modified epoxy nanocomposites reinforced by SiO2 nanoparticles [27]. The roughness

of the fracture and failure surfaces was observed by SEM in these studies. No aggregates of

nanoscale reinforcements were observed by SEM, whereas the dispersion of nanoscale

reinforcements were observed by TEM in these studies.

Not only thermoset polymers but also thermoplastic polymers can be toughened with the

addition of rubber. For example, polypropylene (PP) [28–31], PA 6 [32–34], PP/PA6 blend [35]

and poly(vinyl chloride) [36] are toughened with the addition of rubbers and these are

reinforced by clay nanoplatelets [29, 30, 32–36], calcium carbonate nanoparticles [31], or

single-walled carbon nanotubes (SWCNT) [28]. In most studies of clay nanocomposites, the

morphological changes of rubbery phase with or without the addition of clay nanoplatelets on

the failure and fracture surfaces were observed using SEM. Additionally, Bao et al. discussed

the impact essential work of fracture of clay/PP nanocomposites toughened with maleated

rubber [30]. They found that the addition of clay nanoplatelets resulted in decreased impact

properties as Miyagawa et al. observed in biobased epoxy nanocomposites, and they also

observed using SEM that the matrix of rubber-toughened clay/PP nanocomposites showed

Figure 11.3 SEM micrographs of different Izod impact failure surfaces of epoxy containing 30wt%

ESO: (a) neat epoxy; (b) 5.0wt% exfoliated clay nanocomposites; and (c) 5.0wt% intercalated clay

nanocomposites

Microscope Evaluation of the Morphology of Rubber Nanocomposites 261



plastic behavior. Therefore, they pointed out that the balance between stiffness and toughness

can be achieved by properly controlling the contents of clay nanoplatelets and rubbery phases.

Ma et al. processed calcium carbonate/PP nanocomposites containing poly(butyl acrylate) or

ethylene-octene copolymer rubber [31]. They observed the calcium carbonate nanoparticles as

well as rubbery phases on the specimen surfaces etched by proper solvents. Based on different

thermodynamic characteristics of three different components of nanocomposites, they showed

that three different morphologies, (i) encapsulation of calcium carbonate nanoparticles by

rubbery phase, (ii) separate dispersions of nanoparticles and rubbery phase and (iii) phase

structure of nanoparticles at the PP/rubber interface, can be predicted using thermodynamic

considerations [31]. Valentini et al. processed SWCNT/PP/ethylene-propylene-diene rubber

nanocomposites, and the bundles of SWCNT were observed in low magnification SEM

micrographs [28]. This means that individual SWCNT could not homogeneously be dispersed

in polymer matrices.

Although SEM is useful to observe different morphologies of fracture and failure surfaces as

well as aggregates of nanoscale reinforcements on these surfaces, it should be noted that it is not

suitable to observe nanoscale and homogeneous dispersion of individual nanoplatelets and

nanoscale spherical reinforcements.

11.3.2 Energy Dispersive X-Ray Spectroscopy (EDX)

The system of energy dispersive X-ray spectroscopy (EDX) is commonly attached to SEM,

TEM, or electron probe microanalysis (EPMA). When the electron beam strikes the specimen

surface, not only secondary electrons and backscattered electrons but also characteristic X-rays

are generated at or near the specimen surface. These characteristic X-rays are used to identify

the composition and measure the abundance of elements in the specimens. A solid-state

semiconductor detector is used for EDX to accumulate X-rays at all wavelengths produced

from the specimens, and the EDX spectrum with identified peaks can be recorded. Elemental

maps can also be collected by regions of interest (ROI), which are areas of the EDX spectrum

placed around each peak associated with a certain element. A dot is placed on the micrograph

every time an X-ray is counted within a pre-established ROI. The maps with dots show the

relative concentration of each element; areas with greater numbers of dots directly mean

greater concentrations of the element. Ideally the surface of the specimens for EDX analysis

needs to be perfectly flat and smooth; the topography of the sample can produce artifacts in

EDX data due to nonuniform absorption and blockage of X-rays. When EDX analysis is

conductedwith bulk SEM samples, not thin-filmTEM samples, the size of the specimen–beam

interaction of the bulk SEM samples is much larger than that of the thin-film TEM samples.

Considering that X-rays are produced from the entire area of specimen–beam interaction,

the precision of EDXmapping with bulk SEM samples is poorer than that with thin-film TEM

samples. The image acquisition can also be time-consumingwhen images of EDXmapping are

acquired at higher resolution.

There are several examples of EDX mapping to observe the dispersion of nanoscale

reinforcements in a rubber matrix. Bandyopadhyay et al. processed acrylic rubber/silica

nanocomposites, and distribution of silicon was mapped with EDX to investigate the

uniformity of dispersed silica [37, 38]. Sahoo et al. studied the effect of ZnO nanoparticles

as a cure activator of natural rubber and nitrile rubber [39]. After mixing the rubber compounds
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andZnOnanoparticles using a laboratory two-rollmill and then curing at 150 �C, the dispersion
of ZnO nanoparticles were observed by EDX mapping for Zn. Aggregated ZnO nanoparticles

were observed as concentrated dots in the map, thus different dispersion degrees of ZnO could

be detected by EDX mapping.

11.3.3 Electron Probe Microanalysis

EPMA is essentially the same instrument as SEM. EPMAcan be used to analyze and determine

the chemical composition of small volumes of solid materials. The primary importance of

EPMA is the capability to acquire precise and quantitative elemental analyses at very small

spot sizes (as little as 1–2 mm), primarily by wavelength dispersive spectroscopy (WDS).

Elements from boron to plutonium can be quantitatively analyzed at levels as low as 100 ppm.

WDS utilizes Bragg diffraction from crystals to select X-ray wavelengths of interest and direct

them to gas-flow or sealed proportional detectors. The main advantage of EPMA is that it has

selective elemental scanning capabilities.

Xu et al. carried out a carbon scan on the surface of graphite nanoplatelet/fluoroelastomer

nanocomposites, as shown in Figure 11.4 [40],whereas Sridhar et al. presented a similar carbon

scan image on the surface of VGCNF/chlorobutyl rubber nanocomposites [22]. They reported

that they could confirm the homogeneous dispersion of graphite nanoplatelets and VGCNF

in the rubber matrices. However, the poorer resolution of micrographs acquired by EPMA,

compared with SEM micrographs, is a clear drawback of imaging by EPMA.

Figure 11.4 2-D distribution of nano graphite platelets in fluoroelastomer matrix: carbon scan

(Reprinted from V. Sridhar, D. Xu, T.T. Pham and J.K. Kim, “Dispersion, mechanical and thermal

properties of nano graphite platelets reinforced flouroelastomer composites,” e-Polymers, no. 23,� 2008,

with permission from e-Polymers Foundation.)
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11.3.4 X-Ray Ultramicroscopy

X-ray ultramicroscopy (XuM)was developed byMayo et al. [41, 42] to observe and determine

particle distribution in polymer composites, providing greatly enhanced 2-D image quality.

Unfortunately no examples of rubber nanocomposites have been reported. However, XuM

provides a clear visualization of dispersion patterns of sub-micron particles in polypropylene

and Nylon 6matrix evenwith a sample thickness of up to 200 mm. The XuM can be housed in a

commercially available SEM, as seen in the schematic diagram ofXuM in Figure 11.5. Adding

the X-ray detector and target modules is a major modification to the SEM. The technique

of XuM has a resolution up to 50 nm. Therefore, XuM offers several advantages over other

microscopy techniques, since it can avoid tedious sample preparation, can yield a well

contrasted image to enable more accurate quantification of composite microstructure and

can provide 2-D and 3-D information of filler distribution in a polymer matrix. Wu et al.

processed Nylon 6 and polypropylene composites containing 0.5–20wt% calcium carbonate

(CaCO3) at above 200
�C using a HAAKE twin-screw extruder, followed by hot pressing at

the same temperature to obtain composite films approximately 150–200 mm thick [43]. CaCO3

particles have an average diameter of 240 nm, a diameter range of 150–350 nm, an average

length of 1.2 mm and a length range of 0.8–1.6 mm. Figure 11.6 shows an example of XuM

micrograph of the PP composites containing 1wt% CaCO3. The XuM micrograph could

present the size and distribution of the fillers often forming large aggregates. Most of the

CaCO3 particles seem to be aligned with the length of the particles perpendicular to the film

surface. It was found that the dispersion of the CaCO3 particles was relatively good with

Figure 11.5 Diagram showing the main components of the XuM (Reprinted from Composites Science

and Technology, 68, D. Wu, D. Gao, S.C. Mayo et al., “X-ray ultramicroscopy: A new method for

observation and measurement of filler dispersion in thermoplastic composites,” 178–185, � 2008, with

permission from Elsevier.)
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loadings less than 1wt%CaCO3 particles, whereasmore CaCO3 loading caused larger number

and size of the aggregates. The general methodology of the X-ray microtomography technique

involves rotating the specimen around an axis perpendicular to theX-ray beamwhile collecting

radiographs of the specimen at small angular increments. Reconstruction of the series of 2-D

micrographs obtained from the entire sample could lead to a 3-Dmicrograph. 3-Dmicrographs

indicated that there were particle-rich and particle-poor regions throughout the volume of the

PP composites, although these observations were not obvious from the 2-D micrograph. 3-D

micrographs confirmed the existence of aggregates of the CaCO3 particles in different sizes in

the bulk composites.

11.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) provides images, when an electron beam is

transmitted through an ultrathin specimen and interacts with the specimen. Therefore, it can

be thought that TEM images contain information inside the specimen. Comparing with

SEM, the resolution of TEM is better than that of SEM in general. However, TEM sample

preparation is more difficult and often tedious. This section discusses TEM sample prepara-

tions, examples of TEM images for rubber nanocomposites, elemental analysis and recent

trends with 3-D TEM.

Figure 11.6 XuM image of the sample containing 1wt% CaCO3 in the PP matrix (Reprinted from

Composites Science and Technology, 68, D.Wu, D. Gao, S.C.Mayo et al., “X-ray ultramicroscopy: a new

method for observation and measurement of filler dispersion in thermoplastic composites,” 178–185, �
2008, with permission from Elsevier.)
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11.4.1 Sample Preparation for TEM Observations

Observations of rubber nanocomposites using TEM are impossible in general without sample

preparation and samples need to be thinned for TEM observations. Importantly, the quality of

obtained TEM micrographs strongly depends on the uniformity and thickness (preferably

approximately 100 nm) of thinned TEM samples. TEM samples from the rubber nanocom-

posites can be prepared using either cryomicrotomy or the focused ion beam (FIB) technique.

Therefore, these TEM sample preparation techniques are briefly explained in the following

sections.

11.4.1.1 Cryomicrotomy

Ultramicrotomy is a method for preparing samples for examination using TEM. Since rubber

samples are soft at room temperature, they need to be cooled at cryogenic temperaturewhich is

below the glass transition temperature of the rubber matrix of nanocomposites. The general

procedure is shown in Figure 11.7(a). First, the sample block of rubber nanocomposite is first

trimmed to create a block face. Second, thin sections are cut using a diamond or glass knife.

The thin cut sections stay on the knife. Finally these thin sections are placed on a TEM grid for

TEM observation. The ideal thickness of the thin sections is approximately 100 nm.

Figure 11.7 TEMsample preparation techniques: (a) using cryomicrotomy; (b) using FIB; and (c) SEM

micrograph showing the top view of thinned area for TEM observations
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11.4.1.2 Focused Ion Beam

In the past several years, the focused ion beam (FIB) technique has been used for sample

preparation to observe metals and ceramics using TEM and is a relatively new sample

Figure 11.7 (Continued )
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preparation technique from larger specimens [44]. Since FIB can be used to microprocess

specimens very precisely, it is possible to mill very thin membranes from a specific area of a

polymer sample. There are some examples of how to prepare TEM thin sections for rubber

nanocomposites using FIB [45]. Figure 11.7(b) shows the experimental process using the FIB

system. First, a small piece is cut from rubber nanocomposite films. Next, the samples are

mounted on a Mo grid for FIB thinning, then the samples are continuously milled by Ga ions

using different probe sizes and then the thickness of the selected milling area is gradually

reduced. This milling process can be stopped when the thickness of electron transparent areas

becomes approximately 150 nm and is observed as shown in Figure 11.7(c).

11.4.2 Bright-Field TEM Micrographs

The contrast of bright-field TEM micrographs is not like the contrast of optical micrographs.

Although a crystalline material interacts with the electron beam mostly by diffraction rather

than absorption, the intensity of the transmitted beam is still affected by the volume and

density of the materials through which the transmitted electron beam passes. Since polymer

matrix and nanoscale particles have different elements and crystal structures, the nanoparticles

dispersed in polymer matrix can be observed with different contrast in bright-field

TEM micrographs.

TEM was utilized to observe rubber nanocomposites reinforced by clay nanoplatelets

includingmontmorillonite [46–53], sodium fluorohectorite [10, 53–57], bentonite [50, 54, 56],

rectorite [58, 59] and vermiculite [60]. Different morphologies of dispersed clay nanoplatelets

were observed, depending on different methods of processing [46], different clay content [46],

different organic modifications for clay [48, 50], different rubber matrices [49, 52, 54, 55, 57]

and different types of clay nanoplatelets [50, 53, 54, 56]. The actual clay basal spacing in the

rubber matrix was also measured directly by TEMmicrographs [51], and it was also correlated

with the measured results by X-ray diffraction (XRD) [46]. The morphological observations

were useful to understand different schemes of material failure [48]. For example, Varghese

et al. processed sodium fluorohectorite/rubber nanocomposites, whose matrix was either

natural rubber (NR), polyurethane rubber (PUR), or a NR/PUR hybrid, via latex compound-

ing [55]. TEM thin sections were prepared by cryomicrotomy at �120 �C, and these were

observed by TEM without staining. For the PUR nanocomposites, the good intercalation by

PUR and partial exfoliation of sodium fluorohectorite nanoplatelets were observed in the TEM

micrograph shown in Figure 11.8(a). It was seen in this TEM micrograph that the high-aspect

ratio of the sodium fluorohectorite nanoplatelets was also well maintained. In contrast, the

dispersion of sodium fluorohectorite nanoplatelets in PUR/NR (1/1) latex blend considerably

differed from that in PUR. NR and PUR were not compatible as it was seen that NR and PUR

absorbed transmitted electron beam differently; thus the phases of NR and PUR appeared to be

dark and light, respectively. The sodium fluorohectorite nanoplatelets were located at the

boundary of the PUR and NR phases. Pronounced intercalation and possible exfoliation took

place only in the PUR phase, as seen in Figure 11.8(b). The intercalated sodium fluorohectorite

nanoplatelets covered theNRparticles, resulting in a skeleton structure; sodiumfluorohectorite

nanoplatelets were less intercalated by NR than by PUR. Therefore in the case of the PUR/NR

hybrid, PUR contained a higher amount of intercalated sodium fluorohectorite nanoplatelets,

as some sodium fluorohectorite nanoplatelets were excluded by NR. This agreed with the
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results from XRD showing that considerably better intercalation was observed for the PUR

nanocomposites rather than the NR nanocomposites.

Other rubber nanocomposites reinforced by silica nanoparticles [61, 62],MWCNT [63–66],

graphite nanoplatelets [40], POSS [67] and europium complex [68] were also observed by

TEM. For example, Fakhru’l-Razi et al. prepared MWCNT/NR nanocomposites by a solvent

castingmethod using toluenewith changing theMWCNT content up to 10wt% [65]. TEM thin

sections were prepared by cryomicrotomy at�120 �C. As seen in Figure 11.9(a), the diameter

of the MWCNT was measured to be 2–20 nm, and MWCNT with various lengths homo-

genously dispersed in the NRmatrix were observed. The distance between theMWCNT in the

NRmatrix was large and the MWCNTwere somewhat aligned. After increasing the MWCNT

content to 3.0 wt%, as seen in Figure 11.9(b), the orientations of theMWCNT in the NRmatrix

became more random. A pronounced tendency of random orientations of the MWCNT in the

NR matrix was observed when the MWCNT content increased up to 10wt%. A significant

increase in nanocomposite elastic modulus was also observed by tensile testing due to the

high aspect ratio of MWCNTobserved in these TEMmicrographs. It should also be noted that

it is much more difficult to observe nanoscale reinforcements when not MWCNT but SWCNT

were individually and homogeneously dispersed in rubber matrix, since the diameter of

SWCNT (�1 nm) ismuch thinner than the thickness of amicrotomed thin section (80–100 nm)

in general.

Instead of rubber nanocomposites reinforced by nanoscale inorganic reinforcements, there

is an example for observing the heterocoagulated phases of two different rubbery materials.

Figure 11.8 TEM micrographs of films containing 10 phr clay nanoplatelets: (a) nanocomposite film

cast of PUR latex and (b) nanocomposite film cast of the PUR/NR (1/1) latex blend (Reprinted from

S. Varghese, K.G. Gatos, A.A. Apostolov and J. Karger-Kocsis, “Morphology and mechanical properties

of layered silicate reinforced natural and polyurethane rubber blends produced by latex compounding,”

Journal of Applied Polymer Science, 92, no. 1, 543–551, � 2004, with the permission of John Wiley &

Sons, Inc.)
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Figure 11.9 TEM images of CNTs in SMRCV60: (a) 1wt% of CNTs; (b) 3wt% of CNTs; (c) 5wt% of

CNTs; (d) 7wt% of CNT; and (e) 10wt% of CNTs (Reprinted from Composite Structures, 75, A.

Fakhru’l-Razi, M.A. Atieh, N. Girun, T.G. Chuah, M. El-Sadig and D.R.A. Biak, “Effect of multi-wall

carbon nanotubes on the mechanical properties of natural rubber,” 496–500, � 2006, with permission

from Elsevier.)
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The concentrated mixtures of two rubbery latices of poly(styrene-co-butadiene) (SBR) and

poly(butyl acrylate) (PBA) was studied by Maruyama et al. [69], and the formation of

intermediate aggregates with a core (SBR)/shell (PBA) morphology was observed by TEM;

SBR particles were observed as black domains, with PBA particles as white domains with a

black edge.

Clay morphologies dispersed in rubber-toughened thermoplastic polyolefin [70–73], PA

6 [74] and PA 66 [75] nanocomposites have also been observed by TEM. For example, Dasari

et al. produced PA 66/maleic anhydride grafted styrene-ethylene-butylene-styrene block

copolymer (SEBS-g-MA)/clay nanocomposites by four different blending protocols, and

different morphologies of the nanocomposites depending on different protocols were

observed by TEM before and after nanoscale scratch testing [75]. The mixing ratio of PA

66 : SEBS-g-MA : organoclay nanoplatelets was fixed as 80 : 15 :5. The four different protocols

for preparing nanocomposites were as follows:

N1. PA 66, SEBS-g-MA and organoclay nanoplatelets were simultaneously blended.

N2. PA 66was blendedwith SEBS-g-MAfirst, and the PA 66/SEBS-g-MAblendwas then

mixed with the organoclay platelets later.

N3. PA 66 was mixed with organoclay platelets first, and the PA 66/organoclay nano-

composite was then blended with SEBS-g-MA later.

N4. SEBS-g-MAwas mixed with organoclay first, and then the SEBS-g-MA/organoclay

master batch was blended with PA 66 later.

TEM thin sections of nanocomposites before nanoscale scratch testing were prepared by

cryomicrotomy at�80 �C, and thesewere stainedwith osmium tetroxide (OsO4) vapor in order

to enhance the phase contrast between PA 66, clay nanoplatelets and SEBS-g-MA. It could be

seen that the SEBS-g-MA particles were finely dispersed in the PA 66 matrix of nanocompo-

sites prepared by protocols N1 and N2. PA 66 is more polar than SEBS-g-MA, therefore

organoclay nanoplatelets weremore exfoliated in PA66,whereas thick clay nanoplateletswere

just intercalated in SEBS-g-MA. The percentage of clay nanoplatelets seemed to be distributed

equally between the PA 66 matrix and SEBS-g-MA phase of nanocomposites prepared by

protocols N1 and N2. By protocol N3, most of the organoclay nanoplatelets seemed to be

present in the PA 66 matrix with good dispersion. As a result, the authors judged that protocol

N3, preparing the PA 66/clay nanocomposite first and then blendingwith SEBS-g-MA,was the

best route regarding the dispersion quality of organoclay nanoplatelets. In contrast, nano-

composites prepared by protocol N4 showed that most of the organoclay nanoplatelets were

present in the SEBS-g-MAphases as organoclay nanoplatelets were blendedwith SEBS-g-MA

first. As indicated above, the result of the relatively low polarity of SEBS-g-MA could be not

the exfoliation of organoclay nanoplatelets but intercalation within the SEBS-g-MA phases.

These contrasting differences of nanoscale structures depending on protocols N1–N4 signifi-

cantly affected the testing results of nanoscale scratch testing. TEM thin sections of the

subsurface beneath the scratch track were also prepared for some selected samples by

cryomicrotomy after conducting nanoscale scratch testing, and those TEM thin sections

were observed to understand the damage induced by scratching. Clear differences of the

subsurface damage in nanocomposites prepared by protocols N3 and N4, caused by different

morphologies of dispersed clay nanoplatelets, were also identified by TEM observations after

scratch testing.
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11.4.3 Scanning Transmission Electron Microscopy and EDX

Scanning transmission electron microscopy (STEM) is a technique similar to TEM, and the

principles of bright-field and dark-field images of STEM are the same as those of TEM. STEM

provides images when an electron beam is transmitted through an ultrathin specimen and

interacts with the ultrathin specimen. However, the electron optics focuses the beam onto a

narrow spot which is scanned over the ultrathin specimen in a raster scan pattern like SEM. The

scanning of the beam across the ultrathin specimen makes these microscopes suitable for

analysis techniques such as mapping by EDX. These signals can be obtained simultaneously,

allowing direct correlation of image and quantitative data of EDX.

Matteucci et al. prepared 1,2-polybutadiene rubber (PB)/titanium dioxide (TiO2) nano-

composites to enhance gas permeability with changing TiO2 content [76]. Since TiO2

nanoparticles are expected to have the highest electron density of the phases present in the

nanocomposites, the large bright structures in the dark-field STEMmicrographs are attributed

to aggregates of TiO2 nanoparticles.

Olivetti et al. developed nanocomposite films consisting of a vanadium pentoxide (V2O5)

phase formed within a rubbery block copolymer for the potential use as nanocomposite

cathodes in lithium rechargeable batteries [77]. V2O5/rubbery block copolymer nanocompo-

site films were prepared by sol-gel synthesis from vanadyl triisopropoxide precursor in poly-

(oligooxyethylene methacrylate)-block-poly(butyl methacrylate), POEM-b-PBMA. In order

to understand the dispersed V2O5 within the rubbery polymer matrix, EDX was used for

elemental mapping in the STEMmode. The STEM thin sections of�50 nm were prepared by

cryomicrotomy. Some STEM thin sectionswith andwithout vanadium oxidewere stainedwith

ruthenium tetraoxide (RuO4) to obtain better image contrast. Verification of V2O5 confinement

to the poly-(oligooxyethylene methacrylate) (POEM) domains for lower oxide contents was

obtained by elemental mapping for ruthenium and vanadium in a RuO4-stained thin section

using EDX. Figure 11.10(a) shows the bright-field image of a RuO4-stained film incorporating

24wt% V2O5, whereas Figure 11.10(b) and (c) display the distribution of ruthenium and

vanadium, respectively. The strong similarities in the spatial distribution patterns of these two

figures confirm the co-location of V2O5 and POEM.

Figure 11.10 STEMmicrographs of POEM-b-PBMA containing 24wt%V2O5: (a) bright-field stained

with RuO4; (b) ruthenium chemical map; and (c) vanadium chemical map (scale bar¼ 90 nm) (Reprinted

with permission from E.A. Olivetti, J.H. Kim, D.R. Sadoway, A. Asatekin, and A.M. Mayes, “Sol–Gel

Synthesis of Vanadium Oxide within a Block Copolymer Matrix,” Chemistry of Materials, 18, no. 12,

2828–2833, 2006. � 2006 American Chemical Society.)
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11.4.4 Electron Spectroscopy Imaging in Transmission
Electron Microscopy

Electron energy loss spectroscopy (EELS) is another spectroscopy technique available with

TEM to identify atomic compositions of materials. EELS is especially suitable to identify light

elements, whereas the spectral sensitivity of EDX is too low for the light elements that are

usually found in polymers. Electron spectroscopy imaging in transmission electron microsco-

py (ESI-TEM) uses EELS to provide information on particle constituents and their topological

distribution. Therefore, ESI-TEM allows the observation of the distribution of light elements

(for example, C, O, F, Na, S) in polymer specimens with a high spatial resolution [78, 79].

The research group of Galembeck prepared untreated montmorillonite/NR nanocomposites

by a mild dispersion shear blending process [80–82]. TEM samples were prepared by drying

a drop of dilute mixture of untreated montmorillonite/NR latex over a TEM grid, and these

were observed by ESI-TEM. Characteristic energy losses from interaction of electrons with

C (303 eV) and Si (132 eV)were selected, since the carbon and siliconmappings are very useful

to identify the location of the NR matrix and the clay nanoplatelets, respectively. The location

of the clay nanoplatelets was evident in the dark-field image as the bright areas in the dark-field

image coincided with the bright areas in the Si elemental map. The compatibility of clay

nanoplatelets with NRmatrix was demonstrated by superimposingmany bright domains in the

C and Si elemental mapping.

The same research group also processed other rubber nanocomposites by mixing a low-Tg
styrene-acrylic latex and untreated montmorillonite or ion-exchanged (K-, Li-, Ca-) mont-

morillonite clay nanoplatelets [83]. TEM thin sections of approximately 50 nm were prepared

using cryoultramicrotomy at �140 �C. Figure 11.11 shows ESI-TEM micrographs of micro-

tomed 10 phr Ca-montmorillonite/styrene-acrylic nanocomposites. The adhesion at the

interfaces between Ca-montmorillonite and styrene-acrylic polymer was excellent; the

corresponding elemental C and Si maps show that the styrene-acrylic polymer and Ca-mont-

morillonite domains were well connected without any evidence of lack of adhesion. It should

be noted that the extent of exfoliation is less pronounced for Ca-montmorillonite, thus the

improvements of the mechanical properties are accordingly lower than those using untreated,

Li-, or K-montmorillonite clay nanoplatelets.

Horiuchi et al. investigated interactions between rubber and ZnO particles in the accelerated

vulcanization process using ESI-TEM [84]. Combining elemental mapping and EELS enabled

the characterization of the interfaces with spatial resolutions of less than 10 nm and the

detection sensitivity for elements was approximately 0.5 at%. ESI-TEM micrographs showed

that the mapping of zinc distribution corresponded to the dispersed ZnO particles, and no zinc

element was detected from the region in the rubber matrix before vulcanization. ESI-TEMwas

additionally carried out to identify the chemical structures of the materials surrounding the

ZnO particles after vulcanization. It was found from the elemental mapping and image-EELS

spectra that a sulfur- and zinc-rich compound was generated around the ZnO particles. As

compared to the sample before vulcanization, the sulfur content in the rubber matrix increased

after vulcanization. This may suggest that the vulcanization reaction is initiated on the surface

of ZnO particles with the adsorbed sulfur compounds. However, the zinc distribution was

localized only at the vicinity around the ZnO particles; zinc was not detected in the rubber

matrix. Oxygen was equally distributed in the rubber matrix and was not localized in the zinc-

and sulfur-rich areas around the ZnO particles. This could lead to the reasonable speculation
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that the elemental oxygen distributed in the rubber matrix came from not ZnO nanoparticles

but mainly stearic acid. Based on the theory of the chemical reaction, the material found at the

vicinity around the ZnO particles was ZnS generated as a byproduct of accelerated vulcaniza-

tion. The accelerated vulcanization occurs only locally around ZnO particles at a higher

reaction rate, not uniformly in the entire rubber matrix. In other words, the rubber network

structure can be heterogeneous on the nanoscale.

11.4.5 3-D Transmission Electron Microtomography

Conventional TEM projects a 3-D structural body onto a 2-D plane. In other words, the actual

information along the thickness direction of the TEM specimens cannot be acquired by the

Figure 11.11 ESI-TEM micrographs of 10 phr Ca-MMT styrene-acrylic nanocomposite thin cuts:

(a) bright-field image; (b) carbon map; (c) silicon map; and (d) calcium map (Reprinted with permission

from Fabio do Carmo Braganca et al., “Counterion Effect on the Morphological and Mechanical

Properties of Polymer–ClayNanocomposites Prepared in anAqueousMedium,”Chemistry ofMaterials,

19, no. 13, 3334–3342, 2007. � 2007 American Chemical Society.)
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conventional TEM. A series of 2-D TEMmicrographs at various angles should be obtained by

tilting an ultrathin TEM sample, and a 3-D micrograph is produced by backprojection of 2-D

TEM micrographs using a technique of computerized tomography. This procedure using

transmission electron microtomography (TEMT) to reconstruct 3-D micrographs of the

specimens is designated as 3-D TEMT. The resolution of the 3-D TEMTmicrographs depends

on the number of 2-D TEM micrographs.

Kohjiya et al. observed the 3-D structures of dispersed CB [85, 86] and silica nanoparti-

cles [87, 88] in NRmatrix. The TEM specimens were prepared at 200 nm, using ultramicroto-

my. A total of 66 2-D TEM micrographs were collected at single-axis tilt angles ranged from

�65� to þ 65� in 2� increments by a TEM sample holder. For processing CB/NR nanocom-

posites, NR was mixed with CB and the other reagents for curing on a two-roll mill in order to

prepare NR vulcanizates. The total mixing time was between 20 and 30min, depending on the

loading amount of CB. The CB content was changed from 10 to 80 phr. The mixed compounds

were compression-molded at 150 �C for 20min. It was observed in 3-D TEMT micrographs

that all CB nanoparticles were aggregated inNRmatrix without any isolated CB nanoparticles,

regardless of different CB content. For processing silica/NR nanocomposites, NR was mixed

with silica nanoparticles and the other reagents by conventional mechanical mixing and was

compression-molded at 150 �C for 20min. Or, differently from conventional mechanical

mixing, in situ silica was directly generated in NR matrix based on the sol-gel reaction of

tetraethoxysilane (TEOS) as an alternate processing method of silica/NR nanocomposites.

The silica/NR sheets were dried under vacuum at 30 �Candwere curedwith sulfur at 150 �C for

20min after mixing with curing reagents on a two-roll mill. A lot of silica aggregates were

clearly detected in the 3-D TEMT micrographs from various directions, regardless of the two

different processing methods. The particle size of in situ silica nanoparticles from the sol-gel

reaction was larger than that of the conventional silica mechanically mixed with NR matrix,

as observed by 2-D TEM. The radius distribution and number of silica aggregates in a definite

volumewere also quantitatively evaluated from this 3-DTEMTanalytical system. It was found

that in situ silica nanoparticles had an average radius of 13.3� 5.6 nm, and the size of in situ

silica nanoparticles was less uniform than that of the conventional silica nanoparticles. In situ

silica nanoparticles showed a larger aspect ratio and were less symmetric in shape than

conventional silica nanoparticles.

Jinnai et al. observed the 3-D morphology of rubber nanocomposites reinforced by both

CB and silica nanoparticles using 3-D TEMT [89]. Both CB and silica nanoparticles were

dispersed in the mixture of NR and polybutadiene (BR), where the ratio of NR/BR was

60 : 40wt%. Polymers, fillers, silane coupling agents and curing agents were mechanically

mixed and then cured at 145 �C for 40min. The contents of CB and silica nanoparticles were

6.5 and 6.2 vol%, respectively. TEM thin sections of the rubber nanocomposites were

prepared using FIB at cryogenic temperature. Although the distinctions between CB and

silica nanoparticles were difficult by conventional 2-D TEM, different morphologies of CB

and silica nanoparticles could clearly be observed by 3-D TEMT as the CB and silica

nanoparticles appeared to be hollow and solid particles in 3-D TEMT micrographs,

respectively. Thus, it could be said that 3-D TEMT provided a unique capability to

distinguish two different nanoparticles having different morphological features. EELS was

also used together with 3-D TEMT in order to observe the 3-D distribution of silica. Two

different nanoscale reinforcements could be directly visualized in the digital slices, as shown

in Figure 11.12(a). After such binarization in each digital slice, they are reconstructed into a
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3-D TEMT micrographs, as shown in Figure 11.12(b). The vol% of both nanoscale

reinforcements experimentally estimated from the 3-D TEMT micrographs closely agreed

with the known compositions for processing the nanocomposites. It was also found that the

aggregates consisted of only one species of nanoparticle; the CB and silica nanoparticles

formed aggregates separately.

3-D TEMT provides more information about rubber nanocomposites than conventional 2-D

TEM, although the quality of 3-D TEMT micrographs is considerably deteriorated due to the

limitation of the tilting angle up to �70� in TEM. It is desired that 3-D TEMT will become

a general purpose experimental tool and that the fundamental information from 3-D TEMT

will be used to improve various properties of rubber nanocomposites.

11.5 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a microscopy technique acquiring images of surfaces

using a physical probe scanning the surface of specimens. An image of the surface is obtained

by mechanically moving the probe on the specimen from scan line to scan line and recording

the probe-surface interaction as a function of position. For example, atomic force microscopy

(AFM) and scanning tunnelingmicroscopy (STM) are in the category of SPM.An advantage of

SPM is that the resolution is only limited by the size of the probe–sample interaction volume.

Figure 11.12 (a) Binarization of CB and Si nanoparticles. The digital slice is the same image as

Figure 11.4a; and (b) 3-D reconstruction of the CB and Si/NRBR system. Box size is 726� 726� 107 nm

(Reprinted with permission from H. Jinnai, Y. Shinbori, T. Kitaoka, K. Akutagawa, N. Mashita and

T. Nishi, “Three-Dimensional Structure of a Nanocomposite Material Consisting of Two Kinds of

Nanofillers and RubberyMatrix Studied by Transmission ElectronMicrotomography,”Macromolecules,

40, no. 18, 6758�6764, 2007. � 2007 American Chemical Society.)
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Furthermore, these specimens do not require a partial vacuum, but can be observed in air at

room temperature or while submerged in liquid. Although the resolution varies depending on

different SPM techniques, some SPM techniques can reach atomic resolution. In contrast, SPM

results may be inaccurate due to the shape and size of the SPM probes when the change of

surface height of specimens is steep and more than 10 nm.

11.5.1 Atomic Force Microscopy

AFMconsists of amicroscale cantileverwith a sharp tip (called as a probe) at its end that is used

to scan the specimen surface. The cantilever is typically made of silicon or silicon nitride with

a tip radius of curvature on the order of nanometers. In general, AFM can be operated in either

contact (static) mode or tapping (dynamic) mode. In contact mode operation, the probe is

essentially dragged across the sample surface. The tip of the cantilever probe is always in

contact with the specimen surface during scanning, while the force between the tip and the

surface is maintained as constant in order to maintain a constant deflection. A bend in the

cantilever corresponds to a displacement of the probe tip along the z-axis relative to an

undeflected cantilever. As the topography of the sample changes, the z-scanner must move the

relative position of the tip with respect to the sample to maintain the constant deflection. Using

this feedback mechanism, the topography of the sample is thus mapped during scanning by

assuming that the motion of the z-scanner directly corresponds to the sample topography. Low

stiffness probes are normally used to minimize the amount of applied force for scanning the

sample and to boost the deflection signal. However, significant deformation and damage of

rubber samples may often occur during this contact mode imaging in air, since significant force

is applied to overcome the effects of contamination, including adsorbed moisture, on the

specimen surface.

In contrast, tapping mode operation is more applicable particularly to obtain images of

rubber-related samples. The resolution is similar to that in contact mode operation. Addition-

ally, the forces applied to the specimens are lower, thus this causes less damage to the

specimens. In tapping mode operation, the cantilever is externally oscillated close to its first

bending mode resonance frequency by a small piezoelectric element mounted in the AFM

tip holder. The amplitude of this oscillation is greater than 10 nm, typically in the range

20–200 nm. The tipmakes contact with the sample for a short duration in each oscillation cycle.

When the probe tip approaches the specimen surface, the tip–sample interactions alter the

amplitude, resonance frequency and phase angle of the oscillating cantilever due to, for

example, van der Waals force or electrostatic forces. This change in oscillation with respect to

the external reference oscillation provides information for the characteristics of each AFM

specimen. Especially, a later development in tapping mode is the use of the changes in phase

angle of the cantilever probe to produce a phase contrast image. In general, changes in phase

angle of the cantilever probe during scanning are related to energy dissipation by the interaction

between the probe tip and the specimen surface. The phase contrast image obtained by the

tapping mode often provides significantly more contrast than the topographic image and has

been shown to be sensitive to material surface properties, such as elastic modulus and

viscoelasticity. The phase contrast image can be concurrently constructed with the topographic

image, and this concurrent imaging is another benefit of tapping mode operation in contrast to

contact mode operation. The disadvantages of tapping mode operation, relative to contact
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mode operation, are that the scan speeds are slightly lower and the operationmay also be a little

more complex; however, more information from tapping mode operation can certainly cancel

such small disadvantages. In practice, the difference between the elastic modulus of the

different regions usually needs to be substantially different to obtain a good contrast using

tapping mode AFM. Good examples include a rubbery phase surrounded by another polymer

matrix with a high glass transition temperature and inorganic reinforcements dispersed in

rubbermatrix. It should be noted that phase contrast images obtained by tappingmodeAFMare

qualitative due to inaccurate or unknown spring constant of the probe, unknown contact

geometry and contributions from different types of tip–sample interactions.

An advantage of AFM over SEM is that AFM can provide a true 3-D surface profiles, while

SEM provides only 2-D micrographs. Although the surfaces of SEM specimens need to be

coated with metal or graphite and this coating process as a sample preparation is irreversible

and may cause artifacts, such a coating process is not required for AFM. Additionally, most

AFM modes can work perfectly in ambient air or even a liquid environment, whereas SEM

needs an expensive vacuum environment for proper operation. However, a disadvantage of

AFM compared to SEMmay be the limited focal depth. AFM has a shallow focal depth on the

order of only microns, while SEM has a deeper focal depth on the order of millimeters.

Incorrect selection of a probe for the required resolution can also lead to image artifacts. AFM

cannot scan images as fast as SEM, thus it is necessary to spend severalminutes in a typical scan

for an entire image.

AFM was utilized to observe rubber nanocomposites reinforced by montmorillonite

clay nanoplatelets [90–97], silica nanoparticles [98, 99], graphite nanoplatelets [40],MWCNT

[66, 100], metal nanoparticles [101] and magnetic nanoparticles [102]. For example, Sadhu

et al. of the Bhowmick group processed rubber nanocomposites reinforced by octadecyl

amine-modified montmorillonite clay, whose matrix was either SBR or NBR [90]. The rubber

was first dissolved in a solvent. The modified clay was also dispersed in ethyl alcohol, and this

was mixed with the rubber solution. After completely removing the solvents, samples were

passed through an open two-roll mill and thenmolded at 160 �C, resulting in 1mm thick rubber

nanocomposite sheets. The AFM specimens were prepared using cryomicrotomy at �140 �C
to obtain a truly flat surface for analysis by tapping mode AFM. This sample preparation using

ultramicrotomy is common for analyzing polymer nanocomposites by tapping mode AFM.

They firstmeasured the dimensions of dispersed clay nanoplatelets in the rubbermatrices using

TEM, and these dimensions were further confirmed by tapping mode AFM. The bearing

analysis of the rubber nanocomposites was conducted as shown in Figure 11.13, revealing the

dispersion, dimensions and vol% of the clay nanoplatelets in the rubber matrix. Maiti et al. of

the Bhowmick group also investigated not only morphological features but also contact and

adhesion forces between the clay/fluoroelastomer nanocomposites and the AFM tip by contact

modeAFM [92]. These forceswere calculated from the force-plots, whose example is shown in

Figure 11.14(a)-(e): (a) noncontact range, (b) jump into contact between probe and substrate,

(c) maximum position of substrate, (d) maximum interaction force and (e) abrupt separation

of probe from substrate [103]. Adhesion force was calculated from the pull-off portion of the

retracting curve (Dx) and the contact force was calculated from the horizontal distance

traversed by the piezo in the Z-direction, (DZ), as shown in Figure 11.14. The contact forcewas
defined by the following equation:

F ¼ kDZ
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Figure 11.14 A typical force-plot of the atomic force microscope (Reprinted from Polymer, 47,

M. Maiti and A.K. Bhowmick, “New insights into rubber–clay nanocomposites by AFM imaging,”

6156–6166, � 2006, with permission from Elsevier.)

Figure 11.13 Bearing analysis of organoclay/SBR nanocomposites (With kind permission from

Springer Science þ Business Media: Journal of Materials Science, “Morphology study of rubber based

nanocomposites by transmission electron microscopy and atomic force microscopy,” 40, � 2005,

1633–1642, S. Sadhu and A.K. Bhowmick, Figure 3.)
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where k is the spring constant of the probe. Different adhesion and contact forces of clay/

fluoroelastomer nanocomposites were measured depending on the fluoroelastomer matrix, the

clay/rubber interface and the clay nanoplatelets. The highest values of adhesion and contact

forces were observed on the fluoroelastomermatrix, and these values were obviously similar to

that of the neat fluoroelastomer. The least adhesion and contact forces were observed on the

clay nanoplatelets, as it is the hardest portion on the clay/fluoroelastomer nanocomposites. The

intermediate values corresponded to the interface region. Song et al. also observed a similar

tendency for the adhesion force to decrease when the clay content increased [91]. It was

suggested that the surface energy of clay/rubber nanocomposites decreased with increasing

clay content.

Bokobza et al. observed the morphologies of dispersed MWCNT in a SBR matrix using

AFM, when MWCNT/SBR nanocomposites were uniaxially loaded [100]. MWCNT/SBR

nanocomposites were processed by the solution technique: SBR and MWCNTwere mixed in

solvent, solvent was removed under vacuum and then the MWCNT/SBRmixture was cured at

170 �C under a pressure to obtain 200 mm thick sheets. The nanocomposite sheet was placed on

a small tensile machine that was fit to the sample holder of the AFM. Phase images obtained

by tapping mode AFM for three different extension ratios are represented in Figure 11.15.

The roughness of nanocomposite sheet increased with increasing strain and MWCNT were

aligned along the loading direction. These MWCNT structures became more slender with

increasing strain. However, an increase in strain led to a breakdown of bundles of MWCNT.

Themost striking results in this AFM investigationwere those obtained after total release of the

stress. Comparison between the original and prestretched sample, without loading, revealed a

pronounced change in themorphology of thematerial. A second stretch performed on the same

specimen did not show the same alignment as that observed for the first-stretched specimen.

Figure 11.15 AFM images on unstretched and stretched films of SBR filled with 10 phr MWCNT:

extension ratioa respectively equals to 1.0, 1.8 and 2.8 (Reprinted fromL.Bokobza andC.Belin, “Effect of

strain on the properties of a styrene-butadiene rubber filled with multiwall carbon nanotubes,” Journal of

Applied Polymer Science, 105, no. 4, 2054–2061,� 2007, with the permission of JohnWiley& Sons, Inc.)
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The second stretch revealed different arrangements of the MWCNT: the MWCNTaggregates

seemed to be perpendicularly oriented to the stretching direction. The strong alignment of the

MWCNT bundles perpendicular to the previous extension axis could be the result of a re-

equilibration of the stress field.

11.5.2 Other AFM-Related Techniques

The combination ofAFMwith a confocalRamanmicroscope (CRM)has been used bySchmidt

et al. to study the composition of various thin films of heterogeneous polymer blends [104]. It is

known that CRM combines the chemical sensitivity of Raman spectroscopy and the high

resolution of confocal microscopy, providing an ideal tool to characterize various phases with

a resolution down to 200 nm. The topographically different structures observed inAFM images

can be associated with the chemical composition by using CRM. The combination of AFM

and CRM in a single instrument enables the nondestructive and chemical characterization

of heterogeneous materials obtained by CRM with the ultrahigh spatial and topographical

information acquired by AFM. Schmidt et al. investigated three blends composed of

immiscible polymers which were in either the rubbery or glassy state at room temperature,

and they could obtain surface topographic images at high resolution and chemically identify

various materials contributing to the surface composition. Phase separation within the thin

films of the poly(methylmethacrylate) (PMMA)-styrene butadiene (SB) copolymer blend was

proven by CRM measurements in spectral imaging mode. Figure 11.16(a) shows the basis

spectra of SBR, triblock styrene-butadiene-styrene (SBS) copolymer and PMMAused as basis

spectra for data analysis of the image spectra. An overlay of the fitted data is shown in

Figure 11.16(b) and (c), where bright color represents the PMMA phase and dark color

represents the distribution of the SBR or the SBS phase, respectively. The Raman spectral

images of the blends of PMMA-SB showed a structure similar to the topographic AFM images

in digital pulsed forcemode (DPFM). Elevated domains in the topographicDPFM imageswere

associated with the stiffer PMMA and are in good agreement with the distribution of the

PMMA phase in the Raman spectral image.

There are otherAFM-related techniqueswhich are useful to understand surface properties of

polymer materials. For example, friction force microscopy (FFM) is similar to AFM and it has

a four-quadrant photodetector; this allows measurement of the frictional force acting on the

probing tip. The contrast in FFM of polymer surfaces has been attributed to surface chemistry,

molecular orientation, aggregation structure, crystallinity, stiffness and viscoelastic dissipation

(molecular relaxation) [105, 106]. Another technique applies a frequencywell below the probe

tip resonance and is known as force modulation microscopy (FMM) [107]. In FMM, the tip is

in contact with the specimen surface, and the sample surface is vibrated at a few kHz. The

amplitude of tip oscillation at the modulation frequency provides information about the

elasticity of the tip-probed sample region. The phase difference between themodulation signal

of the sample position and the modulation response of the tip is related to the viscoelastic

property of the sample. FMM was specifically introduced for the study of the elastic and

viscoelastic properties of materials with nanoscale resolution.

By combining AFM with acoustic characterization, the techniques of ultrasonic force

microscopy (UFM) [108, 109] and heterodyne force microscopy (HFM) [110] solve some of

the limitations of conventional AFM. UFM was developed in order to improve the details and
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image contrast where it can be seen as “flat” areas byAFMdue to its limited contrast. TheAFM

tip is used to detect the ultrasonic waves and overcomes the limitation of wavelength that

occurs in acoustic microscopy. A tip on the end of a cantilever is vibrated in contact with a

sample surface at MHz frequencies. HFM is another technique similar to AFM, and this

technique provides a means of testing the viscoelastic response of polymers in tip-probed

regions at MHz frequencies.

Cuberes et al.measured the nanoscale elastic properties of rubber-toughened PMMA using

AFM, FFM, FMM,UFMandHFM [111]. The interpretation of these imageswith respect to the

Figure 11.16 (a) Basic spectra of PMMA and SB; (b) phase-separated spectral images with 20�
20 mm2 scan area of PMMA-SBR; and (c) PMMA-SBS, with PMMA as bright areas. As the Raman

spectral images show, the distributions of PMMA and SB are complementary, proving that both polymer

phases are formed on the glass substrate (Reproduced from U. Schmidt, S. Hild, W. Ibach and O.

Hollricher, “Characterization of Thin Polymer Films on the Nanometer Scale with Confocal Raman

AFM,”Macromolecular Symposia, 230, no. 1, 133–143,� 2005, CopyrightWiley-VCHVerlagGmbH&

Co. KGaA. Reproduced with permission.)
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rather complex local structure of the polymer blend was greatly aided by various AFM-related

techniques. Figure 11.17 shows a series of micrographs recorded using these different AFM-

related techniques on the same region of the PMMA/rubber specimen. Both micrographs by

waveguideUFM (W-UFM) shown in Figure 11.17(b) and amplitude-HFM (A-HFM), in which

the vibration of the probe was monitored in amplitude, shown in Figure 11.17(c) revealed

similar contrast. However, the image quality shown in Figure 11.17(c) was arguably better than

that in Figure 11.17(b). A-HFM resolved differences in local sample stiffness due to the

presence of rubber in the near-surface region. FMMmicrographs shown in Figure 11.17(e) and

(f) were not easy to understand unambiguously as they were strongly affected by frictional

effects, presumably accompanied by variations in the tip-sample contact area. It should be

noted that friction is strongly reduced by ultrasound in UFM and HFM. The micrograph with

phase-HFM (ph-HFM) in which the vibration of the probewasmonitored in phase, as shown in

Figure 11.17(d) showed different contrast at protrusions that appeared similar in the contact-

mode AFM, UFM andA-HFMmicrographs. The FMMmicrographs shown in Figure 11.17(g)

and (h) revealed that those protrusions that gave rise to a darker contrast in Ph-HFM exhibited

the characteristic halo-shaped frictional contrast in forward (bright halo) and reversed (dark

halo) FFM scans. This was related to the presence of rubber directly exposed at the sample

surface. However, the other protrusions could be distinguished from the matrix only by FFM,

because of features related to their topography that gave rise to similar contrast in both forward

and reversed scans. All the protrusions appeared with the same contrast as the matrix in their

central regions when imaged with FFM. This indicated that they all have a PMMA surface.

Figure 11.17 (a) Contact-mode AFM (gray scale 140 nm); (b) W-UFM ( f¼ 5.120MHz, modulation

frequency 2.4 kHz, gray scale 4 nm); (c) and (d) HFM (o1¼ 5.110MHz, o2¼ 5.120MHz, gray scale

2 nm in (c)A-HFM, gray scale 5� (2.7 ns) in (d) Ph-HFM). (e) and (f) FMM( f¼ 10 kHz, gray scale 3 nm in

(e) A-FMM, gray scale 15� in (f) Ph-FMM); (g) FFM reversed scan; and (h) FFM forward scan:

1.5� 1.5 mm; F0¼ 7 nN; scan rate¼ 1 nm/s (2ms/point) (Reprinted from M.T. Cuberes, H.E. Assender,

G.A.D. Briggs and O.V. Kolosov, “Heterodyne force microscopy of PMMA/rubber nanocomposites:

nanomapping of viscoelastic response at ultrasonic frequencies,” Journal of Physics D: Applied Physics,

33, no. 19, 2347–2355, � 2000, with permission from IOP Publishing Ltd.)
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All the protrusions also appeared as dark byUFM andA-HFMwhich indicated that they have a

layer of rubber at the vicinity of the surface. Therefore, it could be concluded that the contrast

provided by Ph-HFM provided the capability to distinguish small differences in viscoelastic

and/or adhesion hysteresis response time of PMMA on top of rubber, depending on whether

or not this PMMAwas well adhered to the matrix. Such contrast is unique to Ph-HFM and the

differences are not revealed by AFM, UFM, FMM, A-HFM or FFM.

Electrostatic force microscopy (EFM) is a type of dynamic noncontact AFM where the

electrostatic force is probed and measures local electrostatic interaction between a electrically

conductive tip and a sample through Coulomb forces. A bias voltage is applied on the probe tip

while the probe tip scans across the specimen surface. Different responses to the charged probe

tip occur depending on the local electrical properties on the specimen’s surface. This variation

in electrostatic forces can be detected as a change in the oscillation amplitude and phase of

the AFM probe. The electrostatic force can be detected 100 nm from the sample. Since this

distance influenced by the electrostatic force is much larger than that interacting with van der

Waals forces, the information about the electrostatic force can be separated from the surface

topography of a flat surface by simply adjusting the distance between probe tip and the sample

surface. Thus, the electrical features can be resolved from topographic features. For example,

Kader et al. showed different EFM micrographs of CB/NBR composites containing 30 phr

(14.5 vol%) CB with changing applied voltage, as shown in Figure 11.18 [112]. The

topographic image of the samplewas plain. Any identifiable features of compositemorphology

could not be detected at all without voltage, as seen in Figure 11.18(a). However, when

the probe tip voltage was increased to 3 and 5V, the morphology became clearer, with

the appearance of bright parts representing the CB particles which were uniformly distributed

in the NBR matrix, as shown in Figure 11.18(b) and (c). The appearance of bright parts

implied that the current was flowing through these areas at a higher rate, where the CB

formed a conducting path between the tip and the sample through electrostatic attraction.

Close examination of the sample revealed the presence of circular CB particles having

an average particle size of about 60 nm connected with many other particles to form an

Figure 11.18 Effect of tip voltage on EFM phase images of 30 phr CB/NBR composites: (a) 0 V;

(b) 5 V; and (c) 7 V (Reprinted from Polymer Testing, 24, M.A. Kader, D. Choi, S.K. Lee and C. Nah,

“Morphology of conducting filler-reinforced nitrile rubber composites by electrostatic force micro-

scopy,” 363–366, � 2005, with permission from Elsevier.)
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aggregated structure. The application of very high voltage was limited due to electrical

damage to the sample, and this may also destroy the morphology of the reinforcements in

composite materials.

Since MWCNT are electroconductive, Kader et al. also conducted the EFM observations

with NBR/MWCNT composites with 11 phr (4.1 vol%) of MWCNT, whose individual outer

diameter is in the range of 15–30 nm [112]. The dispersed MWCNT could not be seen clearly

with 0V probe tip voltage. However, EFM images with 7V probe tip voltage clearly showed

the distribution of MWCNT. The dispersed MWCNT observed by EFM were in the form of

bundles. More details of MWCNT distribution in the NBRmatrix were obtained from the 3-D

image and the average diameter of theMWCNTbundleswas found to be approximately 50 nm.

As discussed in this section, the developments of various AFM-related techniques started to

be applied to rubber nanocomposites and revolutionized to investigate surface properties and

morphologies of rubber nanocomposites. Although to understand the acquired images

from these new technologies may not often be easy and straightforward, it is desired that

more datawill be accumulated for observing rubber nanocompositeswhile these techniques are

being improved.

11.6 Summary

This chapter reviews the various microscopy techniques applicable to observe the morpho-

logical features of rubber nanocomposites. TEM is the most versatile microscopy technique

used for analyzing the nanoscale dispersion of nanoscale reinforcements in the rubber matrix,

whereas other microscopy techniques like AFM also provide useful morphological informa-

tion about rubber nanocomposites. Such morphological observations are important for

correlating various properties of rubber nanocomposites with the degree of dispersion, size

and aspect ratio of nanoscale reinforcements in rubber matrix. Processing protocols can be

improved by understanding such correlations. Additionally, further development of novel

microscopy techniques is crucial to easily obtain a range of morphological information about

rubber nanocomposites. It is desired that experimental observations for rubber nanocomposites

with new functionalities will be evenmore active in the next decadewhen researchers continue

to obtain new benefits from applying novel microscopy techniques.
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Mechanical Properties of Rubber
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and Then?
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12.1 Introduction

Elastomers, also called rubbers, are made of long polymer chains linked to each other by

crosslinking nodes. They are largely used in industrial applications, mainly in shoes, pipes

and tires. For most applications, they are reinforced by stiff nanofillers [1], mostly carbon

blacks or silica particles. These nanocomposites, existingwell before the creation of theword

“nanocomposites”were first developed on an empirical basis in tire application. Their use has

been extended to many other applications, such as seals, because of their very specific

viscoelastic properties and wear resistance. Thanks to this large industrial interest, the

mechanical properties of filled elastomers have been abundantly studied, as shown by the

impressive number of publications on the subject. The development of new nanofillers

(nanoclays, carbon nanotubes) [2] and the development of nanoscale characterization

techniques, have reactivated the interest of both rubber industry and research community

for these materials.

Indeed, the new possibilities of reinforcement offered by the development of nanoscale

fillers have lead to new researches in the fields of processing [3], microstructural characteri-

zation [4–7], mechanical characterization and the comprehension and modeling of the

microstructure/mechanical properties relationships [8–10]. The history of the use of silica

nanofillers in rubber is a good illustration. The introduction of silica has beenmade possible by
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the synthesis of appropriate compatibilizer of the hydrophilic silica with the hydrophobic

polymer matrix. This improvement of nanocomposites processing has lead to the creation of

new rubber materials whose microstructure and mechanical properties have been extensively

characterized. Then, the discovery of optimized formulations for tire application has lead to the

development of the so-called “green tire”which is claimed to decrease car energy consumption

compared to equivalent carbon black-filled tires.

Lots of studies on rubber nanocomposites are guided by this success story. This probably

explains the extraordinary number of nanocomposite formulations tested, playing with the

numerous types of available elastomers and nanofillers. However, a clear evaluation of the

interest of each of these formulations is often difficult. This is mainly due to the complex

behavior of filled elastomer. Indeed, besides the expected reinforcement it provides, the

incorporation of small size fillers to crosslinked elastomericmatrix results in specific nonlinear

mechanical behaviors including high hysteresis, stress softening (Mullins effect) and strain-

dependent dynamic modulus (Payne effect). Various parameters are known to play a role in

these phenomena, that is: (i) geometrical factors such as the shape, the size and the aspect ratio,

(ii) intrinsic properties such as modulus and flexibility and (iii) surface characteristics such as

specific surface and surface treatments. Most of the articles do not separate these various

factors. Consequently, it is necessary to compile the information of the literature to identify and

clarify the role of each parameter in rubber nanocomposites reinforcement.

Thus, through a review of the literature, this chapter will first recall the typical mechanical

behavior of rubber filled with nanofillers, from the viscoelastic linear behavior to the large

deformation one, including the ultimate properties. Then we will highlight the main filler

parameters and how they seem to control these properties. In particular, we will focus on the

role of filler–filler and filler–matrix interactions, which are necessarily important when dealing

with fillers with such high specific surface (up to several hundreds of square meters per gram).

We will also see the influence of these fillers on the matrix properties, since, for instance, the

filler presence can modify the matrix crosslinking kinetic or induce crystallization. Then, this

description will be completed by the introduction of different modeling approaches developed

to account for and eventually predict the role of nanofillers in the mechanical behavior of these

rubber nanocomposites.

12.2 Typical Mechanical Behavior of Rubber Nanocomposites

This first part presents the different nanofillers used to reinforce rubbers and highlights the

specific aspects of the reinforcement induced by them.

12.2.1 The Fillers and Their Main Characteristics

Many types of nanofillers can be incorporated in rubber for reinforcement issue [11]. One of

their most important characteristic is their specific surface (generally of the order of several

hundreds of square meters per gram) which is directly related to their size, and which controls

(at given filler content) the characteristic inter-filler distance. Another important parameter

which has to be considered to describe these reinforcing elements is the average length/

diameter ratio, known as the “aspect ratio”. This aspect ratiomay change from one (for spheres,

for instance) to values as high as several thousands.
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Carbon blacks and precipitated silica are the most common nanofillers used for reinforcing

elastomers. Chemically, carbon black is a form of elemental carbon consisting of 90–99%

carbon, generally obtained by incomplete combustion or thermal decomposition of hydro-

carbons. Amorphous silica, SiO2, is usually prepared by vapor-phase hydrolysis or precipita-

tion. Both types consist of aggregates of spherical particles (diameter from 10 nm) fused

together (Figure 12.1). Note that some papers are devoted tomore exotic quasi spherical shaped

fillers like SiC [12], Ni and Fe nanoparticles [13, 14] and even carbon–silica dual phase

filler (CSDP) [15–17], the latter consisting in a carbon phase including finely divided silica

domains herein.

The interest of platelet-like fillers such as clays (hydrous alumina-silicates) is also evaluated in

many papers. The incorporation of layered silicates in polymers has been actively studied for the

past two decades since the pioneer work of Toyota’s researchers in the 1980s [18]. Nanosilicates

development started when amino acid treatment was found to enable the dispersion of

montmorillonite clays [(OH)4Si8(Al4�x Mgx)O20] at an individual scale (1 nm thick silicate

layers with the lateral dimensions from 0.1mm to several microns) in polyamide 6. Nowadays,

both natural clays and synthetic layered silicates have been used to process polymer nanocom-

posites (mica, fluoromica, vermiculite, hectorite, fluororhectorite, saponite, . . .) [19]. Reports on
clay chemicalmodification and nanocomposite elaborationmay be found in the literature (see the

chapter written byKarger-Kocsis). The aspect ratio and the dispersion can reach very high values

in delaminated composites (aspect ratio ranging from 100 to 1000) (Figure 12.2). Completely

exfoliated clay can have a surface area of about 700m2 g�1. Clays can have a large modulus

anisotropy, this is the case for montmorillonite, in which the longitudinal modulus is about

150GPa, and the Poisson ratio is assumed to be close to 0.2, that is, close to that of mica crystal.

Recent years have seen an increased interest for rod-shaped nanofillers. Carbon nanotubes,

long and thin cylinders of carbons, were discovered in 1991 by the electronmicroscopist Iijima

whowas studying the arc-evaporation synthesis of fullerenes [20]. Just few nanometres across,

the cylinder can be tens of micron long, and each end is “capped” with half of a fullerene

Figure 12.1 Transmission electron microscopy of primary carbon black particles coalesced into

primary aggregates and further associated in agglomerates (Reproduced from T. Prasse, “Elektrisch

leitf€ahige polymere Funktions- und Strukturverbundwerkstoffe auf der Basis von Kohlenstoff-Nanoparti-

keln und-fasern,” PhD thesis, Technical University Hamburg-Harburg, 2001.)
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molecule (Figure 12.3). Nanotubes can have either a unique cylindrical wall (SWNTs) or

multiple walls (MWNTs). Their structural properties depend on the diameter, length, and

chirality, or twist of the nanotubes. Their predicted mechanical characteristics are remarkable

(Young’s Modulus �1 TPa [21, 22], maximum tensile strength �30GPa [23]). They have

excellent thermal conductivity, are chemically inert and, depending on the details of their

atomic arrangement (chirality), behave as metals or semiconductors. Therefore, combined to a

low density, these characteristics make them particularly attractive for reinforcement in

Figure 12.2 Electron microscopy of intercalated and delaminated platelet-like nanofillers in a PA6

matrix (Reproduced from E. Reynaud, “A study on the relationships between structure and mechanical

properties in thermoplastics filled with nanoscopic inorganic particles,” PhD thesis, Institut National des

Sciences Appliqu�ees de Lyon, 2000.)

Figure 12.3 Transmission electron microscopy of multiwall carbon nanotube (Reproduced from F.

Dalmas, “Composites �a matrice polym�ere et nano-renforts flexible : propri�et�es m�ecaniques et

�electriques,” PhD thesis, Institut National des Sciences Appliqu�ees de Lyon, 2005.)

294 Rubber Nanocomposites



composite materials. Increasing number of publications report their incorporation in rubbery

matrices [24] such as NR [25], or silicone [26–28]. Note that these fillers, which enable a very

lowgeometrical percolation threshold, offer the possibility of conductive properties at very low

volume fraction compared to carbon blacks [27–29].

Some rodshape fillers with high aspect ratio can also be extracted from the biomass.

Cellulose nanofibrils [30] have a typical diameter range of 5–10 nm,with a length of severalmm
and they consist in the alternation of mono-crystals linked to their neighbors by disordered

segments. The hydrolysis of these segments allows the extraction of quasi-perfect mono-

crystals in the nano range. These whiskers have been extensively studied in noncrosslinked

polymers [31, 32]. Actually, there is an increasing interest for nanofillers from natural origin.

For instance, we can cite a recent work with waxy maize starch nanocrystals, which have been

incorporated in NR [33].

To complete the picture, we can also evoke particular fillers, which are in between chemical

additives and stiff fillers, like polyoxide silesquisiloxane (so-called POSS). These particles are

made of few silicium atoms and their surface is generally reactive with the polymer in which

they are introduced [34]. They have been for instance incorporated in polydimethyl siloxane

elastomer [35] or polyurethane elastomer [36].

To conclude, a large panel of available nanofillers can be introduced in rubbery matrices.

Among them, CB, silica and clays are undoubtedly the most studied ones. A large part of

literature on new nanocomposites is devoted to the optimization of the filler dispersion in the

elastomer. The filler dispersion can be reached through different processing route recalled in

different review articles treating of filled nanocomposites: latex route, melt mixing, or solution

route [3] (a chapter is devoted to this aspect in the book). The resulting dispersion strongly

depends on: (i) the choice of the polymer, which controls the filler/matrix compatibility, (ii) the

surface chemistry of the filler, which can change this compatibility, and (iii) the filler

morphology, including their shape factor and specific surface area that impacts the amount

of interfacial contact area with the polymer, the complex shape of the aggregates and therefore

the rheology of the filler/matrix mix. The filler chemical modification is particularly studied,

resulting in an impressive increase of the number of nanocomposite systems studied.

Moreover, the complex chemistry of crosslinking of the host elastomer can also be chosen

as a function of the nanofiller/polymer system [3, 37]. Obviously, all these parameters must be

taken into account when one wants to understand the role of the filler incorporation in the

mechanical properties of the processed nanocomposites, since they influence the microstruc-

ture (filler dispersion, crosslinking) and the different type of interaction (filler/filler, filler/

matrix). Before going into the detail of these different effects, one can however note that the first

consequence of the introduction of stiff nanofillers, like in the case of micro-scale fillers, is to

increase the material modulus. This is described below.

12.2.2 Filler Reinforcement (Modulus Increase)

The commonly accepted definition of an elastomer is an assembly of long polymer chains

crosslinked to each other, with a glass transition temperature below the ambient temperature.

Like all polymer material, when submitted to a mechanical stimulus, elastomers show a

viscoelastic response.Many static or dynamic experimental techniques are used to characterize

this behavior. At low strain, unfilled elastomers have a linear behavior, defined by a compliance

(or modulus) independent of the applied stress level. Besides, their energy dissipation

measured during a strain cycle is low; in other terms, the elastomer shows a low sensitivity

Mechanical Properties of Rubber Nanocomposites: How, Why . . . and Then? 295



to strain state, in particular at low strain (Figure 12.4). This pseudo-elastic behavior above Tg is

also related to a very constant modulus in the rubbery plateau, and can be relatively well

described by theory (cf. Section 12.4).

The stress–strain behavior of unfilled chemically crosslinked elastomers tested at room

temperature (that is, above Ta) is proportional to the crosslink density. The latter involves

those introduced by the chemical crosslinks created during the crosslinking step (usually by

sulfur or peroxide), as well as those created by the entanglements. The contribution of the

latter is strongly dependant on the strain rate when they are not trapped during the cross-

linking, but can be negligible for highly crosslinked elastomer. The quantity of the trapped

entanglements depends on the initial molecular weight of the polymer and the chemical

crosslink density (Figure 12.5).

0.025

0.02

0.015

0.01

0.005

0

0 0.01 0.02

Strain rates:

Natural

rubber

Unfilled

silicone

2.5 10−2, 1.25.10−3, 2.5 10−5

Strain rates:
2.5 10−2,2.5 10−4

0.03

Shear strain

S
h
ea

r 
st

re
ss

 (
M

P
a)

0.04

Figure 12.4 Shear stress–strain curve of unfilled NR and silicone (at low strain) at different strain rate,

from 2.5� 10�5 up to 2.5� 10�2 s�1 (Reprinted with permission from L. Chazeau et al., “Modulus

recovery kinetics and other insights into the Payne effect for filled elastomers,” Polymer Composites,

21, 202–222, � 2000, Society of Plastics Engineers.)

Figure 12.5 Scheme of the molecular structure of an elastomer: crosslinks (black dots), (a) entangle-

ments, and (b) trapped entanglements

296 Rubber Nanocomposites



As reported in all the articles concerning filled elastomers, when stiff fillers are introduced,

the material stiffness increases. Obviously, this is also the case for nanofillers. This reinforce-

ment increases with filler volume fraction, as clearly evidenced in all the papers devoted to

nanocomposites. The reinforcement can be evidenced by dynamic mechanical analysis

measurements. This technique provides the viscous and elastic part of the complex modulus,

as a function of temperature at a given frequency, generally around 1Hz. Such measurements

are suitable as long as the material behavior is linear (otherwise the modulus calculation is

wrong). This is clearly the case for strain below 1%. Some articles report also data of modulus

measured with large deformation tests. In that case, the modulus is measured at different strain

values, depending on the choice of the authors. However, it is noticeable that the strain chosen

for such measurement is often above 100%. At these strain levels, as we will see in the next

paragraph, many phenomena can occur and complicate the material response. Though these

difficulties, some generality can be extracted from literature.

Common filler content for CB or Silica are around 30–50 phr. Content of around 50 phr

multiplies the DMA modulus by ten [38]. In the case of spherical Ni and Fe nanoparticles in

natural rubber, El’Nashar et al. [13] reported a modulus increase of 50% with 30 phr of fillers.

Such reinforcement can be obtained for lower nanofiller fraction with high aspect ratio

nanofillers such as nanotubes or clays.Atieh et al. [25] reported an increase from0.3 to 2.5MPa

when introducing 10% of multiwall nanotubes (MWNTs) in NR (nanocomposites were

processed by evaporation). The introduction of 0, 5 and 10 phr of montmorillonite clay platelet

in isobutyl isoprene rubber leads to a modulus equal to 0.8, 3.2 and 4MPa respectively

(measured in tensile test at 100% strain) [39]. Kueseng and Jacob [12] reported a reinforcement

of NR matrix from 0.8 to 1.2MPa with only 2% of SiC nanoparticles. De Falco et al. [40]

reported also that small quantity ofMWCNTis enough to improve significantly themechanical

properties of cured SBR composites when compared to CB-filled SBR. However, due to

processing difficulties, the content of filler with higher aspect ratio is generally low, except in

few studies such as that of [41]. The latters reported data on a series of rubber/clay

nanocomposites with a fraction up to 60 wt% of filler in ethylene-propylene diene rubber

(EPDM) styrene butadiene rubber (SBR) and epichlorohydrin rubber (ECO), leading to an

important modulus increase measured by dynamic mechanical analysis.

These different examples show clearly that the filler aspect ratio is the main parameter for the

reinforcement efficiency, the latter beinghigher forhighaspect ratiofiller. Thus, carbonnanotubes

or MMT have a much higher reinforcing capability than silica or carbon blacks, except in some

few studieswhere the bad properties obtainedwith suchfillers are probably due to a bad quality of

the tested fillers [42]. Literature also suggests that the reinforcement is strongly dependent on the

elastomer matrix, the material processing, and the filler surface treatment [26, 43]. Note that a

comparison between all the different systems must be cautiously done in the specific case of

elastomers since their mechanical properties are also strongly dependent on the crosslinking

process of thematrix.Moreover, one can regret inmany papers the lack of characterization of the

fillers, of precision in the mechanical characterization (for the reason precised above) and of

comparisonwithmodeling approach, whichwould help the clear evaluation of the fillers interest.

12.2.3 Mechanical Behavior at Small Strain: the Payne Effect

Besides a strong reinforcement, the introduction of nanoscopic fillers in a rubberymatrix leads,

at intermediate strain level (below 100%) to a nonlinear mechanical behavior. Once again, it
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can be shown by two different mechanical experiments (dynamic or classic stress–strain tests).

In dynamic mechanical measurements, when submitted to successive sinusoidal deformations

with increasing amplitude, rubber nanocomposite samples exhibit a decrease of their measured

storagemodulus, and the appearance of amaximum for the loss modulus at a deformation level

around 0.1. Two plateaux are also visible, as shown in Figure 12.6, with what will be hereafter

called low amplitude modulus (LAM) and high amplitude modulus (HAM), respectively. The

main features of the Payne effect described above are general to all filled elastomers [38, 44,

45]. Note that this nonlinearity at low deformation – unrevealed in pure elastomer – is

equivalently demonstrated in classic shear–stress measurements. The apparent modulus

measured as the slope of the stress strain curve decreases strongly when deformation is

increased. The composite presents a pseudo-plastic behavior with a strong strain rate depen-

dence of the material response. A decrease of the strain rate of measurement decreases the

amplitude of the Payne effect, which quasi-vanishes at a strain rate below 10�6. An increase of

temperature has the same influence since it strongly decreases the initial modulus and much

less the terminal one [46].

It is noteworthy that the DMA measurements presented in Figure 12.6 represent a “fully

equilibratedmaterial response”: the storage and loss moduli measured at each strain amplitude

are steady-state values that would remain constant indefinitely if the strain amplitudes

were sustained at a constant value. However, dynamic measurements performed at increasing

strain amplitude do not give the same DMA curves when measurements are performed at

decreasing amplitude. In other words, the material has the memory of the modulus reduction

that occurs at high strain amplitude. This memory effect vanishes with time [44, 47]. Indeed,

a material submitted to a static offset, presents, after a sufficient elapsed time, the same

DMA curvewithout a static offset [48]. The curves virtually superpose, even for a deformation

of 0.2, that is, much higher than that at which the modulus decrease occurs. However,

Figure 12.6 Payne effect measurement of a carbon black filled NR: elastic (G0) and viscous (G00)
moduli a function of the shear amplitude (at 1 Hz). The measurement is performed at increasing shear

amplitude (Reprinted with permission from L. Chazeau et al., “Modulus recovery kinetics and other

insights into the Payne effect for filled elastomers,” Polymer Composites, 21, 202–222, � 2000,

Society of Plastics Engineers.)
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this statement is only true when considering material that has been previously submitted to

strain as high as the maximum strain seen in the test. Indeed, the original stiffness of a filled

elastomer is always higher than that measured in following tests. This is a feature of the

so-called Mullins effect.

Both the Payne and Mullins effects are general to all filled elastomers and in particular to

elastomers filled with nanofillers, as reported by Ramier et al. [38] for silica, by Qian et al. [49]

for CB, by Ramoniro et al. [50] for clays and by Bokobza et al. [51] for MWNT. However, the

intensity of the phenomenon depends on the filler characteristics for the reason that will be

explained further (Section 12.3). This strongly makes more difficult the understanding of

the impact of the tested nanofillers and makes more difficult the conclusion that one can have

concerning their interest.

12.2.4 Mechanical Behavior at Larger Strains

At higher strain level, rubber exhibits a strain-hardening, that is, a rapid increase of the stress

(prior to break). This hardening is related to the limited extensibility of the chains between

crosslinks. Crosslinks increase the elastic modulus but induce a decrease of the strain at break.

Like at small strain, the introduction of filler leads to an increase of the stress level of the

material at a given strain, as shown on Figure 12.7. Different studies report this increase for

silica in SBR [52], CB in NR [49], MWNT in NR [51], clay platelets in EPDM [53] and so on.

Like at small strain the main filler parameters are the filler aspect ratio and obviously their

volume fraction. Moreover, especially for high aspect ratio, one has also to consider the strong

influence of the processing which might orient the fibers, like suggested by [54] for fibrillar
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Figure 12.7 Stress–strain curves of pure NR and NR/MWNTs composites (Reprinted fromL. Bokobza

and M. Kolodziej, “On the use of carbon nanotubes as reinforcing fillers for elastomeric materials,”

Polymer International, 55, 1090–1098, � 1999–2008, with the permission of John Wiley & Sons, Inc.)
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nanosilicate (with length of a fewmicrons and diameters around 10–30 nm) introduced in SBR

and NBR by conventional process.

However, as evoked above, filled elastomers exhibit a mechanical behavior modified after a

pre-straining. This effect was first shown by Holtz [55] and studied by Mullins [56], whose

name was given to the phenomenon. This so-called Mullins effect is illustrated in Figure 12.8.

A sample is stretched at a maximum deformation emax. Then it is unloaded for between half an

hour and several days. A new loading of the sample leads to a stress–strain curvewhich is below

the curve obtained during the first loading, for a deformation level below emax. For a

deformation above emax, the second curve joins the first one. Some experiments suggest that

this effect is partly recoverable [56, 57] but for much longer time (in the scale of months) than

that involved in the Payne effect (see above). However, a real recovery in the cited experiments

is not obvious since it needs heating of the sample at temperature for which a post-crosslinking

can occur in the matrix. Interesting features have been shown by Lapra [58]. He confirmed by

birefringence the presence of short or strongly stretched chains during the deformation, which

do not obey to Gaussian statistic. AFM experiments showed that there is strong heterogeneity

of deformation. This confirms the important role of the distribution of the local volume

concentration of fillers, this distribution being the result of the nanocomposite processing.

12.2.5 Aging, Fatigue and Ultimate Properties

Conversely to what is generally observed with filled thermoplastic, filled elastomers with

nanoscopic particles can exhibit an increase of both stress and strain at break. Of course, this is

shown when the process enables sufficient filler dispersion and many processing problems can

hinder such result. As an example, Figure 12.9a shows stress–strain curves obtained with

styrene-butadiene rubber filled with untreated nanoscopic silica [59]. It is also illustrated in the

case of carbon MWNTS [24] in Figure 12.9b. The main difference between both examples

concerns the amount of nanofiller (10wt% in the case of carbon nanofibres, 20 vol% in the case

Stress

Strain εmax

1

2

Figure 12.8 TheMullins effect on stress–strain curves in reinforced elastomers. Themodulus on second

and subsequent curves is lower than obtained on first extension (Reprinted with permission from

L. Chazeau et al., “Relationships between microstructural aspects and mechanical properties of

polymer-based nanocomposites,” Handbook of organic–inorganic hybrid materials and nanocompo-

sites, 2, Hari Singh Nalwa (ed.), 63–111, � 2003, American Scientific Publishers.)
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Figure 12.9 (a) Stress strain curve of SBR and 20 vol% silica filled SBR (at 298K with a strain rate of

4 � 10�1 s�1) (Reprinted with permission from L. Chazeau et al., “Relationships between microstructural

aspects and mechanical properties of polymer-based nanocomposites,” Handbook of organic–inorganic

hybrid materials and nanocomposites, 2, Hari Singh Nalwa (ed.), 63–111,� 2003, American Scientific

Publishers; and (b) Stress–strain curves for pure SBR and MWNT/SBR composites. The filler content is

expressed in parts per hundred parts of rubber (phr) (Reprinted from Polymer, 48, L. Bokobza et al.,

“Multiwall carbon nanotube elastomeric composites: a review,” 4907–4920, � 2007, with permission

from Elsevier.)
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of silica). However, most of the articles report the existence of an optimum of filler content for

the improvement of the ultimate properties. This optimum can often be related to the optimum

of dispersion, which is more and more difficult with increasing filler content (see for instance

Hwang et al. [60]). Thus, a lot of study on clay platelet filled rubber report an optimum around

few wt% of clay [61], above which the dispersion is clearly not satisfactory.

The increase of stress can be explained by strain amplification effects [62], that are known to

occur in such complex materials. However, this cannot account for the apparent increase of the

ultimate strain often reported in rubber nanocomposites. In fact, the total rupture envelope of

such composites must be considered. The latter can be obtained by a logarithmic plot of the

ultimate stress, corrected by a factor Tref/T, as a function of the ultimate strain, for different

testing temperatures and strain rates. Tref is the chosen reference temperature for the curve,

while T is the temperature of the test. The correction factor accounts for the temperature

dependence of the entropic elasticity. All the tests made at different strain rates and

temperature leads to a unique curve (Figure 12.10). The variation of temperature or strain

rate only moves the representative point along the envelope, anticlockwise for a decrease of

temperature or an increase of strain rate. At high temperature and low strain rate, the

reinforcement is limited (low ultimate stress and strain). At low temperature and high strain

rate, the ultimate stress increases but the ultimate strain reaches amaximumand then decreases.

The rupture properties are optimal in an intermediary region. A maximum ultimate strain can

be determined from the envelope curve and will be hereafter call eultm.
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(Reprinted with permission from F. Bueche and J.C. Halpin, “Molecular theory for the tensile strength of
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As shown onFigure 12.10, the addition offiller in the elastomer decreases eultm,However, the
zone of optimal behavior is shifted toward higher temperature. For instance, Lapra [58] showed

that unfilled SBR exhibits, when stretched at a strain rate of 0.1 s�1, a maximum ultimate strain

at 273K when the latter is observed at ambient temperature with the same SBR filled with

20 vol% of untreated silica. The same observation was madewith different surface treatments:

in all cases, the decrease of the properties for temperature above the ambient is much slower

than for unfilled SBR. This leads to an ultimate strain systematically higher in the filled samples

than in the unfilled ones at 333K.

This improvement of the ultimate properties of the fillers is obviously searched when the

materials is used in application involving large strain behavior. This is in particular the case

when friction is involved. Indeed, even if their macroscopic strain is not necessarily important,

elastomer submitted to friction can be submitted to very high local strain. The best example is

the tire application where the abrasion resistance of the material is particularly tested. The

tribological behavior of elastomers, like for any type of material – because of the very local

mechanisms involved- is complex and is strongly dependent of the testing conditions.

However, some main characteristics can be recalled here.

Due to the viscoelastic nature offilled elastomers and to their large deformability, the friction

behavior of elastomer does not follow theCoulomb rules generally observed for rigid solid. The

friction force is not independent of the form and area of the contact surface, this force is not

proportional to the normal force, and the sliding of the surface is not independent on the relative

displacement rate between the surfaces in contact [63]. Indeed, the elastomer, filled or unfilled

can more or less deform following the surface roughness. For this reason, the friction force is

higher. Moreover, the latter depends on the physico-chemical nature of the material, that is, its

formulation. The viscoelastic nature of the material, complex in the case of filled elastomer,

induces a dependence of all the phenomena on the speed and temperature. In addition to its

consequence on the direct value of the force resistance to sliding, this has also consequences on

the wear behavior, since it is the complex results of the testing conditions.

Given this complexity, it is quite difficult to identify the main parameter deciding the

abrasion resistance of rubber nanocomposite. For instance, it appears that the ultimate

stress and strain at break obtained in simple tensile test are not consistent with the abrasion

resistance properties when comparing a CB-filled SBR and a CB-filled natural rubber [64].

This is the reason why natural rubber, which has better abrasion properties, is preferred to

synthetic elastomer for truck tire applications. One property, which is often examined, is the

crack growth resistance of the material. Depending on the nature of the elastomer matrix and

formulation, the crack propagation can present strong deviation and/or the formation of

moustache [65, 66], such as those shown on Figure 12.11. This enables higher energy

dissipation and therefore delays the material rupture. This phenomenon is related to some

anisotropy development in the vicinity of the crack [67]. It is then obvious that in the case of

nanofillers, such phenomenon must be considered at the nanometric scale, or even at the

molecular levels. The difference between NR and synthetic rubber is then generally

attributed to the crystallization ability of NR, which favors the anisotropy development [68].

Obviously, the addition of nanofiller will have a direct impact on this phenomenon and more

generally on the anisotropy development of the material response near the crack tip.

The issue of crack propagation in rubber nanocomposite is obviously a concern in the study

of fatigue [69]. The progressive degradation of the material observed in such tests involves all

the mechanical aspects previously addressed such as linear and nonlinear (Payne effect)
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viscoelasticity, the Mullins effect and the ultimate properties, in addition to the environmental

conditions (temperature, oxygen and ozone concentration, radiation, and so on). The latter can

promote the occurrence of complex chemical processes such as polymer chain scissions,

additional crosslinking, and byproduct formation, which may occur either in the bulk or at the

filler surface. As rubbers are strongly formulated, this degradation strongly depends on

the content and nature of antidegradant additives and crosslinking agents, as well as their

initial crosslinking state prior to aging. Moreover, given the large specific area of nanoscopic

fillers, chemical reactions at the interface can have a large impact on the one hand on the overall

chemical processes, that is, their kinetic and their homogeneity and on the other hand on the

resulting mechanical behavior of the degraded material. These intricate aspects are covered by

Chapter 21 of this book, written by S.K. Srivastava.

12.2.6 Conclusion

Elastomers display specificmechanical properties such as large deformability and small visco-

elasticity. The introduction of nanofillers makes this behavior more complex with the

occurrence of non linear visco-elasticity, a strong sensitivity to strain history, astonishing

ultimate properties such as a possible improvement of both strain and stress at break depending

on the testing conditions. This statement is general to all type of nanofillers but their influence is

obviously dependent on their intrinsic parameters.

12.3 How to Explain Reinforcement in Rubber Nanocomposite?

After a recall of the typical mechanical behavior of rubber nanocomposites, let us go deeper in

the relationships between the microstructure and these mechanical properties. There is no

doubt that the fillermorphology strongly influences themechanical reinforcement they provide

Figure 12.11 Crack propagation in CB-filled NR can present a strong deviation (tensile strain on

notched samples performed at room temperature with an initial strain rate 0.01 s�1)
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to the elastomermatrix.Moreover, thismorphology is also involved through the role of the filler

surface and the different type of interaction it generates.

12.3.1 Filler Morphology and Filler–Filler Interactions

The increase of the reinforcement with the increase of the aspect ratio can found theoretical

explanation that will be recalled in the Section 12.4.2. Aspect ratio has also consequences in

theway fillers are spatially distributed in thematrix during the processing. First, thatmeans that

the efficiency of high aspect ratio filler such as clays is directly dependent on the way they are

dispersed (exfoliated) in the polymer, since a too bad dispersion of the particles means the

formation of aggregates or agglomerates, that is, a smaller effective aspect ratio (this effect is

illustrated in Figure 12.12). This explains the large variation of the reported reinforcement of

elastomer system reinforced by fillers such as clays, or nanotubes since their dispersion is

strongly dependent on the material formulation and process. This is also the reason of the very

large number of articles devoted to the improvement of the filler/polymer compatibility, via the

chemical modification of filler surface [70, 71], the use of compatibilisers [72], or the chemical

modification of the polymer matrix [73–75]. Note that other parameters can influence this

dispersion such as the vulcanization system and in particular the accelerators [72]. The

consequence is that the efficiency of the chemical modifications can only be understood via a

deep microstructural characterization of the resulting composite.

At that point, one might conclude that a total dispersion of the fillers as individual objects

statistically distributed in the material is the optimum to reach. However, different works

indicate that such an idea is erroneous. For instance, the influence of the filler dispersion was

extensively studied by Pu et al. [76]. They prepared model colloidal silica systems in a PMA
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Figure 12.12 Effect of dispersion and aggregation of the silica on the mechanical properties of the

composites having a silica content of 35 wt% (Reprinted with permission from Z. Pu et al., “Effects of

dispersion and aggregation of silica in the reinforcement of poly(methyl acrylate) elastomers,”Chemistry

of Materials, 9, 2442–2447, 1997. � 1997 American Chemical Society.)
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matrix (poly methyl-acrylate) in such a way as to obtain particle dispersions that were random,

regular or aggregated. The mechanical properties of the three types of sample were tested for

both DMA and stress–strain properties (tensile and compression). They observed that the

composites with randomly and regularly dispersed silica have almost identical stress-strain

behavior (in both dynamic and static uniaxial tests). Conversely, the composites with

aggregated silica are seen to exhibit different mechanical properties, particularly higher

compressibility and extensibility. These improved mechanical properties relative to the other

two types of filler is consistent with frequent observations in the rubber industry that a stop of

the compounding process just before the complete filler dispersion can give the best balance of

mechanical properties.

Besides, the ability of the fillers to form a sort of continuous phase or network leads to a sharp

increase in the reinforcement efficiency [77]. This “percolating” network depends on their

aspect ratio, and on their orientation distribution, as described in the literature [78, 79]. Thus it

appears that with rigid rods randomly dispersed (in position and orientation), an aspect ratio of

100 should lead to their percolation at a volume fraction of about 1%.Moreover the percolation

threshold calculated for a nonuniform length distribution is also found lower than that

calculated for a uniform length distribution having the same average length [79–81]. Note

that these calculated thresholds are calculated with the assumption of a statistical distribution

of the fillers, without account for the interactions between fillers. The latters can strongly

modify the statistic spatial distribution of the fillers and therefore can increase or decrease the

threshold volume fraction [82]. The process can also favor or inhibit the formation of

this network, the evaporation process being likely more favorable than process involving

strong mixing.

The question that arises then is the nature of the links creating the continuity of this filler

structure [83]. The very high specific surface of nanofillers suggests that filler–filler interac-

tions can form these links. The formation of continuous structure made via filler–filler contacts

can be evidenced in the case of conductive fillers such as CB [27, 28, 53, 84, 85]. Indeed, a good

correlation was found between LAM value and conductivity, suggesting that this modulus is

directly the consequence of a so-called mechanical (and not only geometrical) percolation of

the filler. Moreover, conductivity measurement and mechanical characterization have shown

the existence of an optimum mixing time to obtain the highest LAM, which allows a

macroscopically uniform dispersion of the filler but also the existence of a filler network [84].

Within this frame, the nonlinear behavior of filled elastomers can be explained. The rigidity

of the filler structure depends on the rigidity of the filler–filler bonds. The deformation of the

composite leads to its breakage and the loss of rigidity. During cycled deformation, as observed

byDMA, there is alternately breakage and reformation of the filler bonds, which is a dissipative

phenomenon at the origin of the peak of the loss modulus observed in Figure 12.6. Many

experiments support this scheme. The decrease of the filler size down to the nanoscale leads to a

statistically nanometric distance in between filler, which can favor their interaction, and their

agglomeration in complex structure. This “agglomeration–disagglomeration scheme” is also

suggested by the analogy between viscoelastic behavior of filled elastomer and the rheology of

nanofiller filled suspension. The latter shows a decrease of viscosity with shear rate similar to

the decrease of modulus with shear in filled elastomer [86, 87]. A decrease of shear modulus is

also observed for suspension of carbon black particles in oil for which the role of polymer

chains cannot be evoked. In that case, the only obvious mechanism is a modification of state of

aggregation with shear rate [83].

306 Rubber Nanocomposites



To this direct effect of the filler network stiffness, one must add the role of the structure in

its possibility to trap matrix inside cluster of filler agglomerates. This trapped matrix

increases the apparent filler fraction, and its unshielding during the deagglomeration of

the fillers enhances the modulus decrease [88]. However, the preponderance of the surface of

the filler over their structure suggests that the occluded volume theory is not a keymechanism

in the Payne effect [89].

However, one might argue that a filler network has a too low modulus to explain the LAM

measured in filled elastomer. Moreover, it has been shown that the Payne effect is also

observable in carbon black-filled rubber evenwhen they are nonconducting composites, that is,

without the presence of a percolating filler structure effect [89]. Figure 12.13 presents the

influence of the surface of filler (that is, their size) on the modulus decrease in filled elastomer

during the DMA experiment described above (HAM minus LAM). The so-called structure of

filler, measured by DPB measurement, and which is characteristic of the complexity of the

aggregates geometry, is a veryminor parameter compared to their size, that is, to the surface of

matrix/filler interface.

12.3.2 Filler–Matrix Interactions

In fact, the importance of the surface developed by nanoscopic fillers is already noticeable

during the composite processing. This can be due to the filler-filler interactions (and the

formation of the network previously described) but also to the filler-matrix interactions that

occur here on a large surface. The latter can lead to properties of the matrix in the interphase

different than in the bulk. Considering the quantity of interface of the order of several hundreds
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Figure 12.13 Influence of the filler content on the Payne effect amplitude (i.e., themodulus drop value).

Carbon blacks with two specific surfaces (GSu for large surface, PSu for small) and two different DBP

structures (GSt et PSt) have been studied. The influence of the structure is of secondorder compared to that

of the specific surface (Reprinted with permission from L. Chazeau et al., “Modulus recovery kinetics

and other insights into the payne effect for filled elastomers,”Polymer Composites, 21, 202–222,� 2000,

Society of Plastics Engineers.)
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of square meters per gram, the quantity of polymer involved by the interaction with the filler

surface becomes significant. Given generally reported large reinforcements provided by

nanoscale filler compared to microscopic ones [9] (though this comparison might be often

questionable for different reasons developed in this chapter)many studies have been devoted to

the characterization of this assumed immobilized matrix. Different techniques have been

proposed to characterize it: bound rubber measurement [7], nuclear magnetic resonance

(NMR) [90], positron annihilation light scattering (PALS) [9] and so on. Bound rubber

measurement consists in dissolving the uncrosslinked polymer matrix of the composite and

extracts the fillers. The rubber bound on the filler surface, that is, the rubber not extractible, is

assumed to be characteristic of the quantity of immobilized polymer. The amount of adsorbed

polymer depends on the chemical nature of the polymer and of the particle surface, and also of

the molecular weight of the polymer [91].

For instance, Burnside and Giannelis [92] studied polysiloxane-layered silicate nanocom-

posites with filler volume fraction in the range (0, 0.04). They reported that the modulus

increase with the filler content correlates with the amount of bound rubber (determined from

swelling experiment in toluene). The quantity of bound rubber can be important in such

experiments, leading to the calculation of a polymer layer with a modified mobility of several

nm thick. More precisely, Dutta [93] has studied by NMR technique the mobility of adsorbed

polymer (styrene-butadiene) at the surface of carbon black particles extracted (in solvent) from

the composite. They conclude in the presence of three regions with different mobility, a bound

rubber region, a loosely bound region and the noninfluenced polymer. This has been supported

by other studies on similar or different systems [94, 95]. In the case of silica filled PDMS,

Cohen-Addad [96] has shown that the adsorbed polymer involves a multiple link structure.

Numerous monomer units are involved in a binding site which is a dynamic system consisting

of bonds which form and dissociate permanently. Brinke et al. [90] have performed a

RMN study of silica filler NR. The fraction of immobilized polymer they found is more

important in the case of untreated silica compared to those treated with silane, though the latter

enable the formation of covalent bonds. Seemingly, the silanol sites are more efficient to

immobilize NR chain than silane. This result is comparable to those found in a silica/

polybutadiene system [97].

These results are consistent with the study of Ramier el al. [38]. In his study, different

materials with a SBR matrix filled by nanoscopic silica with various surface treatments have

been submitted to increasing dynamic strains in the range of the Payne effect. Figure 12.14

synthesizes the behavior observed for the samples with untreated silica, with silica treated by a

covering agent with eight carbons, or treated with a coupling agent enabling a covalent

bond between the matrix and the filler. The grafting (covering or coupling agents) leads to a

decrease of the Payne effect amplitude, that is, basically a decrease of the initial modulus,

measured between themodulus drop. It was checked that this could not be due to amodification

of the silica dispersion in the material [38]. Bound rubber measurements have shown an

expected decrease of the adsorption of polymer chains at the filler surface with the covering

agent quantity; note that this characterization also allowed establishing equivalence

between the quantity of covering agent and the length of this agent to cover the surface of

silica [71]. Moreover, a correlation between the bound rubber value and the initial modulus is

found. The modulus drop in the peculiar case of the materials with coupling agents is very

similar to that observed with materials with covering agents. Like the work of ten Brinke [90],

this could suggest that the formation of covalent bonds between fillers and the matrix does
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not counterbalance the decrease of the number of physical bonds induced by the covering of the

silica surface.

Another argument for the presence of a large quantity of polymer chains with decreased

mobility at the filler surface is the recovery kinetic of the LAM after deformation, at large

amplitude or during the application of an offset since it is for some authors, similar to the

physical aging of polymer in the glassy state after stretching [98]. The large fraction of polymer

involved by adsorption can act through two mechanisms. The first vision is to consider it as a

glassy polymer. Within this assumption, the Payne effect can be considered as a decrease of

the glass transition temperature of this polymer fraction activated by the deformation [99].

A second possibility is to consider the Payne effect as due to a mechanism of adhesion–

desadhesion of the chains at the filler interface [100]. The adsorbed polymer might act as a

supplementary crosslink in the elastomer. In addition, the distance between the crosslinks being

reduced, linking chains between fillers might not act in the low deformation range as predicted

by theGaussian description butmore like chains at the limit of their extensibility [101].Thus, the

desadhesionmechanismwould be a return to the normal entropic behavior of these chains [101].

Such assumptions can also be used to explain the Mullins effect (that is, the irreversible

modification of thematerial behavior after a first stretch). For instance,Wagner [102] keeps the

idea of a glassy shell of polymer around the particles and proposes that under deformation, this

shell deforms quasi-irreversibly (that is, plastically) and does not contribute anymore to the

reinforcement. Bueche [57, 103] early assumed the existence of adsorbed polymer chains

linking two different filler particles. The distance between particles would be distributed, as
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well as the linking segments of chains. An increasing deformation would lead the shortest

segments to reach their maximum extensibility. In that case, theywould break or theywould be

debonded from the filler surface. The key parameters in this interpretation are the distance

between particles related to their size and the bonding surface. Dannenberg [104] and

Boonstra [105] had a very similar interpretation except that they preferred to consider a

slipping of the stretched polymer chain on the filler surface (Figure 12.15).

Thus, to consider the filler–matrix interactions as the main parameter in the mechanical

behavior of rubber nanocomposites could seem appealing. However, some objections exist

against a too biased vision. It is noteworthy that all the interpretation of the non linear behavior

of filled elastomers in studies which deal with a modification of these interactions via chemical

treatment of the filler surface, or via the matrix chemistry, does not always take into account a

possible modification of the dispersion. Moreover, the bound rubber quantities generally

reported are huge. Ramier reported values up to 40 vol% of matrix in the case of SBR/silica

nanocomposites. However, DSCmeasurements are rarely reported to confirm the modification

of the glass transition of the material, or the presence of phase with different glass transition

temperature. Some DSC measurements even contradict the assumption of an immobilized

phase. The lack of DSC clue is explained by the mobility gradient of the polymer near the

surface (with no neat difference of glass transition temperatures), or by the assumed total lack

ofmobility (that is, of glass transition) of the bound rubber. These receivable arguments at least

suggest that more information is needed on the molecular dynamics of the polymer in the

vicinity of the filler surface. Moreover, PALS study did not show an effect of the fillers

(montmorillonites treated or not with octa-decyl-trimethyl ammonium chloride) in the bulk

matrix response (a polystyrene-co-butadiene), whatever the process used to prepare the

composite [9]. At last, some authors discuss from dynamic mechanical experiments about

the presence of a second loss peak above the main relaxation temperature, (characteristic of a
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Figure 12.15 Physical interpretation of theMullins effect as described by Dannenberg (Reprinted with

permission from L. Chazeau et al., “Relationships between microstructural aspects and mechanical

properties of polymer-based nanocomposites,” Handbook of organic-inorganic hybrid materials and

nanocomposites, 2, Hari Singh Nalwa (ed.), 63–111, � 2003, American Scientific Publishers.)
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drop of the rubbery modulus with increasing temperature). But there is no correlation between

the intensity of this peak and the quantity of the bound rubber value measured with the same

sample [59]. Besides, mechanical spectrometry does not show any modification of the main

relaxation peak of G00 of rubber nanocomposites [76], except when they can also be explained

by continuum mechanic (that is, without the assumption of the matrix properties), or by a

modification of the matrix intrinsic properties by the process (that is, a different crosslinking,

copolymerization, degradation, or cure). Indeed, these indirect effects of nanoscopic fillers are

important; they will be discussed in the next paragraph.

In any case, whatever the reality of the presence of a matrix with modified properties,

filler–matrix interaction has obviously consequences in the behavior at large deformation.Given

the Payne effect feature and the fact that it occurs at small strain, the modification of the bulk

polymer mobility becomes a negligible phenomenon at large strain. The main characteristic to

consider then is indeed the strength of the filler–matrix and filler–filler bonds. Thus, the creation

of covalent bonds between the matrix and the filler through the use of appropriate surface

treatment is clearly visible at large deformation where it leads to a strong hardening of the

material, the fillers then acting asmultifunctional crosslinks [59]. The strength of these bonds, as

well as the strength of the filler–filler bonds, controls the damage process of the material, and in

particular the void formation, and the “desagglomeration” processes, as evidenced in Ramier’s

work [52]. Consequently, these different phenomena lead to strong heterogeneities in the

deformation field and the overall response of the material . . . up to the material rupture.

12.3.3 Indirect Influence of Fillers on Matrix Crosslinking

Nanoscopic fillers can also indirectly modify the matrix bulk properties through a perturbation

of the crosslinking process. Indeed, these fillers can favor an important and uncontrolled

adsorption of activator, accelerator and crosslinking agents that in turn can modify the

crosslinking density of the matrix in the filler vicinity [37]. Curing kinetics of rubbers are

generally studied using oscillating disc rheometer that measures the torque evolution required

to shear the sample (characteristic of the increase of the material rigidity during the cross-

linking). Measurements are usually performed versus time at a given temperature and

the curing characteristics are often expressed in terms of onset time, optimum cure time and

torque value.

It is generally agreed that the incorporation of carbon black in rubber does notmodifymatrix

crosslinking by sulfur but has an influence in the case of peroxide [37]. The results can be

extended to the case of nanotubes, as the surface chemistry is close. Untreated silica leads to a

strong modification of kinetic. For instance, the introduction of 20 vol% of silica in the SBR

matrix leads to a crosslinking reactionwhich begins earlier with slower kinetics (Figure 12.16).

This can be attributed to a strong affinity between silica and common accelerators. The

adsorption of accelerators can be significantly reduced by grafting the surface. For instance,

increasing grafting quantity of octyl triethoxy silane (noted AR8 on Figure 12.16) leads to

kinetics close to those observed in the case of the matrix alone with accelerators (CBS). The

same effect is also observed when using silane with alkyl chains of different lengths, the main

parameter being the covering of the silica surface. The use of coupling agent has also the same

consequences, with the difference that it contributes in the same time to the crosslinking kinetic

(accelerating it) by the coupling reaction.
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Let us now consider the case of nanolayered silicates. In order to exfoliate the stacks of

platelets, use is often made of ammonium salts [106]. Alex and Nah [107] report that the

presence of organoclay in the case of NR matrix leads to a faster crosslinking kinetic. This is

attributed to the formation of a transition complex with amine and sulfur. Similar effects have

been also reported by LopezMachado et al. [108] and Teh et al. [109] in the case of NR and by

Varghese et al. [110] in the case of epoxidized NR. In the case of silicone matrix, the influence

of synthetic Fe MMTon crosslinking kinetic is attributed to the presence of Fe that acts as an

antioxidant [14].

Given the fact that it occurs at the filler surface, the consequences are likely a more

heterogeneous final crosslinking state (that is, the development of crosslinking gradients in the

filler vicinity). However, the characterization of such heterogeneities is difficult to perform.

This probably explains why it is generally even not mentioned in articles. Such an omission is

obviously not important when studies are devoted to the qualitative aspect of the reinforcement

of fillers in rubber nanocomposite; however, it might be a problem when the studies discusses

about the modification of elastomer mobility through the filler–matrix interface.

12.3.4 Influence of Fillers on Rubber Crystallization

Creation of specific interactions between polymer and the filler surface can also have

consequences on the crystallinity of semi-crystalline polymers. This question is important

since a modification of the crystallinity can sometimes explain by itself the change of

reinforcement without invoking any other physical mechanisms. This problem is present for

some rubbers, such as natural rubber (NR) and polydimethyl siloxane (PDMS). These rubbers

are known to crystallize either at a temperature below room temperature (the process called

cold crystallization happens around �25 �C for NR and �70 �C for PDMS) or under strain

(strain-induced crystallization: SIC). For instance, above a strain level of 300%, NR crystalli-
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zation is instantaneous. SIC is often assumed to be to at the origin of the original auto-

reinforcing character of natural rubber.

Recent results on SIC in the case of NR have clearly evidenced the critical influence of the

crosslink density (see Figure 12.17 where NR2 and NR3 are NR matrices slightly and highly

crosslinked, respectively). Crystallization kinetic is ruled by nucleation when the molecular

weight between crosslinks is below the molecular weight between entanglements. Conversely,

growth is the key factor when the molecular weight between crosslinks is above the molecular
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Figure 12.17 Crystallizationversus strain for: (a) silica (S-5 to S-9: 50 phr); and (b) carbon black (S-1 to

S-3: 45 phr) filled and unfilled NR matrices (NR-1 to NR-3). Tests were performed at room temperature

and strain rate 0.25min�1 (Reprinted from Polymer, 48, J.M. Chenal et al., “Parameters governing strain

induced crystallization in filled natural rubber,” 6893–6901, � 2007, with permission from Elsevier.)
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weight between entanglements. That means that the crystallization optimum is reached when

the crosslink density corresponds to the physical entanglements density [111].

Besides, it is well established that the addition of nanoscopic fillers in natural rubber

can indeed strongly increase rigidity, abrasion resistance, tear strength, and stress at break.

The direct relationship between these improvements of the mechanical properties and the

influence of the filler on crystallization under strain is still an open debate. Actually, the first

role of the filler is the strain amplification of local strain [112]. Therefore, as a first step, it can be

interesting to consider the influence of fillers on the cold crystallization (that does not imply

strain amplification). For this reason, Dewimille et al. [113] studied the cold crystallization

of poly dimethyl siloxane (PDMS) networks filled with in situ generated silica particles.

Chenal et al. [114] were interested in the cold crystallization of filled natural rubber (NR) with

carbon black (CB) and with silica. In both cases, a reduction in the ability of polymer to

crystallize in the presence of filler was observed. Themain effects of the fillers are related to the

fact that they can create excluded region for crystallization and a region with perturbed

mobility where the kinetics of nucleation and/or growth are slowed down, the rest of the matrix

being unperturbed. The respective volume of the different regions depends on the filler

parameters. The results may also be regarded as the consequence of an increase in the apparent

crosslinking density due to polymer–filler interactions. This interpretation is close to that

reached by Gent [66] in studies on the effect of the network crosslinking density on the

crystallization characteristics of NR.

Let us now discuss the effect of fillers on SIC. Most recent studies are based on Synchrotron

wide-angle X-ray scattering (WAXS) during stress–strain measurements performed on NR

with different crosslink densities, unfilled or filledwith nanoscopic silica, carbon black, clay, or

calcium carbonate. Toki et al. [115] and Trabelsi et al. [116] have explained that the

mechanical hysteresis observed, during tensile cycle tests, in all filled and unfilled NR samples

is essentially due to the supercooled effect. Chenal et al. have demonstrated that the Mullins

effect decreases the intensity of the SIC. The Mullins effect being highly dependent on the

mechanical history of the material, it is therefore necessary to “demullinize” the samples to

study properly the influence of the material parameters on SIC. Another aspect investigated by

Poompradub et al. [117], Trabelsi et al. [116] andChenal et al. [111, 118] usingWAXSwas the

evolution of the crystallite sizes versus strain in the case of filled NR. In each study, it was

shown that, when fillers are introduced, the crystallite sizes are decreased as well as the degree

of crystallite orientation.

Several teams have demonstrated, regardless of filler nature, that the strain at the crystalli-

zation onset decreases with the addition of filler, due to strain amplification. Y.Wang et al. [10]

have prepared NR-clay nanocomposites by co-coagulating the NR latex and a clay aqueous

suspension. From the results of tensile tests, they explained that the presence of nanoclay (more

than 10 phr) inhibits the development of crystallization of NR. To understand this result, the

nanoparticles must be considered as new effective crosslinks. From this point of view, Rault

et al. [119] have proposed the concept of effective crosslink density (n) deduced from the sum

of the chemical crosslinks (nc� 1/Mc), entanglements (ne� 1/Me) and elastomer chains

adsorption on the filler (nG� 1/MG) densities. By using this concept, Chenal et al. [118] have

given a coherent description of SIC, that is, the evolution of crystallization rate and crystallite

size (Figure 12.18a and b). Two different regimes, at weak and high effective crosslink

density, were highlighted and the molecular weight between physical entanglements in natural

rubber (Me� 7000 gmol�1 and ne� 1.3�10�4mol cm�3) seems to correspond to the boundary
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between both regimes. Below the critical value (ne), when a sample is stretched, nuclei number

increases and the medium mobility decreases with the increase of effective crosslink density.

Even if the growth step is slightly hindered, the nucleation step is so promoted that the

crystallization rate increases. Simultaneously, the crystallites size slowly decreases until it

drops at ne. Above the critical value, the restriction of themediummobility becomes significant

and hinders not only the growth but also the nucleation step. Thus, the crystallization rate slows

down. The origin of this decrease of the nucleation rate can be related to the creation of an

excluded volume for crystallization in the filler vicinity because of a reduced mobility.
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Figure 12.18 Variation of average crystallites’ volume versus effective crosslink (a) and crystallization

rate versus the effective crosslink density (b) (Reprinted fromPolymer, 48, J.M.Chenal et al., “Parameters

governing strain induced crystallization in filled natural rubber,” 6893–6901, � 2007, with permission

from Elsevier.)
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These modifications of crystallization kinetic are related to the material ultimate properties.

Tosaka et al. [120] have proposed that SIC induces a microfibrillar structure which can be seen

as a network stronger that that created by the sole chemical crosslinks. This structure may

significantly contribute to crack growth resistance as suggested by studies that focused on

strain-induced crystallization in the crack tip region of CB filled elastomer [68, 121].

12.3.5 Conclusion

As for microscopic particles, the aspect ratio of the nanofiller introduced in rubber appears as a

very important parameter for the reinforcement efficiency. Moreover, the very important

surface of interface amplifies the problem of dispersion that often needs supplementary

chemical step – such as surface treatment and polymer compatibilisation – or more efficient

mixing. This dispersion step can first modify the effective aspect ratio of the particles and

therefore have a direct effect on the reinforcement efficiency of the fillers. Moreover, the

possible interactions of this interfacewith the complex formulation of the rubber (needed for its

vulcanization) can modify the crosslinking kinetics and therefore the spatial distribution of the

crosslinks and thematrix intrinsic properties. Besides, different experiments suggest a decrease

of the polymer chain dynamic in the vicinity of the filler. At last, due to the small inter-filler

distance, the filler–filler and filler–matrix interaction can more easily play a role in the

formation of a continuous filler network whose the reinforcement efficiency is much higher

than that of the individual particles. Thus, given the difficulty to dissociate the contribution of

each type of interaction, the current author opinion, largely accepted in the community, is to

consider that the reinforcement of rubber nanocomposites, the mechanisms of the Payne and

Mullins effects probably involve both the filler structure and the adsorbed chain. As normally

expected with fillers, their presence, by strain amplification phenomenon, leads to an earlier

occurrence of crystallization (when dealing with crystallizable elastomer), but the interfacial

interactions also modify the crystallization kinetic of the materials. Obviously, the ultimate

properties of rubber nanocomposites strongly depend on all these phenomena, which control

the development of strain anisotropy and damage.

12.4 Modeling Attempts

Given the difficulty to dissociate experimentally all the complex phenomena involved in the

mechanical properties of rubber nanocomposite, it seems that a true evaluation of the interest of

the introduction of the nanofillers can only be done if some efforts are put in their understand-

ing. Thus, the aim of this last part is to present the different available modelingmethods, which

can be found in literature, to analyze the mechanical behavior of rubber nanocomposites. The

mechanical response of filled rubbers is sometimes seen as the sum of different contributions,

that is, that of the polymer network, the hydrodynamic effect and the contribution of filler–filler

and/or filler–matrix interactions.

12.4.1 Polymer Network Contribution: Modeling Rubber Behavior

The mechanical response of an elastomer is directly deduced from the modeled behavior of

one polymer chain, free from interactions with other chains. The simplest model is the
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Gaussian one, whichmodels the chain as an assembly of independent segments free of rotation.

The elasticity of the chain is entropic and is deduced from a statistical description of its possible

conformations. The behavior of a network of such chains can be done with the affine

assumption that the macroscopic deformation of the material is proportional to that of each

chain. The simplest theoretical description is based on a three-chain unit and, under simple

shear, with the affine deformation of the representative network cell; this leads to the known

formula available for low amplitude deformation [122].

G ¼ NkT ð12:1Þ
where G is the shear modulus, T is the temperature and N is the number of active chains per

unit volume.

This model can be refined at different levels: (i) at the level of the chain description by

considering its maximal extensibility (the Gaussian description is replaced by the Langevin

equation) and (ii) at the level of the network description, by accounting for the crosslink

spatial fluctuations [123], by using eight-chain models or a randomly distributed chain

model [124, 125], (iii) at the level of the chain environment by accounting also on the

entanglements presence and their role in the chain dynamic [126–128]. In the latter case,

lateral fluctuations of the polymer strand are limited by the presence of neighboring

chains leading to a certain confinement of the individual chain in a determined volume with

a tube-like geometry.

For instance, Rubinstein [127] gives the evolution of the Mooney function as a function of

the extension ratio l (length over the initial length):

f*ðl�1Þ ¼ Gc þ Ge

0:74lþ 0:61l�0:5�0:35
ð12:2Þ

where Gc is the modulus contribution of the chemical crosslinks and Ge is related to the

entanglement density. f � is the Mooney ratio defined in tensile testing as:

f*ðl�1Þ ¼ s

l2�l�1
ð12:3Þ

where s is the tensile stress.

An alternative to these physical models is to adopt a phenomenological description based on

the definition of elastic potentials as a function of the different strain invariants, or of the

different elongation variables [129, 130]. Note that the number of parameters to evaluate and

therefore the number of experiments to perform, depends on the accuracy required for the fit of

the experimental curves and the strain range that the model wants to cover.

Some authors proposed to extend the expressions used for unfilled elastomer (Ogden or

Mooney type) to compositemodelingwithout accounting explicitly for the specific phenomena

induced by the filler presence. Obviously, in such a phenomenological approach, there is no

physicalmeaning of the parameters. The difficultymet by thesemodels (like in the case ofmore

physical based models) is to account for the viscoelastic response of the material when

submitted to a complex stress–strain history. This is done through the parameterization of the

time-dependence of the parameters. In addition, the account for non linear character of this

viscoelasticity (the Payne effect) or the irreversible damage of thematerial (such as theMullins

effect and cavitation) can be rendered through the introduction of functions giving the

evolution of the parameters during deformation [131–133]. An intermediate solution can be
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the introduction in the networkmodel of a second network corresponding to the contribution of

the filler, as done for instance by Bergstrom et al. [134].

All these approaches, even the physically based ones, generally consider the elastomer

network as homogeneous. In fact, in elastomers, except when they are processed by cross-

linking at the ends of chainswhose length distribution is known, intercrosslink distances can be

widely distributed. The consequences of this distribution can be very important, especially in

the large deformation range, where the nonlinear hyperelastic behavior of the polymer chains is

involved. The account for such effects in models needs a more complete description of the

network architecture. One can cite in this domain the pioneering work of Termonia [135].

12.4.2 Filler Contribution: How to Describe the Composite Effect?

Of course, the introduction of filler makes more difficult the modeling of the mechanical

properties of the material. The first effect of the introduction of the fillers is what we would

called the “composite” effect, that is, the reinforcement provided by the introduction of the

more rigid filler phase. Different models describe the reinforcement of composite materials.

Three general kinds of models can be distinguished.

The first series concerns boundary models, based on variational methods, which define the

extreme elastic behaviors of composites [for instance Voigt and Reuss bounds which assume a

uniform stress (serial model) or a uniform strain (parallel model) in both phases respectively].

This is possible for elasticity and for linear viscoelasticity too. However, in the case of filled

rubbers, the modulus contrast between both phases is huge (for example, shear modulus of

silica �30GPa, rubber �1MPa), so that the obtained bounds (of the first, second and third

order using respectively first-, second- and third-order correlation functions) are generally too

far apart to be of practical use for comparison with experimental data.

The second set ofmodels involves phenomenological approaches that introduce one ormore

adjustable parameters. For instance, the serial–parallel model of Takayanagi [136] gives a

direct uniaxial representation of the assumed mechanical coupling through an adequate

distribution of phases serially or in parallel. This distribution is controlled by one fitting

parameter. In specific cases, physical arguments (percolation [137] or filler distribution from

morphological observations) can be used to set the adjustable parameter of this type of model.

The last series concerns micromechanical modeling, developed in the framework of

homogenization theory. They propose an explicit connection between given morphological

information on the microstructure of a “representative volume element” (RVE) of the

considered material and the overall mechanical response of the associated “equivalent

homogeneous medium” (EHM). In the Christensen and Lo three-phase model [138], the

composite is seen as an inclusion surrounded by a matrix immersed in the unknown EHM. The

Herve and Zaoui n-phase model [139] generalized this so-called self-consistent estimate by an

iteration technique, embedding the different phases or more specific patterns in the EHM

itself [140]. Three-phase predictions are satisfactory when particles are well dispersed in the

matrix and far enough from each other [141]. However, as soon as particle aggregation occurs

and especially when the rubbery plateau modulus is concerned, the three-phase model leads to

too soft predictions.

This three-phasemodel for spherical inclusion has an equivalent in the domain of long fibers,

then assumed with an infinite length [142]. When these fibers are short, the calculations are
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performed using the Eshelby calculation [143] for an ellipsoidal inclusion with the aspect ratio

in amatrix taken as the homogenous infinitemedium (this calculationwas initially proposed by

Mori and Tanaka [144]). The general solution for the modulus in the direction of the large axis

of the ellipsoid has a strong dependence on themodulus contrast of both phases and on the form

factor. One can define a reinforcement factor A with the formula:

Ec ¼ Emð1þAfÞ ð12:4Þ
Its evolution as a function of the form factor andof themodulus ratio is recalled onFigure 12.19.

One can notice that for a modulus ratio below 100, fibers with form factor above 100 have the

same effect on the predicted reinforcement than infinitely long fibers. Moreover, the highest

the form factor, the largest the influence of the modulus contrast. These calculations can be

applied to the simple case of composites with unidirectionally oriented fibers. The calculation

for a transversely isotropic or totally isotropic material needs the calculation of an average of

the reinforcement on all the orientations, calculated in the unidirectional case, as proposed by

Tandon and Weng [145].

The absence of an analytical solution for such calculations leads Halpin and Tsai to propose

an empirical equation equivalent to the Mori–Tanaka calculation [146]:

Mc

Mm

¼ 1þ zZf
1�Zf

where Zwrites Z ¼
Mf

Mm
�1

Mf

Mm
þ z

ð12:5Þ

where f is the filler volume fraction, z is a factor depending on the filler form and M is the

modulus with indices f for filler, m for matrix and c for composite.

Ashton et al. [147] have shown that the equations can be used for the reinforcement of

unidirectional fiber composites. They advised the use of z¼ 2a/b for the calculation, where a is

the fiber length and b is the fiber diameter, of the longitudinal modulus E11, z¼ 2 for the
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Figure 12.19 Influence of the filler length on the reinforcing factor A (cf. Equation 12.4) as a function

of the inverse filler aspect ratio x and the filler-to-matrix modulus ratio Ef/Em (Reprinted from

R.M. Christensen, Mechanics of Composite Materials, with permission from Dover Publications,

Inc., New York. � 2007.)
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transverse modulus E22 or E33, z¼ 1/(3–4nm) for the shear modulus G23, and z¼ 1 for shear

moduli G12 or G31 with n31¼ n12.The Halpin and Tsai formula is also often used for the

modulus calculation of laminated. In this case, the modulus tensor is the average on all the

orientation of the moduli tensor of each ply, weighted by the volume fraction. The Halpin–

Kardosmodel leads to the analytical formula of a four-ply laminate in which fibers are oriented

respectively at 0�, 45�, 90� and 135�. Tsai and Pagano, from these calculations, have proposed a

simplified expression of a transversely isotropic composite [148]:

E2D ¼ 0:375E== þ 0:625E? ð12:6Þ

Where E//is the longitudinal modulus of a single ply and E? is its transverse modulus.

Themodulus of an isotropic composite can be obtained by a three-dimensional average such

as that proposed by Van Es [149]:

E3D ¼ 0:184E== þ 0:816E? ð12:7Þ
Even if his process is questionable, the results are equivalent to the calculation of Tandon

and Weng [145].

All these models have been first developed in the linear domain and they are useful to

compare experimental data with predicted modulus values taking into account the filler

parameters such as modulus and shape. However, they are adimensional and do not predict

any effect of the filler size. Moreover, the interface between filler and matrix is assumed to be

perfect. When applied to nanocomposites, they generally underestimate the reinforcement,

especially in the case of thermoplastics above Tg or rubbers [150]. This is however not always

the case. For example, in the case of CNT filled nanocomposites, even at low nanotubes

concentrations, the experimental data can be below predictions from the Halpin–Tsai

model [146]. The gap between the predictions and experimental results has been attributed

to imperfect dispersion and poor load transfer. Actually, even modest nanotube agglomeration

may impact the diameter and length distributions of the filler. This will decrease the aspect

ratio, and this can even reduce the modulus of the filler relative to that of isolated nanotubes

given the weak interaction forces between nanotubes [151].

To go further in accounting for the complexity of elastomer behavior, two different fields of

mechanical modeling were soon developed. First, the impact of agglomeration can be

evaluated through the adaptation of the micromechanical approaches cited above. Chabert

et al. [141] presented a homogenization method based on generalized self-consistent

schemes to model polymer-based nanocomposite behavior using different structure patterns.

For a silica-filled SBR, M�el�e et al. [152] defined three phases: silica particles, bound rubber

(the rubber close to the particle) and unbound rubber. Their self-consistent model introduced

the viscoelastic properties of the different phases in a representativemorphological pattern that

depends on the particle content. Some authors proposed to apply the self-consistent three-phase

model in successive steps [45]. The finite element method (FEM) is sometimes used to

calculate stresses and strains in the representative volume element (RVE) containing one [153]

or several inclusions with different sizes in random positions for soft inclusions [154] or rigid

particles for a nanocomposite [155]. A stochastic and deterministic model was proposed by

Minakova et al. [156] for the macrostructure geometry of polymer materials containing

dispersed fillers and allowed describing the agglomeration and desagglomeration for a filler of

complex structure.
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The second field concerns larger deformation, for which nonlinearity should be introduced.

Because filled rubbers are often used in situations involving large deformations, it is of

practical, aswell as theoretical interest, to develop adapted constitutivemodels. But themodels

must be simple enough to be implemented in standard finite element codes and to be able to

carry out simulations at the structural level (“structural” in the sense of piece design). To extend

the micromechanical models to higher strains, it is necessary to consider both the nonlinear

behavior of the phases and a specific scale transition rule, which takes into account the

nonlinear accommodation of stress heterogeneities between the phases. Lopez-Pamies and

Ponte Castanada [157] developed nonlinear homogenization modeling (second order) that

takes into account the evolution of the microstructure (fiber orientation) and the possible onset

of macroscopic instabilities in fiber-reinforced elastomers subjected to finite deformations.

Tomita et al. [158] propose a computational simulation based on a plane strain rubber unit cell

containing CB fillers under monotonic and cyclic strain with a nonaffine molecular chain

networkmodel. The results reveal the substantial enhancement of the resistance of the rubber to

macroscopic deformation, which is caused by a marked orientation hardening due to highly

localized deformation in the rubber. Chain disentanglement during the deformation of the

rubber results in the magnification of the hysteresis loss during cyclic deformation processes.

Such an approach has also been applied to evaluate the effect of aggregation.

12.4.3 Account for the Filler–Filler and Filler–Matrix Interactions

As seen above, lots of models only introduce the role of interactions through the assumed

permanent and perfect load transfer between the matrix and the filler. Nevertheless, filler–filler

and filler–matrix interactions are known to play a more complex role in nonlinear manifesta-

tions, such as Payne and Mullins effects.

In the filler structure models, the filler–filler interactions are considered as preponderant.

Under this assumption, the strain dependencies of both the viscous and elastic moduli have

been modeled by Kraus [159], assuming Van der Waals interactions between particles. The

contribution given by interaction forces between aggregates to the modulus is proportional to

the number of contacts whose rigidity is governed by the size and the form of the aggregates.

Their separation occurs at a given strain that corresponds to the maximum restoring force. The

concept of occluded elastomer is also often introduced in these filler aggregation models [7].

Nevertheless, the model of Kraus does not predict nor the values of the high and low amplitude

moduli, neither the strain necessary for the modulus decrease and the influence of temperature.

The estimation of the modulus at high amplitude can be performed using the models presented

above (Guth equation, Christensen and Lo three-phase model, and so on). To estimate the low

amplitude modulus, some authors prefer to consider the filler structure from the percolation

theory [160]. They make the assumption that it has a scale invariance of a fractal object [161].

The reinforcement is deduced from the calculation of the rigidity of the cluster objects forming

the network. It is found a power law dependence of the modulus with the filler content. The

composite deformation leads to the breakage of the cluster in smaller and smaller units, which

lose their effectiveness [162]. This description leads to the same Krauss formula in which the

parameters are related to the description of the filler structure: its fractal dimension and its

connectivity [160]. Gerspacher [163] uses a different formalism to describe the process of

rupture and reformation of contacts between aggregates. He assumes a distribution of pair of
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aggregates in the material, from a linked state to a separate state. The alternation, during DMA

measurements, of these states (linked–detached–linked) is responsible for energy dissipation.

A second set of models used to describe the Payne effect assumes that the matrix–filler

interactions are responsible for this effect [164]. These models are based on the idea of

adsorbed polymer chains at the filler surface (bound rubber) that display a decreasedmolecular

mobility and/or may act as supplementary crosslinks in the material. Then, under the increase

of strain, a mechanism of adhesion and de-adhesion of polymer chains at the filler interface is

proposed. In a purely entropic description of the viscoelastic behavior of the material, Maier

andGoritz [100] then assimilate these bonds to supplementary crosslinks; the initialmodulus is

then the direct consequences of an increase of active chains in the elastomer and its drop is the

consequence of a rupture of these bonds. This vision has the advantage to nourish the debate on

the importance ofmatrix–filler interactions on the Payne effect but themodel deduced from this

is too global (homogenizing) and leads to meaningless theoretical crosslink densities. Indeed,

the reinforcement provided by the filler nondeformability (compared to the matrix one) cannot

be forgotten.

Besides, the multifunctional crosslinking nature of the fillers might be at the origin of an

immobilized polymer phase in their vicinity, or at least a polymer phase with a mobility

gradient. Different modeling scales are explored to evidence it. The presence of filler with

average distance between them of the same order as the gyration radius of the polymer chain

decreases the chain conformational freedom and perturbs the entropic elasticity response of the

matrix. Mark has worked for many years on this aspect and has developed Monte Carlo based

simulation of filled elastomer [165]. Natural rubber network in presence of saponite or carbon

black (N234) [166] has been evaluated by applying the tube model theory. This results in a

marked decrease of the tube dimensions due to nanoparticle/elastomer interactions, which

restricts the movement of the rubber chains to a lower volume. More and more work is being

devoted to molecular dynamics accounting extensively for all the different interactions

involved at the atomistic level. We are only at the beginning of these types of simulation

whose capabilities increase with the growing calculation efficiency of the computing

facilities [167–169].

Instead of describing thematerial at the molecular level, somemight prefer a less refined but

more straightforward approach. Thus mesoscopic-scale modeling has been developed in order

to capture the complex role of the filler–matrix microstructure in the elastomer nanocompo-

sites: a so-called discrete numerical model simplifies the material description by considering

only the mechanical junctions between points. This enables an explicit account of the filler

spatial organization in the matrix and the nature of contacts between the filler particles and the

filler particles and the matrix [170]. This modeling is easy to handle in the linear domain and

therefore can be useful to estimate the material modulus. However, the description of

phenomena such as the Payne effect or theMullins effect needs the introduction of viscoelastic

contact and criteria for the rupture of either matrix–filler or filler–filler contacts. If developed,

this approach can take benefit from the early work of Bueche et Halpin [171]; for the Mullins

effect and material rupture they proposed a molecular model of propagation of rupture of

polymer filament, with crack propagation dependent on the viscoelastic properties of the

material. Boonstra [172] andDannenberg [104] added in the interpretation the slipping of chain

at the polymer–filler interface, which was included in the modeling of Ambacher et al. [173].

These ideas could be advantageously introduced to describe the material behavior from the

linear range up to its rupture.
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12.4.4 Conclusion

To conclude, all the experimental evidences and theoretical calculations seem to indicate that

both filler structure and adsorption of polymer chains are involved in the nonlinear viscoelastic

behavior of nanoparticle-filled rubber. The modulus measured is obviously the result of a

viscous mechanical coupling of the matrix with a complex structure of more or less aggregated

fillers. The deformation of this ensemble is very heterogeneous and involves complex

dissipative mechanisms such as rupture of the different type of interactions, filler reorganiza-

tion and cavitation. Two approaches can be followed to describe this complexity: the first one

consists in forgetting it by the use of phenomenologicalmacroscopic constitutive equation. The

second approach wants to account for the phenomena occurring at the filler scale (filler spatial

repartition, more or less refined) or even at the molecular level (filler–filler and filler–matrix

interactions). In addition to the comprehension it brings to the experimental observation, the

advantage of this second approach is to feed the macroscopic modeling with meaningful

physical parameters. This work is in progress. It is quite advanced in the domain of small

deformation but is still a challenge in the domain of large strain, when damage (bond rupture,

void formation, spatial reorganization of the fillers) makes the problem very difficult.

12.5 General Conclusions

To conclude, a large number of papers are devoted to rubber nanocomposite mechanical

behaviors. Among the different types of filler that have been tested, some are already

extensively used in industry (carbon black, silica) whereas others are still under evaluation.

Prior to any mechanical studies, fillers have to be dispersed in the host elastomer. To do so,

several strategies are reported in the literature, including different processing routes, the use

of surface treatments andmodification of the matrix. The obtained dispersion state is more or

less rigorously controlled, thanks to dedicated characterization techniques at various scales

(such as SAXS, TEM, AFM, and so on) or by an indirect approach based on the discussion of

mechanical performances.

How nanofillers impact on the mechanical behavior of rubber nanocomposites is the point

addressed in numerous papers. Actually, the introduction of a nanoscopic filler strongly

modifies the mechanical behavior of unfilled rubbers. In the small deformation range, instead

of the quasi-linearity observed in shear with unfilled elastomer, one observes a typical

nonlinear viscoelastic behavior, the so-called Payne effect. In the large deformation range,

the stress is remarkably increased for a given strain, the hysteretic loss during deformation

cycle is enhanced, a strong sensitivity to the first deformation, the so-called Mullins effect, is

revealed, and the ultimate properties such as wear resistance and rupture behavior can be

improved. Much experimental evidence of the improvement of mechanical behavior of rubber

nanocomposites is reported in the literature. However, due to the large number of parameters

that can be changed in the formulation and the process, the empirical optimization of the

mechanical properties might not be the most relevant approach.

Indeed, to go further, it is important to understand why nanofillers are so efficient for rubber

reinforcement and why they lead to all these complex nonlinear phenomena. Through the

discussion of literature data, several main features can be captured. First of all, as for all

heterogeneousmaterials, the nanocompositemacroscopic behavior depends on the behavior of

each phase, their volume fraction, their topological arrangement (dispersion, orientation) and
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on interfacial properties. The latter becomes of first importance in nanocomposites because

the small size of the filler leads to a high interface/volume ratio, and the average distance

between domains, that is, between filler surface can be of the same order as the dimensions of

the macromolecule coils. Reinforcement is sometimes attributed to the presence of a rigid

phase (immobilized interphase) whose volume fraction can be non-negligible. In addition, the

existence of a filler network, which is never discussed for classic, that is, micrometer-scale

composites, is often evidenced for nanocomposites and can be analyzed through the percola-

tion concept. The properties of this more or less flexible network is ruled by filler–filler (direct

bonding between neighboring fillers) and filler–matrix interactions (when macromolecules

that are adsorbed or chemically linked onto the filler surface link together two (ormore) fillers).

These interactions appear to play a preponderant role at small and large strain. In the later case,

the analysis of the mechanical behavior is even more complex as strain heterogeneities,

desagglomeration and decohesion processes may take place.

Thus, one can wonder then what to do and what are the next challenges. To study more

deeply the incidence of the various parameters already mentioned (size, shape, interfacial

energy, topological distribution, and so on), one route can be to process model materials trying

tomodify only one of these parameters. However, this is a tricky task as it is not easy to produce

fillers having the same chemical structure with different shapes (rod, platelet, sphere), or even

with different sizes and identical surface properties. An alternative way involves the compari-

son of experimental datawith prediction obtained frommodeling approaches at different scales

(micromechanical approaches, mesoscopic discrete modeling or atomistic Monte Carlo-based

simulation). Unfortunately, at the present time, most of the models display insufficient

prediction capabilities. Progresses can be expected from development of techniques able to

characterize the 3D spatial distribution offiller at a pertinent scale (filler network) and to give an

insight on contact force between filler (filler–filler interactions, through or not a matrix layer).

Indeed, these data are necessary to improve themodeling of themechanical behavior especially

at large strain, when modification of the filler distribution can no longer be neglected, neither

cavitation and decohesion phenomena.
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Nonlinear Viscoelastic Behavior
of Rubbery Bionanocomposites

Alireza S. Sarvestani and Esmaiel Jabbari
Biomimetic Materials and Tissue Engineering Laboratories, Department of Chemical

Engineering, University of South Carolina, Columbia, SC 29208, USA

13.1 Introduction

Bionanocomposites are a promising class of hybrid nanostructured materials with emerging

applications in materials science, life science and nanotechnology [1–3]. Polymer bionano-

composites are fabricated by dispersing inorganic/organic fillers, with at least one dimension

on the nanometer scale, in biopolymers or synthetic biofunctional polymers [4]. The versatility

of these novel materials emanates from the large selection of biopolymers and fillers available

to researchers. Existing polymers include, but are not limited to, polysaccharides, aliphatic

polyesters, polypeptides, proteins and polynucleic acids, whereas fillers include clay,

hydroxyapatite (HA), b-tricalcium phosphates (b-TCP) and metal nanoparticles.

Overwhelming experimental evidence demonstrate that polymer nanocomposites exhibit

significantly higher toughness, stiffness, thermal stability, and gas-barrier properties compared

to those of conventional composites at same filler volume fraction [5–11]. These desirable

properties have made polymer nanocomposites as structural or functional materials with

interesting applications in tissue engineering, therapeutics, heterogeneous catalysis and

optical, magnetic and electrochemical devices [1, 12].

The interaction between filler andmatrix components of nanocomposites at the nanometer

scale enables the formation molecular bridges in the polymer matrix. This is the basis for the

enhancedmechanical properties of nanocomposite as compared tomicrocomposites [13–16].

Bionanocomposites add a new dimension to these properties by showing a remarkable

advantage in biocompatibility and functional properties provided by the organic or

inorganic moieties.
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Biodegradability is another desirable property of polymer biocomposites. By embedding

natural reinforcing fillers [for example, b-TCP, short flax fibers (natural fibers extracted from

the Linaceae family of plants), hemp (natural fibers extracted from Cannabis family of plants),

ramie (natural fibers extracted from Urticaceae or nettle family of plants)] into biopolymer

matrices (for example, cellulose, collagen, chitosan), the resultant hybrid material is expected

to degrade and be gradually absorbed and/or eliminated by the body. The degradation is

generally caused by hydrolysis or mediated by metabolic processes. Therefore, bionanocom-

posites are of immense interest in biomedical technologies, such as tissue engineering, bone

replacement/repair, dental restoration and controlled drug delivery, as well as the fabrication of

environmentally adaptable (that is, green) materials.

Natural polymers like collagen [17, 18], chitosan [19] and silk [20], as well as degradable

synthetic polymers including poly(L-lactic acid) (PLA) [21–23], poly(glyco1ic acid) (PGA)

and poly(lactic-co-glycolic acid) (PLGA) copolymer [24], poly(propylene fumarate) [25],

poly(e-caprolactone) [26] degrade to products which can be eliminated from the body either

through metabolic pathways such as the citric acid cycle or by renal excretion [27, 28]. In

combination with osteoconductive ceramics such as b-TCP and HA, these biodegradable

polymers have been used extensively in the fabrication of degradable scaffolds for filling

skeletal defects and for the guided regeneration of load-bearing tissues [29, 30]. These

scaffolds not only serve as a substrate for the adhesion, spreading, migration, proliferation

and differentiation of osteoblastic or chondrogenic cells, but they also provide acceptable

mechanical properties. These composite materials exhibit compressive strength in the range

2–30MPa, suitable for replacement of human trabecular bone.

There are several other advantages in incorporating bioactive ceramics into biodegradable

polymers in order to produce hybrid materials. Calcium phosphate particles like HA or b-TCP
improve osteoconductivity and bone-bonding properties [31]. Furthermore, biocompatibility

could be enhanced with ceramic particles that induce an increased initial spread of serum

proteins compared to themore hydrophobic polymer surfaces [32]. Recent in vitro studies have

demonstrated that the reinforcement of degradable polymers with calcium phosphates im-

proves the attachment, proliferation and osteoblastic differentiation of marrow stromal cells.

Degradable bionanocomposites also show promise in fabrication of eco-sustainable

composites. This emanates from the need to replace petroleum-derived synthetic polymers

by natural, abundant and low-cost biodegradable products obtained from renewable

sources [1, 33–35]. Nature is the source of a wide range of biomacromolecules which can

be utilized for fabrication of green bionanocomposites with starch, cellulose and their

derivatives [36–39]. Their combination with natural inorganic solids, like clay, gives rise to

reinforced plastics that offer the advantages of nanocomposites as well as biocompatibility

and biodegradability of natural materials. Microorganisms are able to decompose biona-

nocomposites in a natural way, producing carbon dioxide that is converted to oxygen by

plants. Thus, the use of these new green materials in the food industry, agriculture, or the

building industry, among other areas, will help to reduce waste products and environmental

pollution, leading to sustainable development.

This chapter focuses on viscoelastic properties of rubbery bionanocomposites (RBNCs). In

the next section,we briefly review the general viscoelastic properties of biofiber–natural rubber

composites and hydrogel nanocomposites as two important classes of RBNCs used in the

fabrication of greenmaterials and biomaterials, respectively. Sincewe are especially interested

in nonlinear aspects of the viscoelastic behavior of RBNCs, we present a predictive model for
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nonlinear viscoelastic properties of hydrogel/apatite nanocomposites for the treatment of

irregularly shaped degenerated skeletal tissues.

13.2 Rubbery Bionanocomposites

Dispersion of rigid colloidal particles into the crosslinked network of a rubber matrix results in

a considerable enhancement inmechanical behavior of the composite. Filled rubbers have been

widely used for decades to produce coatings, seals, dampers, cushions, transport belts and

automobile tires. Avariety of experimental methods are used for characterizing the properties

of filled rubbers. Viscoelastic analysis, in particular, proves to be useful for investigating

the time-dependent properties of rubber composites. It is shown that the viscoelastic properties

of these materials depend on the fiber–matrix interphase, fiber content and the presence of

additives like filler and compatabilizer and the mode of testing.

13.2.1 Biofiber–Natural Rubber Composites

The viscoelastic properties of natural rubber biocomposites have been extensively studied by

Thomas et al. [40]. In natural rubber composites, the effect of fiber reinforcement is to

increase modulus, increase strength at high fiber concentrations, decrease elongation at

failure, improve creep resistance, increase hardness and substantially improve cut, tear and

puncture resistance. Among different natural fibers, sisal (natural fiber extracted from sisal

plant or other members of the genus Agaveand plants) and oil palm fibers (natural fiber

extracted from palm oil vascular bundles in the empty fruit bunch) are promising materials

because of the high tensile strength of sisal fiber and the toughness of palm oil fiber.

Therefore, any composite comprising these two fibers will exhibit the above desirable

properties of the individual constituents.

Researchers have examined the dynamic mechanical behavior of coir (narrow, hollow,

elastic fibers with thick walls made of cellulose extracted from the husk and the outer shell of

coconut) fiber-reinforced natural rubber composites [41]. They observed an increase in loss

modulus and damping factor which resulted in lower heat dissipation in the gum. It was also

observed that composites with poor interfacial bonding tend to dissipate more energy than

those with good interfacial bonding. In another study involving biofibers, the dynamic and

static mechanical properties of randomly oriented intimately mixed banana (fiber extracted

from banana tree bark by peeling the trunk and removing the skin, the white portion is

processed into knotted fibers) and sisal hybrid fiber-reinforced polyester composites were

reported [42]. Maximum stress transfer between the fiber and matrix was obtained in

composites having a 3 : 1 volume ratio of banana to sisal. The storage modulus was found

to increase with fiber volume fraction above the glass transition temperature (Tg) of the

composites. The viscoelastic properties of palm oil fiber/phenol formaldehyde and palm oil

fiber/glass hybrid phenol formaldehyde composites as a function of fiber content and hybrid

fiber ratio was investigated by Sreekala et al. [43]. The incorporation of palm oil fiber shifted

the Tg to lower temperatures. The Tg of the hybrid composites was found to be lower than those

of unhybridized composites. Storage modulus of the hybrid composites was also found to be

lower than the unhybridized palm oil fiber/phenol formaldehyde composites. Activation

energy was found to increase upon fiber reinforcement.
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In an innovative approach, a combination of sisal and palm oil fibers in natural rubber has

been utilized to design hybrid biocomposites. It was observed that the incorporation of fibers

resulted in increased modulus [44, 45]. Chemical modification of both sisal and palm oil fibers

was imperative for increased interfacial adhesion [44, 45]. The viscoelastic [46], water

sorption [47], dielectric and stress relaxation [48, 49] characteristics were also studied.

Research is also being conducted to develop new pathways to synthesize inexpensive

biodegradable resins [50] with better mechanical properties and thermal stability using

nanotechnology [51]. A typical challenge is the inherent incompatibility between the polymer

matrix and the inorganic nanoparticles. To circumvent this problem different methods have

been proposed to organically modify the nanoparticles. For example, nanoclays can be ion-

exchanged with different alkyl ammonium or phosphonium ions to render them organophilic

and thus,more compatiblewith the polymers like PLA and polyhydroxybutyrate. The resulting

nanocomposites exhibit a well ordered intercalated structurewith better mechanical properties

compared with the neat polymers [51]. Biodegradation can also be controlled by the choice of

the nanoclay.

13.2.2 Hydrogel Nanocomposites

Hydrogels are crosslinked polymeric structures which are able to retain a significant fraction of

water in their structurewithout dissolving [52–54]. Small nutrient molecules [55], oxygen [56]

and carbon dioxide [57] can readily diffuse through hydrogels [52]. Diffusivity of macro-

molecules and proteins in hydrogels is 4–5 orders of magnitude higher compared to hydro-

phobic polymers like PLGA [58–63]. Hydrogels, due to their high water content, exhibit

excellent biocompatibility and interact less strongly with immobilized biomolecules than

hydrophobic materials [64–67]. Thus, proteins and cells immobilized within hydrogels retain

their biological activity [68]. Crosslinkers based on bioactive peptides can be used for the

synthesis of hydrogels to fabricate smart cell-responsive hydrogels [69–71]. One of the most

desirable properties of hydrogels is their ability to crosslink in situ which allows for treating

irregularly shaped degenerated tissues [72, 73]. After injection and hardening, the three-

dimensional hydrogel matrix guides the organization, differentiation, proliferation and

development of the seeded cells into the desired tissue [74].

Recently special attention has been paid to biodegradable hydrogels prepared by copolymers

of PLA and poly(ethylene glyco1) PEG [75–78]. These hydrogels, in general, show good

biocompatibility, while their swelling behavior and degradation rate can be controlled by the

ratio of PLA to PEG in the polymerizing mixture. The fumarate-based macromers have also

been utilized to synthesize biodegradable scaffolds for hard and soft tissue regenera-

tion [79–81]. A novel in situ crosslinkable Poly(L-lactide-co-ethylene oxide-co-fumarate)

(PLEOF) terpolymer has been developed which consists of ultra low molecular weight PLA

(ULMW PLA) and PEG blocks linked by fumarate units [82]. The PLA and PEG are FDA

approved for certain clinical applications and fumaric acid occurs naturally in the Kreb’s

cycle [83]. The unsaturated fumarate groups in PLEOF control the crosslink density in

the hydrogel and can be used to covalently attach biologically active peptide sequences to

the network [84].

Nonreinforced hydrogels, however, do not possess the stiffness required to replace hard

tissues in load-bearing applications. In order to improve their mechanical properties and
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enhance their biofunctionality, hydrogels are reinforcedwith osteoconductive ceramics such as

b-TCP and HA. The composites of HA or b-TCP with a variety of natural and synthetic

hydrogels have been explored for bone regeneration including collagen type I [85–88],

gelatin [89, 90], chitosan and alginate [91, 92], fibrin [93] and poly(ethylene glycol) [94].

Studying the rheological and viscoelastic characteristics of biocomposites as a means to

control their injectability and in-situ hardening is of special importance. To develop injectable

polymer nanocomposites, accurate models are required to predict the viscoelastic response and

to elucidate the underlyingmechanisms of reinforcement. These models provide a quantitative

approach to design and optimize the properties of reinforced polymer composites for biological

applications. Previous experimental studies demonstrate that the matrix structure and molecu-

lar weight, the filler size and volume fraction and the interfacial strength between the polymer

and filler particles have a significant effect on the viscoelastic properties of polymer/apatite

composites [95–112]. In general, composites prepared with nanoparticles (<100 nm) exhibit

a higher stiffness compared to those with microparticles at the same volume fraction. The

mechanical performance of composites is significantly improved by increasing the interfacial

adhesion between the polymer matrix and dispersed filler particles.

The unique properties of nanofilled polymer networks are generally rationalized as arising

from strong interparticle affinity or thermodynamic interaction between the particle surface

and surrounding matrix. The interparticle interactions occur through electrostatic and van der

Waals’ forces which may result in the formation of particle aggregates and ultimately fractal

agglomerated structures [113–117]. The polymer–particle interactions refer to the attachment/

detachment of chains to/from the filler surface, a process which is controlled by the effective

surface affinity [118–121].

Contrary to extensive experimental studies, theoretical models which are capable to

quantitatively elucidate the reinforcement mechanism in filled polymer networks are scarce.

Semi-empirical models are proposed for reinforcement of elastomers with aggregated particles

based on the concept of fractals [117, 122–124]. The mechanical properties of filled networks

with highly interactive polymer particles are modeled by conventional continuum-scale

homogenization techniques like the three-phase (core–shell) model [122, 125]. The double

network theory has also been used to describe the stress–strain behavior of the networks with

active fillers [126].

13.3 Nonlinear Viscoelasticity of Hydrogel Nanocomposites

Biopolymers are generally able to interact with mineral surfaces by polar, van der Waals, or

hydrophobic forces [127, 128]. For example, it is believed that the linking of the network of

collagen fibers to HA crystals, the mineral phase of the bone, is through a terminal glutamic

acid-rich sequence on osteonectin, with high ionic affinity to HA [129, 130]. Osteonectin as

a major noncollagenous bone extracellular matrix protein is involved in multiple coordinated

functions during bone formation.

To test the effect of ionic interactions between the apatite crystals and gelatinous matrix,

a glutamic acid-rich peptide (a sequence of six glutamic acids) derived from osteonectin,

functionalized with an acrylate group (Ac-Glu6) for covalent attachment to the matrix, was

synthesized by solid-phase – Fmoc chemistry [131]. TheAc-Glu6 sequencewas attached to the

surface of HA microparticles (mean diameter 50 mm) or nanoparticles (mean diameter 50 nm)
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by electrostatic interactions, as shown in Figure 13.1.One end of the peptidewas functionalized

with an acrylate group to covalently attach the peptide to the aqueous-based poly(lactide-co-

ethylene oxide-co-fumarate) (PLEOF) hydrogel matrix. The mixturewas injected between the

parallel plates of a rheometer and the gelation kinetics was measured [132].

Figure 13.2 shows the dependence of shear modulus of the composite on the size of the

dispersed HA particles. Nanoapatite composites (treated and untreated) displayed far larger

stiffness compared with microcomposites, at the same volume fraction. The modulus of the

compositeswithmicron size particles did not appreciably changewith the addition ofAc-Glu6.

Figure 13.1 Schematic structure of the Ac-Glu6 peptide used for surface-treating HA nanoparticles.

The terminal acrylate group of theAc-Glu6 provides an unsaturated group for covalent crosslinking of the

apatite particles to PLEOF matrix
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Figure 13.2 The dependence of shearmodulus of the PLEOF/Ac-Glu6/apatite composites on size of the

dispersed HA particles. Nanoapatite composites displayed far larger stiffness compared with micro-

composites, at the same volume fraction. Addition of Ac-Glu6 significantly increased the modulus of the

nanocomposites while the modulus of microcomposites did not appreciably change with the addition of

Glu6 peptide
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The contribution of hydrodynamic effect to the modulus of the composite can be predicted by

the Guth–Smallwood equation [133]:

G0
0ðFÞ ¼ G0

0ð0Þð1þ 2:5FÞ; ð13:1Þ

where G0
0ð0Þand G0

0ðFÞ are the storage modulus of the gel and that of the composite,

respectively, and F is the HA volume fraction. The storage modulus of the composites

prepared with micron-size particles can be reasonably predicted by the Guth–Smallwood

equation. However, the large difference between the experimental and predicted results for

composites prepared with nanosize HA implies that the reinforcement cannot be explained

solely by the hydrodynamic effect in nanoparticulate systems. In what follows, we present a

molecular model to predict the viscoelastic behavior of biocomposites that have a crosslinked

polymer matrix, in particular with respect to the polymer/mineral interaction energy. To

validate the model, its predictions are applied to the viscoelastic response of PLEOF/HA

hydrogel nanocomposite as described above [132].

The model is based on the theory of reversible adsorption from a dilute polymer

solution [134, 135]. Adsorption of the polymer chains from solution on the solid surface

takes place when the chains energetically prefer the surface over the solvent. The average

residence time of each monomer on the solid surface is determined by the binding energy

between the monomer and particle surface. It has been shown that when the contact energy

per monomer,DEad , is less than the thermal energy, kBT , the adsorption process is reversible,

that is, the adsorbed polymer chain detaches from the surface after a finite residence time and

the bonding site is replaced with another polymer chain [135]. When the binding energy is

somewhat larger than kBT , the adsorption becomes irreversible, and the adsorbed chains

flatten and freeze on the interactive surface [136].

13.3.1 Filler–Gel Interfacial Structure

The equilibrium configuration of a chain segment (between two consecutive crosslink points),

near the filler surface with radius Rf , is schematically shown in Figure 13.3. The segment can

reversibly adsorb on the colloidal surface and form a polydisperse succession of loops, tails and

sequences of bound monomers (trains). In good solvent condition, the effect of excluded

volume can be taken into account using the blob model for the configuration of polymers in

dilute systems [137]. Hence, each segment with N monomers of size a, occupies a spherical

volume with a radius comparable to the Flory radius: RF ¼ a N3=5.

In order to describe the structure of the adsorbed and fully equilibrated polymer layer on the

filler surface, we used a modified version of de Gennes scaling theory [137] for reversible

adsorption from dilute solutions under good-solvent conditions. The chain configuration in an

adsorbed layer is determined by the competition between excluded volume, surface energy and

chain entropic effects. Assuming that the loops are extended to an average thicknessD from the

surface, the fraction of monomers in direct contact with the particle surface can be approxi-

mated by: f ffi a

D
[134].
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Assuming that the conformational entropy and energetic affinitywith the surface are the only

factors that determine the configuration of the adsorbed layer, the free energy per segment,C,

can be written as [138]:

C ffi kBT
RF

D

� �5=3

�f N DEad : ð13:2Þ

Minimizing the free energy with respect to D yields:

f ffi DEad

kBT

� �3=2

: ð13:3Þ

13.3.2 Dynamics of the Adsorbed Layer

The gel–particle energetic attraction is modeled as a frictional interaction between the

adsorbed monomers and particle surface, in addition to the regular monomer–solvent and/

or monomer–monomer friction. Therefore, the total friction coefficient due to the hydrody-

namic force acting on the ith monomer is [139]:

ðxÞi ¼ x1; ith monomer is adsorbed; ð13:4aÞ

ðxÞi ¼ x0; ith monomer is not adsorbed; ð13:4bÞ
where x1 is the friction coefficient due to monomer–particle interaction and x0 is the friction
coefficient corresponding to the self-diffusion of a single monomer and it accounts for its

Crosslink point 

r

fR

Figure 13.3 Schematic diagram of the equilibrium configuration of an adsorbed polymer segment

between two crosslink points on the filler surface. The adsorbed chain consists of loops, tails and

sequences of bonded monomers
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friction with the solvent molecules and/or other nonadsorbed monomers. Using an Arrhenius

type activation model for a monomer of size a, the friction coefficient is approximated by

x0 ffi kBTt0=a2, with time constant t0 defined by [139]:

t0 ¼ t�exp
E0

kBT

� �
: ð13:5Þ

where t� is the characteristic time of molecular oscillation. A similar activation model can be

used to estimate x1 ffi kBTt1=a2, where t1 is defined as [139]:

t1 ¼ t�exp
E1

kBT

� �
: ð13:6Þ

Here E1 ¼ DEad þE0 is the energy required to detach the adsorbed monomer from the

particle surface.

Since a fraction f of the monomers in an adsorbed segment is in contact with the particle

surface, the total friction coefficient of the entire adsorbed segment is given by:

xa ¼ Nð f x1 þð1�f Þx0Þ; ð13:7Þ
where using Equations 13.5 and 13.6:

x1 ¼ x0 exp
DEad

kBT
: ð13:8Þ

For weakly attractive surfaces, segments are partially adsorbed to the surface and exhibit

their 3-D Rouse dynamics [140]. Hence, the relaxation time of the adsorbed segment is:

ta ffi R2
F

xa
kBT

¼ tf f exp
DEad

kBT
þð1�f Þ

� �
; ð13:9Þ

where tf ffi R2
F

xf
kBT

is the relaxation time of a free segment.

The self-similar grid structure [134], describes the adsorbed layer as a semi-dilute solution of

the polymer with continuously varying local concentration of the monomers, such that at any

distance r from the surface, the local blob size is equal to r. Therefore, the equilibrium thickness

ofthe layer isontheorderofRF . Inacrosslinkedsystem,duetothefixed-endconstraint,segments

cannot diffuse independently like linear chains.Hence, the adsorption-desorption process takes

place between those segmentswhich are locatedwithin the interphase regionwith thicknessRF

around thefillers andwith total populationdensityequal toN
p
f þNa (Figure13.4).Here,Na is the

numberdensity of the adsorbed segments andN
p
f represents thenumberdensityof free segments

within the interphase zone, which are able to participate in the adsorption–desorption process.

The rate of attachment can be shown by the following kinetic equation:

dNa

dt
¼ N

p
f ðtadsÞ�1�NaðtdesÞ�1; ð13:10Þ

where tads and tdes are the characteristic times of adsorption and desorption of the

segments, respectively.

The energy required for detachment of an adsorbed segment is equal to f N DEad . In the

presence of an applied macro-deformation, the tails of each segment move with the bulk
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material (Figure 13.5). The detachment process is thus favored by the resultant entropic tension

exerted by the segment. Considering this effect, the time constants associated with attachment

and detachment of the segments follow the relation defined by:

tdes ¼ tadsexp
f N DEad�d Fa

kBT

� �
; ð13:11Þ

where Fa is the entropic force in the segment and d is an activation length on the order of the

displacement required to detach the bound segment from the particle surface. The desorption of

a bound monomer with weak and short range interaction with the adsorbing surface can be

considered as a local process. It takes placewhen the monomer diffuses a distance on the order

of the equilibrium size of the first blob in contact with the wall [141]. According to the self-

similar grid structure theory [134], the size of the first blob in contact with the particle surface is

on the order of the size of a monomer. Therefore, d, the total displacement required to separate

the entire segment with f fraction of adsorbed monomers is a � d � RF .

Figure 13.4 The adsorbed chain segments forman interphase zonewith thicknessRF around the particle

Figure 13.5 The adsorbed segment (solid line) can detach from the surface at a number of points after

the application of deformation (dashed line)
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13.3.3 Macroscopic Properties

The classical Maxwell model [142] is used to describe the viscoelasticity of the composite

matrix. It is assumed that the deformations are relatively small such that geometric non-

linearities can be neglected and only the thixotropic nonlinearities, due to polymer–filler

interactions, are considered. At any instant in time, a representative segment is either adsorbed

to the surface of the particle or it is free. The total stress in the composite is therefore the sum of

the stresses by the adsorbed (ra) and free (rf ) segments [119], that is:

r ¼ ra þ rf : ð13:12Þ
The contribution of the segments to the stress tensor is given by the Kramers expression:

ra ¼ 3Ga

RaRah i
R2
F

; ð13:13aÞ

rf ¼ 3Gf

RfRf

� �
R2
F

; ð13:13bÞ

where Ga and Gf represent the stiffness of the adsorbed and free segments, respectively. Ri

(i ¼ a; f ) is the segment end-to-end vector and � � �h i shows the ensemble average. According to

the classical theory of rubber elasticity [143], a linear dependency is introduced between the

modulus and number density of the chains at constant temperature, that is, Gi / Ni (i ¼ a; f ).
Therefore, at steady-state conditions, we have:

Ga ¼ G
p
f exp

f N DEad�d Fa

kBT

� �
; ð13:14Þ

where G
p
f shows the stiffness of the free segments within the interphase zone.

Themechanical response of the network can be decoupled into two parts: a rate-independent

response and a time-dependent deviation from the equilibrium [144]. That is:

ri ¼ rei þ rvi i ¼ a; f ; ð13:15Þ
where rei and rvi stand for the rate-independent and rate-dependent components of the stress,

respectively. Using Equation 13.13, the time-independent component of stress can be

expressed by:

rei ¼ GiF �FT i ¼ a; f ; ð13:16Þ
where F is the deformation gradient tensor.

In their simplest form, the constitutive relations for the evolution of the rate-dependent stresses

produced by the segments can be expressed by theMaxwell (upper-convected) equations [142]:

tar̂va þ rva�GaI ¼ 0; ð13:17aÞ

tf r̂vf þ rvf�Gf I ¼ 0; ð13:17bÞ
where I is the identity tensor. Here, r̂ designates the upper-convected derivative of the stress

tensor given by r̂ ¼ qr
qt �r �Lef�LT

ef :r, where Lef ¼ hðfÞ rv is the effective velocity gradient
tensor and v is the velocity field. Here, hðfÞ accounts for the hydrodynamic interaction between

the particles with volume fraction f. The contribution of the hydrodynamic effect is determined
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by the shape and volume fraction of the particles [145]. At low filler concentrations, it is

represented by:
hðfÞ ¼ 1þ z f; ð13:18Þ

where the pre-factor parameter z accounts for the particle geometry.

13.3.4 Model Predictions

The model is used to predict the effect of surface adsorption energy on the overall steady-state

shear modulus of the hydrogel composite. Assuming the material is under oscillatory shear

strain with frequency o, the dynamic strain can be stated as:

lðtÞ ¼ l0 sinot: ð13:19Þ
For simplicity, only the affine (time independent) part of the deformation is considered for

evaluation of the entropic force in Equation 13.14. For oscillatory shear loading with small

strain l0, the deformation gradient can be written as:

F ¼
1 l0 sinot 0

0 1 0

0 0 1

0
B@

1
CA: ð13:20Þ

The average end-to-end vector of an adsorbed segment during a period of oscillation can be

obtained by:
�Ra ¼ �F �RF; ð13:21Þ

where the components of �F are the average of the absolute values of the corresponding

components inF over one period of oscillation. Themean square end-to-end distance, given by

Equation 13.21, was used in Fa ¼ 3 kBT
R2
F

�Ra 1� �R
2
a

R2
a;max

� ��1

, the Warner approximation for the

entropic force, to calculate the average entropic tension in an adsorbed segment.

The proposed molecular model is applied to the experimental data of the PLEOF hydrogel/

apatite composite under oscillatory shear. The shear storagemoduli of the hydrogel composites

with increasing content of HA nanoparticles were measured and the results are compared with

the model predictions. In the absence of Ac-Glu6, the surface functional groups of the HA

nanoparticles interact with the PLEOF hydrogel segments through weak van der Waals and

polar interactions. In the presence of Ac-Glu6, the carbonate and phosphate groups on the HA

surface can also interact with PLEOF segments by the relatively stronger electrostatic

interactions. Spherical HA particles with 50 nm and 5 mm average diameter were used to

study the effect of size of the dispersed fillers on the viscoelastic response.

Ra;max=RF , c ¼ DEad

kBT
, and d=RF are the model parameters which represent the characteristic

length of the polymer segments near the particle surface and the interaction energy between the

PLEOF segments and HA nanoparticles. These parameters are independent of the filler

concentration. G
p
f =Gf is another fitting parameter which is proportional to the number of

those free chains, located in the interphase zone, contributing to the adsorption–desorption

kinetics. Therefore, this parameter changes with the concentration of nanoparticles. The

magnitude of the shear modulus in the low strain region is found to be sensitive to the values of

c, while the onset of nonlinearity in the viscoelastic response is controlled by d and Ra;max.
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The Flory radius of the segments between two consecutive fumarate units in PLEOF

(that is, potential crosslink points) is approximately 10 nm. The hydrodynamic factor z is set
equal to 2.5 considering the shape of HA nanoparticles. The best fit of the experimental results

to the model was obtained with Gf ffi 4 kPa and tf ¼ 0:001 sec for free segments. Other

extracted fitting parameters are listed in Table 13.1. The value of c for the surface treated

samples was found to be higher than that of untreated samples, due to the stronger average

monomer–filler interaction in the presence of Ac-Glu6 peptide.

Figure 13.6 shows the small strain shear modulus of the PLEOF/HA composites versus

volume fraction of HA for micro- and nanoapatite particles. As mentioned before, the storage

Table 13.1 Fit parameters of the proposed model for hydrogel/nanoapatite composites

Parameters independent from filler concentration

d=RF ¼ 0:5, Ra;max=RF ¼ 1:5 Treated Untreated

c ¼ 0:02 c ¼ 0:012

Parameters variable with filler concentration

Treated Untreated

f (vol%) G
p
f =Gf G

p
f =Gf

3 0.25 0.33

6 0.53 0.75

9 0.93 0.76

0
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0 2 4
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6 8 10
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fG
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Figure 13.6 Comparison of the experimental results withmodel predictions (solid lines) for normalized

low amplitude shear modulus of the PLEOF/HA hydrogel composites, prepared with micro and nanosize

apatite particles (frequency¼ 1Hz)
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modulus of the composites prepared with microapatite particles fits the well known

Guth–Smallwood equation for the suspension of spherical particles in a matrix, that is,

ð1þ 2:5fÞGf , implying that for large HA particles, relative to the length of the interacting

segment, reinforcement is dominated by hydrodynamic effects. The sharp increase in

shear storage modulus of the composites reinforced with nanoapatite particles, which is

well above the prediction of hðfÞGf , demonstrates that the reinforcement cannot be

explained solely by hydrodynamic effects when the particle size is comparable to the size

of polymer segments.

The model predictions and experimental values for the shear storage modulus of surface

treated and untreated mixtures are shown in Figures 13.7 and 13.8 as a function of strain

amplitude and frequency, respectively. The model predictions qualitatively follow the trends

in the experimentally measured values; however, there are discrepancies, especially between
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Figure 13.7 Comparison of the experimental results withmodel predictions (solid lines) for the storage

modulus of the PLEOF/HA composites, prepared with 3–9 vol% (a) treated and (b) untreated nano-

particles as a function of strain amplitude (frequency¼ 1Hz)
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Figure 13.8 Comparison of the experimental results withmodel predictions (solid lines) for the storage

modulus of the PLEOF/HA composites, prepared with 3–9 vol% (a) treated and (b) untreated nano-

particles as a function of frequency (strain¼ 1%)
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the model results and experimental data for untreated samples. In addition, the measured

storage modulus shows a slight frequency dependence which is not completely captured by

the model.

Although the proposed model and experimental results demonstrate the importance of

interfacial bonding on the overall stiffness of the filled hydrogel/nanoapatite composites, the

contribution of other reinforcingmechanisms such as filler aggregation cannot be ruled out.HA

nanoparticles tend to agglomerate and form larger structures as a result of interparticle

electrostatic or van der Waals’ interactions. The agglomeration effect is expected to be more

pronounced at higher filler concentrations because larger aggregates can form at higher volume

fractions. The available surface area for interaction is reduced by the aggregation of filler

particles as HA particles, trapped inside the clusters, are unable to interact with the PLEOF

chains. Therefore, the lower storage modulus and higher nonlinearity of untreated samples can

be attributed to the weaker polymer–filler interaction and stronger tendency for HA to

aggregate in these systems. The microsize cluster of particles in untreated mixtures can also

orient and anisotropically deform due to the applied shear deformation, leading to a lower

overall shear modulus for the composite at higher strains. In addition, the secondary network of

locally aggregated particles follows a different kinetic and relaxation pattern rooted in the

stored elastic energy in the strained clusters and the failure properties offiller–filler bonds [117]

which are not accounted for in this model.

13.4 Conclusions

Bionanocomposites are a promising class of hybrid nanostructured materials with emerging

applications inmaterials science, life science and nanotechnology.Dispersion of rigid colloidal

particles in the crosslinked network of a rubber matrix results in considerable enhancement in

mechanical behavior of the composite. Contrary to the extensive experimental studies,

theoretical models which are capable to quantitatively elucidate the reinforcement mechanism

in filled polymer networks are scarce. A molecular model is presented to predict the

viscoelastic response of hydrogels reinforced with nonpercolated nanoparticles with empha-

size on the role of polymer–particle energetic interaction on viscoelastic response. The

structure of the polymer layer adsorbed on the surface of particles is analyzed using a scaling

theory for reversible polymer adsorption. The energetic affinity between the monomers and

filler surface is assumed to be weak and short range. Due to thermal fluctuations or the applied

deformation, the transient junctions between the polymer segments and filler particles break

after a finite period of time. The dynamics of the polymer segments is studied by a Maxwell

type kinetic model. The results show that monomer–filler energetic affinity can strongly affect

the overall viscoelastic response of the hydrogel nanocomposite, evenwithin the range ofweak

coupling between the mono\mers and filler surface.
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14.1 Introduction

It has been well known for a century that the addition of fillers, mostly carbon black, to rubber

compounds has a strong impact on the properties of materials. In recent years, polymer

nanocomposites have been developed as a new class of composites. For example, polymer-

layered silicate nanocomposites have attracted great interest as they can attain a higher degree

of strength, thermal stability (fire retardance applications) and barrier properties with very low

nanofiller content (generally lower than 5%). Furthermore, fumed silica has also recently

gained new interest since silica particles have become more important in tire applications.

Finally, the development of new generation of nanocomposites filled with carbon nanotubes

(CNTs) that exhibit excellent mechanical and electrical properties is promising.

From a rheological point of view, a direct consequence of incorporation of fillers in molten

polymers is the significant change in the steady shear viscosity behavior and the viscoelastic

properties. For example, the effect of strain-dependence (nonlinearity effect) of the dynamic

viscoelastic properties of filled polymers, often referred to as the Payne effect [1, 2], has been

well known in elastomers for 40 years. Intensive discussions have been held thereupon but the

exact causes of this nonlinear effect, including thixotropic phenomenon, are still a matter of

investigations and controversial discussions. The level of filler dispersion is expected to play a
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major role in determining the filler effects on nonlinear responses of nanocomposites.

Generally speaking, elastomers filled with nanoparticles show a solid-like behavior response

which includes a nonterminal zone of relaxation, apparent yield stress and a shear-thinning

dependence of viscosity on particle concentration and dispersion. This particular rheological

behavior arises from the presence of a network structure.Actually, the controversial discussion,

or at least the main debate in the open literature, is about the origin of this network structure:

Polymer–particle or/and particle–particle interactions.

Since the melt rheological properties of filled polymers are sensitive to the structure,

concentration, particle size, shape and surface characteristics of the fillers, rheology offers

original means to assess the state of the dispersion in nanocomposites and to investigate the

influence offlowconditions uponnanofiller dispersion itself. Interestingly, Leblanc [3] in a review

paperon the rheological properties infilledpolymers, showed the classificationoffillers according

to average particle size and their respective consequence on rheological behavior. The present

work is dedicated to the review of the present knowledge on rheology of rubber composites filled

with carbon black, fumed silica, organoclays and carbon nanotubes. Consequently, a brief

description of structure of the most common fillers is addressed in this introductory part.

. Carbon black is produced by thermo-oxidative decomposition of hydrocarbons. It is made of

elemental carbon organized in quite spherical elementary particles, which assemble into

aggregates. The size of the elementary colloidal particles and the structure of the aggregates

depend on the synthesis and manufacturing process and are the parameters that allow carbon

blacks to be distinguished and classified. The colloidal particles are made of stacked

graphitic layers, which yields a step-like surface topology. The structure and arrangement

of the graphitic layers depend on the particle size, therefore both the dimension and the

topology are key factors. Average particle sizes range between about 10 and 300 nm. An

aggregate comprises coalesced particles, and constitutes the smallest stable form of carbon

black that possesses reinforcing properties. Indeed, colloidal blacks have poor, if any,

reinforcing capabilities. Aggregates spontaneously agglomerate into micron to millimeter-

size clusters, which do not either present reinforcing properties because they are not stable

structures. For these reasons, optimal reinforcement of rubber would occur when individual

aggregates are well distributed in the bulk. The typical order of magnitude of aggregate

dimension is one to several hundreds of nanometers in the longest.

The complexity of aggregate shape is referred to as “structure”, and is characterized by

two physical parameters: the surface area in m2/g, measured by BET method with nitrogen,

and the di(n-dibutylphthalate) index (or DBPA value, in cm3/100 g), which is related to the

“inner” volume of the aggregate. This value is determined by incorporation of DBPA into

carbon black under shear and corresponds to the quantity of added DBPA that produces a

significant increase of viscosity. Three digits are used to characterize the different grades of

carbon blacks. In the present ASTM classification, the first one is inversely proportional to

the surface area, and the last two form a number that describes the structure (the more

intricate the aggregate structure, the higher this number).
. Fumed silica is a finely divided amorphous silicon dioxide which can be seen at three main

scales: primary particles of around 1–3 nm fused together in stable aggregates of around

100–250 nm and finally building up large micron-sized agglomerates, generally named

clusters. Due to the large surface area (50–400m2/g) of these particles, the surface silanol

functional groups and the surface siloxane interactions play a major role in the rheological
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impact of fumed silica.Actually, this cluster structure canbeviewed as an assembly of primary

particles in a structure having a fractal dimension. Due to their fractal structure and their high

specific area, fumed silica fillers are subjected to self aggregation and can consequently easily

form a network of connected or interacting particles in the molten polymer.
. With regard to organoclays based nanocomposites, three layer organization scales are

generally differentiated: (i) the clay layers have a micron-size scale in the polymer matrix in

the case of weak interaction and/or no appropriate shearing conditions, (ii) a few polymer

chains are able to diffuse in the interlayer space, this structure is called intercalated, (iii) all

the layers are homogenously dispersed as individual layers at a nanoscale, this structure is

called exfoliated. Consequently, the exfoliation of organoclay layers increases the number of

frictional interaction between the layers which is consistent with the formation of a network

structure of weakly agglomerated particles. Note that the recent developments in the linear

and nonlinear viscoelasticity of silica and organoclays nanocomposites has been recently

reviewed by Cassagnau [4].
. Carbon nanotubes aremembers of the fullerene structural family. Their name is derived from

their size, since the diameter of a nanotube is in the order of a few nanometers while they can

be up to several millimeters or even centimeters in length. Consequently, CNT possess high

flexibility, low density and large aspect ratio. However, one of the most important challenges

in polymer nanocomposite developments and applications is to obtain a homogeneous

dispersion of CNT in polymer matrix by overcoming the van der Waals interaction between

elementary tubes. For example, it can be expected that the rheological percolation, and

subsequently the nonlinearity effect, depend on nanotube dispersion and aspect ratio.

As matter of fact, a great level of activity in the domain of polymer nanocomposites filled

with CNT is reported in themore recent scientific literature. Several review papers have been

published recently [5–7] on carbon nanotube-based polymer nanocomposites.

A lot of papers, too many to cite them all, and reviews have addressed the rheology of

nanofilled polymers. The most recent review was addressed by Litchfield and Baird [124] on

the rheology of high aspect ratio nanoparticle-filled liquids. The present work focuses on the

rheology of rubber nanocomposites including filler percolation aspects, Payne effect and

rheology (shear and elongational) for processing.

14.2 Linear Viscoelasticity

14.2.1 General Trends

Many authors have discussed on the connection which can be made between the filler

morphology (structure, particle size, aspect ratio) and the melt viscoselastic properties of

polymericmaterials. Due to the small size and the high specific surface, nanofillers are prone to

self-aggregation and consequently easily form three-dimensional network in molten polymer

matrix. Actually, the nature of this network, polymer–filler and/or filler–filler interaction,

sustains the controversial discussion on the Payne effect. For example Figure 14.1a–d shows

the variation of the linear complex shear modulus [G�(o)¼G0(o) þ jG00(o)] at different
nanofiller concentrations for respectively: (Figure 14.1a) copolymers of ethylene and vinyl

acetate (EVA) filled with hydrophilic silica [8], Styrene butadiene rubber (SBR) filled with

carbon black [9], low density polyethylene (LDPE) filled with lamellar organoclay such as
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Montmorillonite [10] and (Figure 14.1d) polycarbonate (PC) filled multiwalled carbon

nantubes [11]. Therefore, the general rheological trend for nanocomposites reported in most

of the works is the appearance of a transition from a liquid-like behavior (G0/o2 andG00/o1)

to a solid-like behavior (G0/o0¼Ge), that is, the apparition of a plateau (second plateau

modulus) of the storage modulus at low frequency which is higher than the loss modulus (tan

d< 1). Remind that the first plateau (rubbery modulus, G0
N) is attributed to the network of

physical entanglements. Obviously, it is admitted that the increase in nanofiller concentration is

driving this transition. However, the state of dispersion and/or the surface modification of

nanofillers is another parameter driving this transition andmore generally transition from linear

to nonlinear behavior (see Payne effect part). Since the filler–matrix interactions dictate the

nature of shell formation, they play a direct role in the filler agglomeration process. It is evident

that poor compatibility, for example untreated silica particles (hydrophilic) in hydrophobic

polymer such as polybutadiene or SBR makes the dispersion difficult.
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Figure 14.1 Variation of the complex shear modulus of nanocomposites at different nanofiller con-

centrations. (a) EVA copolymers filled with fumed silica [8] (Reprinted from Polymer, 44, P. Cassagnau,

“Payne effect and shear elasticity of silica-filled polymers in concentrated solutions and in molten state,”

2455–2462, � 2003, with permission from Elsevier); (b) SBR filled with carbon black [9] (Reproduced

with permission fromA.Mongruel andM.Cartault, “Nonlinear rheology of styrene-butadiene rubber filled

with carbon-black or silica particles,” Journal of Rheology, 50, no. 2, 115–135 (Figure 2),� 2006 by The

Society of Rheology, Inc.. All rights reserved); (c) LLDPE filled with layer organoclays (Storage modulus

variation). Insert caption:MA-xmeans x phr of organoclay [10] (Reprinted fromPolymer, 48, A. Durmus,

A. Kasgoz and C.W. Macosko, “Linear low density polyethylene (LLDPE)/clay nanocomposites. Part I:

structural characterization and quantifying clay dispersion by melt rheology,” 4492–4502, � 2007, with

permission from Elsevier); and (d) Polycarbonate filled with multiwalled carbon nanotube (storage

modulus variation) [11] (Reprinted from Polymer, 45, P. P€otschke, M. Abdel-Goad, I. Alig et al.,

“Rheological and dielectrical characterization of melt mixed polycarbonate-multiwalled carbon nanotube

composites,” 8863–8870, � 2004, with permission from Elsevier.)
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14.2.2 Percolation Threshold

The sol-gel transition (liquid to solid-like behavior) occurs during a random aggregation

process of subunits into larger and larger aggregates at the macroscopic scale. Theoretically,

the sol-gel transition for spherical spheres without any interaction (hydrodynamic effect only)

should be obtained at the close packing volume fraction offc¼ 0.64. From a practical point of

Figure 14.1 (Continued)
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view, the increase in the effective particle volume fraction due to particle swelling or clustering

from inter-particle interaction leads to a drastic decrease in fc. Scaling relations have been

developed to provide the divergence of the properties at the percolation threshold arising from

physical interactions. Actually, the sol-gel transition for nanocomposites in which the filler

particle aggregates has the same features as chemical gelation, namely the divergence of the

longest relaxation time and power law spectrum with negative exponent [12]. As a result, at

the percolation threshold, storage and loss moduli have the same power law frequency

dependency: G0ðoÞ / G
00 ðoÞ / oD, where D is the relaxation exponent. Moreover, the

loss tangent tand (tand¼G00/G0) is independent on the frequency and is given by:

tand ¼ tanðDp=2Þ. For example, Figure 14.1a shows that the silica concentration at the

percolation threshold and the relaxation exponent on complex shear modulus are observed

to be fc� 0.033 and D¼ 0.5, respectively. Furthermore, transmission electronic microscopy

(TEM) allowed the author [8] to visualize the scale of segregation of silica particles at different

concentrations in EVA samples. As shown in Figure 14.2, the fumed silica is aggregated in

clusters of elementary silica particles, and these clusters at high concentrations lead to the

formation of a percolation-like filler network. Furthermore this percolation threshold was

observed to be independent on the polymer chains regimes (entangled or Rouse regime).

Inoubli et al. [13] observed for a polybutylacrylate nanocomposite filledwithf¼ 0.025 thatG0

and G00 vary as D� 0.5 in the intermediate part of the frequency spectrum. They reasonably

estimated that f¼ 0.025 of the silica is very close to the percolation threshold. Moreover,

Paquien et al. [14] concluded that percolation threshold values of fumed silica dispersed in

PDMS are between f¼ 0.01 and f¼ 0.02.
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Regarding carbon black-filled SBR, Mongruel and Cartault [9] and Leboeuf et al. [125]

observed a percolation threshold situated between f¼ 0.12 and f¼ 0.18 with D� 0.5.

In contrast, Yurekli et al. [15] postulated, on the basis of the linear viscoelastic analysis,

that the carbon black filler forms a continuous percolated network structure beyond 9% filler.

The percolation threshold of nanocomposites filled with organoclay platelets appears

generally for concentration below f¼ 0.01. For example, Loiseau and Tassin [16] obtained

for well defined laponite particles dispersed into a PEO matrix the formation of a gel above a

critical volume fraction on the order of fc ¼ 0:002--0:004 depending on the protection of the
particles. From a theoretical point of view, King et al. [17] equated the critical percolation

threshold with the overlap of randomly oriented tactoids and taking into account the large

Figure 14.2 TEM pictures for different silica concentrations in EVA nanocomposites: (a) f : 0.0075

(<fc); (b) f : 0.034 (�fc); and (c) f : 0.086 (>fc) [8] (Reprinted from Polymer, 44, P. Cassagnau,

“Payne effect and shear elasticity of silica-filled polymers in concentrated solutions and in molten state,”

2455–2462, � 2003, with permission from Elsevier.)
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transverse dimension of the tactoids. They predicted the percolation threshold to be at or below

f¼ 0.006 fraction of organoclay, which is consistent with the rheology data. Regarding

nanocomposites filled with carbon nanotubes, Du et al. [18] and Zhang et al. [19] found

percolation thresholds aroundfc� 0.012 andfc� 0.005 respectively. However, it is important

to point out that some important discrepancies come from the determinationmethods of the sol-

gel threshold. For example, Du et al. [18] used a power law function for G0 (at a frequency of
0.5 rad/s) versus filler concentration to provide a rheological percolation threshold correspond-

ing to the onset of solid-like behavior. Strictly speaking and according to the Winter and

Mours [12] criteria, such method cannot be used to determine the percolation threshold.

Nevertheless, the rheological percolation threshold is actually influenced by several

nanofiller factors: aspect ratio, dispersion (processing methods, surface filler treatments,

compatibilizing agents), orientation or alignment and temperature. Figure 14.3 clearly shows

that the linear viscoelastic response depends strongly on the silica particle interaction.

Actually, the trends of storage modulus curves mean that the percolation threshold increases

when the silica surface is modified by polymer grafting. Assuming that the original silica

network structure at the origin of the percolation threshold can be attributed to particle–particle

interactions, these interactions are broken down with steric repulsion of grafted chains.

Consequently, the percolation threshold will be observed at higher concentrations due to a

better dispersion of silica particles. On the contrary, the percolation threshold was observed to

decrease with increasing the exfoliation (dispersion at the tacto€ıd scale) of nanocomposites

filled with lamellar organoclays [10, 16]. Actually, it is a clear fact that the type of surface

treatment or compatibilization of organoclays play a crucial role since the rheological

behavior of such nanocomposites depends on the effective volume fraction, due to their

ability to form large anisotropic structure. Regarding nanocomposites filled with nanotubes,

such trends can be also expected. Indeed, the rheological behavior was reported to depend
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on nanotube dispersion, aspect ratio and alignment under flow. By improving the CNT

dispersion using functionalized single wall nanotubes, Mitchell et al. [20] observed that the

percolation threshold dropped from 3 wt% to 1.5% in PS nanocomposites. Interestingly,

P€otschke et al. [11] found that the percolation threshold is significantly dependent on

temperature. Indeed, they observed that rheological percolation threshold decreases from

approximately 5.0 to 0.5% carbon nanotubes upon increasing the temperature from 170 to

280 �C. However, their explanation based on the superposition of the entangled polymer

network and the combined nanotube–polymer network is questionable. It could be also

imagined that the dispersion of CNT is improved via a temperature effect on the miscibility

of nanotube in polymer matrix. In a same way, Wang et al. [21] showed from polybutadiene/

clay nanocomposite systems that the temperature can be a key controlling factor for the

exfoliation and orientation-disorientation of clay particles. Actually, the polymer–filler

interactions can be temperature-sensitive and therefore the percolation threshold can be

also temperature-sensitive.

To conclude, the results on organoclays and carbon nanotubes are opposite to fumed silica

and carbon black for which the critical threshold concentration is expected to increase with

the dispersion of primary particles. Actually, as previously explained this is coherent with the

formation of a gel through a network of aggregated particles dominated by the particle–particle

interactions. This finding will be confirmed later by studies on the Payne effect.

14.2.3 Equilibrium Shear Modulus

The growth of the equilibrium elastic modulus after the percolation threshold can be described

as a function of the volume concentration f by

Ge / ðf�fcÞt for f > fc ð14:1Þ
Actually, detection of the percolation threshold parameters such as Ge, seems to depend on

very difficult and precise criteria which cannot be experimentally validated. However, we

observed in a previous work on silica nanocomposites [8] that the predicted power law-

dependency Ge / ðf�fcÞt with t� 1.5 is in agreement with some experimental results of

the literature on carbon black-filled natural rubber [23], (t� 1.56) which qualitatively agrees

the analogy of De Gennes [24] using a percolation model of a random conductor network

(t� 1.9). Nevertheless, for PMMA filled with single wall carbon nanotubes (SWNT) Du

et al. [18] found t� 0.7.

As extensively reported in the literature, the equilibrium elastic modulus (Ge) scales with

the filler volume fraction as follows:

Ge / Fm ð14:2Þ
It is expected that this power law exponent depends on particle–particle interaction. Indeed,

the elasticity should increase more rapidly and the network become more resistive for

elastomers filled with hydrophilic silica than for the hydrophobic ones. For example,

Cassagnau [8] observed m¼ 4.5 for suspension of hydrophilic silica in EVA copolymer.

Paquien et al. [14] observed for silica suspension in PDMS that m decreased from m¼ 7.2 to

m¼ 3.2 depending on the silica surface treatment (from hydrophilic to hydrophobic).

Zhu et al. [25] observed the scaling lawGe / F3:4 for polybutadiene filled with silica particles.

Furthermore, Kl€uppel [26] and Heinrich and Kl€uppel [27] reported a power law close

Rheological Behavior of Rubber Nanocomposites 361



Ge / F3:5 for carbon black-filled rubber. From works of Moniruzzaman and Winey

(Figure 14.9a of their work) on nanocomposites filled with SWNT, the following power law

has been derived: Ge / F1:35. Furthermore from the work of P€otschke et al. [11] on

nancomposites filled with carbon nanotubes the respective power laws can be calculated:

Ge / F0:3 and Ge / F2:0. This great discreapancy between these power laws on nanocompo-

sites filled with carbon nanotubes is mainly due to the nanotube nature (purity, aspect ratio,

single or multiwall) and their dispersion in the polymer matrix.

Furthermore, the scaling concept based on a fractal dimension, is generally used to study the

effect of interparticle forces on the elasticity of aggregated suspensions [28–30]. To model the

size dependence, the aggregates of silica particles are described as fractal structure with a

characteristic size xwhich is the radius of the smallest particle containing N primary particles

of radius a.

NðxÞ � x
a

� �df

: ð14:3Þ

where df is the fractal dimension of the aggregate. Following this, the volume fraction of

primary particle inside the aggregate is then:

f � x
a

� �df�3

ð14:4Þ

Finally, the variation of the equilibrium storage modulus versus the volume fraction of

silica can be estimated according to the characteristics of the nonfluctuating fractal struc-

ture [31] as follows:

Go / F
5

3�df ð14:5Þ
where df is the fractal dimension of silica clusters. Wolthers et al. [30] found df¼ 2.25 for

stearyl-coated silica particles. Paquien et al. [14] observed a fractal dimension df equal to 2.3

for unmodified silica/PDMS composites. Furthermore, they demonstrated that the fractal

dimension is very sensitive to the surface modification of silica as df can decrease to 1.4.

However, Piau et al. [31] for silica–silicone physical gel and Cassagnau [8] for EVA/silica

composite systems, reported values close to 1.8. This great discrepancy between data is mainly

due to the different nature of the samples superposed to the various sample histories in the

different experiments.

Heinrich and Kl€uppel [27] have considered an alternative network structure that refers to a
space filling configuration of kinetically aggregated filler clusters: the cluster–cluster aggre-

gation (CCA) model. This model is based upon the assumption that the particles can fluctuate

around their mean position in a polymer matrix. Depending on the concentration of filler

particles, a flocculation process of particles or clusters leads to a filler network that can

be considered as space-filling configuration of fractal CCA clusters. From the calculation of the

solid fraction of the fractal CCA clusters and assuming a rigidity condition for reinforcement of

the polymer matrix, the authors derived the concentration dependence of the equilibrium

elastic modulus:

Ge / F
3þ df ;B
3�df ð14:6Þ
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where df,B� 1.3 is the fractal dimension of the CCA cluster backbone and df� 1.8 is the fractal

dimension due to the characteristic self similar structure of the CCAClusters. Note that such an

expression was already derived by Buscall et al. [32] and Shih et al. [33]. Equation 14.6

predicts a power law Ge / F3:5 confirmed [26, 27] by viscoelastic data obtained for carbon

black filled rubbers. In the case of fumed silica, Paquien et al. [14] observed Ge / F4:2�7:2

depending on the silica surface nature (from hydrophilic to hydrophobic) and Cassagnau [8]

foundGe / F4:5 for EVA nanocomposites filledwith hydrophilic silica. These scaling laws are

very close to the values found by Piau et al. [31] on silica-silicone gelsGe / F4:2 in agreement

with a formulation of the nonfluctuating fractal concept (Equation 14.5). Nevertheless, it must

be pointed out that these power laws are generally measured at a lower constant frequency so

thatGemaybe not the truly equilibriumelasticmodulus.As a consequence, the accuracy and/or

the validity of these power laws in some of the works are generally questionable. Furthermore,

Ge must not be mistaken for the rubbery plateau modulus G0
N at high frequency. The

dependence of this modulus on the filler concentration is generally modeled with the

Guth-Smallwood equation (for instance, see the work of Yurekli et al. [15]).

These results can be completedwith someworks on thermoplastic nanocomposites filledwith

organoclays. Vermant et al. [34] measured Ge / f4:8�6:0 depending on polymer matrix and

Durmus et al. [10] observed Ge / f3:34�3:48 depending on the compatibilizer nature. These

scaling laws are close, or at least in the same order ofmagnitude, to those previously reported on

silica nanocomposites. Note that these authors [10, 34] used the power law in Equation 14.6 to

calculate df fromexperimental variationwhich allowed them to discuss on clay dispersionwith a

less or more open fractal structure of the samples. Nevertheless, most of the studies have been

focused on the power law variation of equilibrium modulus neglecting the importance of the

front factorGp of this power law (Ge ¼ Gpf
m). As discussed byHeinrich andKl€uppel [27]Gp is

the averaged elastic bending-twisting modulus of the different kinds of angular deformation of

the cluster units. Actually,Gp depends on the dynamic relaxation regime of the polymer chains

and consequently on the particle-particle and particle-polymer interactions. Furthermore, the

effect of bound rubber on the elastic modulus can be expressed by introducing an effective solid

volume of the clusters. If d is the particle size and D the bound rubber layer of a primitive

spherical particle, Heinrich and Kl€uppel derived the following equation:

Ge ¼ Gp
ðd þ 2DÞ3�6dD2

d3
F

 !3þ df ;B
3�df

ð14:7Þ

Consequently, more particular attention should be paid to this front factor as a master curve

of the variation of the equilibriummodulus versus the effective volume fraction
ðd þ 2DÞ3�6dD2

d3
F

is expected.

14.3 Payne Effect

The famous effect of strain amplitude dependence of the dynamic viscoelastic properties of

filled polymers is often referred to as the Payne [1, 2] effect. Actually, the Payne effect was

first reported for carbon black reinforced rubbers and extensively studied on filled elasto-

mers [27, 35] and thermoplastic composites [4, 125]. As previously discussed about the linear

viscoelastic properties, themechanism for reinforcement and nonlinearity can be based on two

conceptual aspects. The concept of filler networking yields a good interpretation of the Payne
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effect for filled elastomers. For example, common features between the phenomenological

agglomeration–disagglomeration and recent microscopic networking approaches (particle–

particle interaction) were discussed by Heinrich and Kl€uppel [27]. The excess of dissipated

energy is attributed to the breakdown of particle structure. Consequently, filled elastomers can

be drastically modified under large deformation and the viscoelastic properties are then

governed by filler–structure breakdown and build-up.

A direct experimental support for this concept was reported from electron microscopy

studies [36] on elastically stretched chain-like aggregates of inorganic oxides. The concept of

the temperature- anddeformation-dependenceof themodulus as a consequenceof thevariationof

the topological constraint density (polymer-particle interaction) at the filler/polymer interface

was reported byMaier andG€oritz [37]. Sternstein and Zhu [38] suggested a commonmechanism

that is rooted in the macromolecular natures of the matrices. Their experimental results

demonstrated that the nonlinearity effect is strongly dependent on the filler surface treatment

as already suggested by Aranguren et al. [39]. Actually, silica fillers have the advantage to be

chemically modified and the influence of surface treatment on nonlinearity and polymer

reinforcement can be easily studied. Parent et al. [40] showed that surface modification of silica

reduces the surface energy of the filler leading to a prevention of particle agglomeration.

However, the consequence is a decrease in the reinforcing properties resulting from an

improvement in filler dispersion. Such a result was also reported for PS/Silica nanocompo-

sites [22, 40]. The authors showed that the modification of precipitated silica with long chains

alcohols or amines reduces the surface energy of the filler leading to a reduction in the extent of

particle agglomeration.These observations reinforce the idea that themoduli and limit of linearity

are related to the fraction of exfoliated layers or silica clusters that form a fractal structure.

Figure 14.4 depicts these different contributions to the storage modulus and linear strain limit.
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Figure 14.4 Different contributions to the complex shear modulus versus strain for elastomers filled

with different types of filler at two levels of dispersion (Adapted from H.D. Luginsland, J. Fr€ohlich, and
A. Wehmeier, “Influence of different silanes on the reinforcement of silica-filled rubber compounds,”
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Actually, our discussion is consistent with works on elastomer reinforcements [43] and

well known practise in rubber industry and compounding control so as to obtain optimal

dispersion of fillers without completely suppressing their aggregation into larger structure.

In other words, a fractal structure of fillers is required to get the best balance of reinforced

properties. Another argument generally put forward to explain this phenomenon is that

polymer chains are partly adsorbed on the filler surface and partly entangled with neigh-

boring ones (bound rubber). In the same idea, Parent et al. [40] came to the conclusion that

the decrease in the reinforcing potential of modified filler was mainly due to excessive

molecular slippage under an applied load. This finding was also supported by viscoelastic

experiments showing that the linear low frequency modulus of the composites decreased

spectacularly when the particles were chemically treated with organosilane [42, 44].

However, the density of chains adsorbed in the bound rubber zone and their conformation

at the filler surface are generally quite difficult to access even though measuring bound

rubber is a simple technique in principle [3]. With regard to fumed silica, the adsorption of

PDMS chains comes from the formation of hydrogen bonds between oxygen atoms

belonging to chains sketelons and silanol groups on the surface of the fillers.

If the Payne effect has been deeply studied for carbon black- and silica-filled elastomer

nanocomposites, fewworks have been reported on the organoclay systems and the nonlinearity

effect associated with tactoids fillers is generally poorly discussed. Furthermore, as nano-

composites show thixotropic behavior, the value of the maximum strain defining the linear

region depends on pre-shear history (intensity and time) of the composite so that rigorous

experimental protocols must be applied.

14.3.1 The Limit of Linearity

As a consequence of the Payne effect, the limit of linearity gc decreases with increasing the

volume fraction of particles according to the following power law:

gc / f�n ð14:8Þ
Regarding silica particles, different experimental works [45, 46] reported on the n exponent

values for low viscosity liquid suspensions. For polymer nanocomposites, few power laws have

been reported. According to works from Zhu and Sternstein [47] and Sternstein and Zhu [38]

we found n¼ 2.4 and n¼ 3.0 for hydrophobic and hydrophilic silica respectively. According to

our previous work [41] we calculated n¼ 1.7, as shown in Figure 14.5. Interestingly, Paquien

et al. [14] observed that, when the silica grafting ratio increases and the silica becomes more

hydrophobic, the Payne effect is reduced in PDMS/silica nanocomposites, that is, the critical

strain separating the linear and nonlinear regimse increases with increasing the hydrophobic

treatment of the silica. Such a result was also reported by Clement et al. [48] who showed that

the amplitude of the Payne effect is reduced by introducing a permanent treatment of the silica

surface or a processing aid.

Only a few works have recently been reported on the nonlinearity of clay–rubber nano-

composites. As expected, the maximum strain to which the linear viscoleastic domain extends

was observed to be decreased with increasing clay concentration [49]. However, most of the

works have addressed on thermoplastic nanocomposites. Aubry et al. [50] first observed

gc / f�1 in polyamide-12 with layered silicate. Such a scaling relation was also reported by
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Raghavendra et al. [51] in the case of metallocene polyethylene montmorillonite composites.

More recently, Durmus et al. [10] observed n¼ 0.85–1.1 in LLDPE/montmorillonite nano-

composites depending on the compatibilizers nature. Finally, Vermant et al. [34] showed

n¼ 1.8–1.9 for the power variation of the limiting strain as a function of particle concentration.

Interestingly, Letwimolnun andVergnes [52] andLetwimolnun et al. [53] showed that the linear

viscoelastic domain, at the same concentration of organoclay, decreased with increasing the

exfoliation degree of tactoids. Consequently, the decrease of linear viscoelasticity can be

attributed to the difference in the degree of dispersion and more precisely the degree of

exfoliation. This result is of im-portance as it shows again that the linear viscoelastic properties

of nanocomposites are governed by the particle–particle interaction of tactoid physical network

in the case of organoclay fillers.

According to the paper of Yurekli et al. [15] on carbon black-filled elastomer composites, we

derived from their work the power law gc / f�1:8. Finally, Chatterjee and Krishnamoorti [54]

reported gc / f�2:3 for nanotube–poly(ethylene oxide) nanocomposites. The authors conclud-

ed that the weak and relatively short-range interactions between nanotubes and the pathways

between percolating paths dominate the network properties. This conclusion is consistent with
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the mechanism of particle–particle interaction between fillers to explain the nonlinearity effect

in nanocomposites.

As previously discussed for the equilibrium shear modulus, Shih et al. [33] developed a

scaling theory for this limit of linearity gc. The critical strain values follow:

gc / f
�ð1þ df ;BÞ

3�df ð14:9Þ
The fractal dimension df� 2 is universal for gel aggregate systems whereas df,b, which

depends on the number of particles per aggregates, strongly depends on the shape of fillers

(spherical or tactoids). Note that these power exponents are extremely sensitive to the

experimental criteria used by the authors.

14.3.2 Thixotropy and Recovery

Another important aspect in the mechanisms of nonlinear viscoelasticity in filled polymers is

the restoration of moduli of the filler/polymer network following the destruction by a large

strain perturbation. Actually, the Payne effect is a reversible process and the material should

undergo recovery of its original equilibrium structure. Under steady shear flow, the gel-like

particle structures are disrupted and take a long time to recover the original structure. This

phenomenon, generally called thixotropy, is really a kind of viscoelasticity [55] but with a long

relaxation time of a few hours. Different kinds of rheological experiments are used to quantify

the thixotropic effects resulting from the presence of nanofillers. Transient shear flow [56–59],

stress relaxation [60] and creep [61] experiments have been successfully developed to

investigate the evolution of filler structure under flow. Furthermore, the transient stress in

start-up of steady shear combining forward and reverse growth experiments are also useful to

characterize the evolution of the fillers microstructure. The recovery of the gel structure is then

studied by defining different rest times in forward and reverse growth experiments [53, 56]. The

structural recovery can be also measured by measuring the linear viscoelastic properties

after cessation of different pre-shear rates and applied rest times. In dynamic conditions, after a

step strain experiment the recovery of the complex shear modulus is measured in the linear

domain of viscoelasticity. This experiment is generally called subsequent strain sweep

experiments [41, 62]. In contrast, Zhu et al. [25] used oscillatory shear tests in the sequence

of low, high and low amplitude to study the Payne effect of silica nanocomposites All these

experiments in steady and/or dynamic conditions aimed at investigating the influence of the

relevant parameters (polymer–filler interactions, polymer molecular weight, temperature, and

so on) on the dispersion and orientation–disorientation of fillers under flow. Nevertheless, it

must be pointed out that transient shear experiment can be only used to investigate the

thixotropic behavior of liquid suspensions and the usual thermoplastic polymers. In the case of

the reinforcement of elastomers, which generally show complex viscoelastic properties in

the terminal relaxation zone combined with strong temporary elasticity, dynamic and subse-

quent dynamic experiments are generally preferred.

In dynamic conditions, the strain amplitude dependence of the dynamic modulus is caused

by a thixotropic change of the filler–network structure. Such process is accompanied by the

recovery of the complex shear modulus which is measured in the linear domain of viscoelas-

ticity. Modulus recovery kinetics of elastomers filled with fumed silica have extensively been

studied by the Sternstein’s group [47, 62]. They proposed that the recoverymechanism is based
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entirely on the dynamics of the filler–matrix interface and consequently on the physics of

entangled chains. However, the agglomeration or network formation can be invoked especially

at high filler concentration. In a same way, Kalfus and Jancar [63] showed that the modulus

recovery time was governed by the chain relaxation processes in the polymer matrix near the

filler surface. This process was successfully interpreted using the reptation concept of molten

entangled chains. Consequently, filler agglomeration and/or network is less important,

representing only a secondary contribution to the nonlinear viscoelastic response of a

nanocomposite. Nevertheless, we reported in a previous paper [8] viscoelastic behavior of

fumed silica particles dispersed in polymer organic solutions, from diluted solution to molten

polymer, and the nonlinear behavior could be then imagined [41] to be associated with both

mechanisms of chain disentanglements and filler network breakdown, depending on silica

concentration, silica surface treatment and amplitude deformation. This point was earlier

discussed on linear viscoelastic behavior and our findings confirmed the main conclusion of

Bokobza [64] and Sternstein and Zhu [38]. In other words, the nonlinearity effect is probably

governed by the filler–network breakdown (particle–particle interaction) combined with a

mechanism originating at the polymer–filler interface (polymer–particle interaction). More

recently, Zhu et al. [25] clearly showed that the particle–particle association is the dominant

factor as the filler network broke down during the shear. In addition they observed that the

particle–particle dissociation is partially immediately recovered upon switching to dynamic

linear deformation. Consequently, the nonlinearity effect is predominantly governed by the

filler network breakdown (particle–particle interaction) combined with a second order

mechanism originating at the polymer–filler interface (polymer–particle interaction).

In the case of organoclay–elastomer composites few works have been reported in the open

literature. However, it can be said that the governing parameter for the structural evolution of

the clay network under large deformation is a priori the degree of exfoliationwhich controls the

structure of platelet network. Recently, Wang et al. [21] showed from liquid polybutadiene/

clay nanocomposite systems that the temperature can be also a key controlling factor for the

exfoliation and orientation–disorientation of clay particles under large deformation. Actually,

the polymer–clay interactions are temperature-sensitive. The system behaves as a system with

a liquid–gel transition. This transition depends strongly on the end groups, molecular weight of

the liquid rubber and the shear field. The determination of the transition temperature is then

very useful for the preparation of liquid rubber/exfoliated clay nanocomposites. At room

temperature, the clay is partially exfoliated and complete exfoliation is achieved when heating

above this temperature transition (T� 80 �C) with or without shearing.

14.4 Flow Properties of Rubber Nanocomposites

As demonstrated in Sections 14.2 and 14.3 above, the presence of nanoparticles induces some

new features in the linear or nonlinear viscoelastic properties of the elastomer, like the solid-

like behavior at low frequencies or the thixotropy and recovery effects, or simply enhances its

nonlinear behavior. Such observations have sustained a better understanding of the connexions

between microstructure and viscoelastic properties of rubber nanocomposites (although

controversial discussion still remains) and have supported the development of models for

the description and prediction of these properties. The following sections deal with the present

knowledge and understanding of the influence of nanoparticles on the flow properties of an

elastomer matrix. It must be noted that the related research work reported in the open literature
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mainly concerns carbon black or silica-filled elastomers. Indeed, those have gained for decades

a large industrial importance, whereas rubber nanocomposites have been considered only for a

few years. As in the preceding sections, general trends will be illustrated and discussed, and

more specific aspects, depending on the nature of the matrix-filler system, will be emphasized.

From a practical point of view, polymer-processing tools create steady-state or transient flow

conditions in which the material experiences large deformations and large deformation rates.

In such situations, filled polymers and more specifically nanocomposites exhibit complex

rheological properties, so the description of their flow behavior is still a challenge. From a

fundamental point of view, this requires to understand how the nanofiller particles modify the

properties of thepolymermatrix.Due to thevery nature of theflowconditions, the influence of the

nanofiller nature or concentration on the shear viscosity, measured either in steady state or in

transient conditions like those met in start-up experiments, is expected to be different from the

effects described previously on viscoelastic properties measured in oscillatory shear. So, shear

viscositywill be addressedfirst in this section, andnextwill be extensional viscosity. Then, “new”

rheological features (with respect to pure polymer matrix), that is, those features induced by the

presence of nanofiller particles which were discussed previously under the angle of linear and

nonlinear viscoelasticity, will be briefly dealt with in the framework of steady flow. Finally, other

phenomena, like wall slip and extrudate swell will be discussed in terms of the filler influence.

14.4.1 Shear Viscosity

Unlike thermoplastic polymers or soft elastomers that have been the subject of extensive

research, relatively few rheological studies are devoted to rubbers. This is due to several

experimental problems met during rheological characterization of this class of materials, such

as high viscosities, wall slippage and long-time evolution of properties. As a consequence, a

limited number of relevant rheological studies on filled rubbers are available in the literature,

and rheological data must be analyzed with care. Due to their industrial history, carbon black-

filled rubbers have been studied for long, and they induced the development of some specific

rheological devices, for the reasons cited above. Thus, prototype instruments such as a

sandwich rheometer for low stress creep tests [65], a modified Mooney viscometer [66] or

modifiedWeissenberg rheometer [67], or a sliding cylinder rheometer [68], were built to offer

new experimental capacities.

14.4.1.1 Carbon Black- and Silica-Based Rubber (Nano)Composites

Aspointed out in a recent review [3], the reinforcingfillersmost commonly usedwith elastomers,

namely carbon blacks and high-structure silane-treated silicas, are very different, specifically

with regard to their interactions with the polymer, but induce the same qualitative trends of the

flow properties, though (see for example the work carried out in parallel with carbon black and

silicabyMongruel andCartault [9]). Therefore, addressing thesematerials firstwill help to derive

the main lines of the viscous behavior of rubber nanocomposites, before illustrating specific

points with other nanofillers in Section 14.4.1.2. Data published byMontes et al. [66], displayed

in Figure 14.6, illustrate these features which can be summarized as follows:

. At low shear rates (or stresses), the compounds with low filler fractions exhibit a Newtonian

plateau and the dependence of the zero-shear viscosity on the volume concentration of
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particles can be described satisfactorily by hydrodynamicmodels as those used in suspension

rheology. When increasing the filler concentration, the Newtonian plateau is no longer

observed and yield behavior occurs (cf. Figure 14.6a).
. At large strain rates or stresses, a shear thinning behavior is observed, and the viscosity is

much less sensitive to the filler volume fraction than in the low shear rate range.
. The increase of carbon black surface area (decrease of particle size) at constant loading has

qualitatively similar effects as the increase of particle concentration, as shown in
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Figure 14.6 Evolution of shear viscosity of natural rubber (NR) compounds versus shear stress, at 100 �C.
(a) Unfilled NR and NR compounds with different volume fractions F of N326 carbon black (surface

area¼ 80m2/g) and (b) Unfilled NR and NR compounds with F¼ 0.2 of carbon blacks with increasing

surface area, from 8m2/g (N990) to 140m2/g (N110) (Data reproduced from Journal of Non-Newtonian

Fluid Mechanics, 28, S. Montes, J.L. White and N. Nakajima, “Rheological behavior of rubber carbon-

black compounds in various shear-flow histories,” 183–212,� 1988, with permission from Elsevier [66].)
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Figure 14.6b: increase of viscosity, and transition towards yielding behavior as particle size

decreases.

Influence of the Incorporation of Filler Particles on the Low Shear Rate Viscosity
The occurrence of a yield stress with highly filled compounds will be discussed briefly in

Section 14.4.3.

As mentioned above, the incorporation of solid particles strongly influences the low shear

rate viscosity. Elastomers filled with carbon blacks comprising large, structureless and roughly

spherical aggregates, at volume fractions below the percolation threshold, exhibit Newtonian

behavior at low shear rates, and their zero-shear viscosity conforms well to the Guth and

Gold relation [69]:

Z0ðfÞ ¼ Z0;polymer:FðfÞ with FðfÞ ¼ 1þ 2:5 fþ 14:1 f2 ð14:10Þ
However, this equation does not hold for small structured particles black, even in Newtonian

polymeric medium. Kraus [70], reviews some attempts to improve the description of viscosity

increase in polymers filled with highly reinforcing carbon blacks, by introducing shape factors

for example, but also mainly by introducing the concept of effective filler volume concentra-

tion, which takes into account the combined volumes of the filler particles and of the

unextractible polymer fraction. This concept was extensively developed by Pliskin and

Tokita [71], and involves the notion of bound rubber, which is viewed by these authors as

a layer of polymer strongly adsorbed on the particle surface and covering the latter as a rigid

layer of uniform thickness. The “filler” volume fraction can nowbe considered as the sumof the

respective fractions of the particles and bound rubber, which yields the so-called effective

volume fraction (a more detailed analysis of the bound rubber concept is given by [3]). White

and Crowder [72] give a general form of the concentration-related factor that they introduce in

their continuum mechanics analysis of suspensions of particles (carbon black) in viscoelastic

media (synthetic rubbers):

FðfÞ ¼ ð1þ a1ffe þ a2ff
2
e þ � ��Þ ð14:11Þ

where fe is the effective volume fraction, f is an anisotropy factor and a1 and a2 are empirical

coefficients depending on the system under study.

Such relations fail for filler volume fractions increasing beyond the percolation threshold of

the particles, because at low shear rates the effects of particles become dominant over those of

the matrix: the dynamics of the latter is modified by increasing interparticle forces, and solid-

like behavior occurs. This was discussed in detail in Section 14.2 and will be briefly completed

in Section 14.4.3.

Influence of the Filler Loading at High Shear Rates
In contrast to the preceding statement, when strain rates are high enough, highly filled polymers

demonstrate usual viscoelastic behavior as unfilled polymeric liquids. Several authors illustrate

the effects of increasing carbon black or silica concentration on the steady-state, shear thinning

viscosity of elastomers, for example (this list is not exhaustive): White and Crowder [72],

Osanaiye et al. [73], Ertong et al. [67], Bandyopadhyay et al. [74], Mongruel and Cartault [9].

Thegeneral pattern of the plots for different concentrations remains similar, which demonstrates

that no qualitative change of rheological behavior occurs. Shifting of the plots over one another

is possible. In this respect, the work by Mongruel and Cartault is worth examining in more
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details, since it proposes an original analysis of the “concentration scaling” in the nonlinear

viscoelastic domain and more specifically of the flow curves.

The authors deal with carbon black- and silica-filled SBR compounds with filler volume

fractions ranging between 0.05 and 0.23 (the volume fraction at percolation,fp, for these fillers

lays between 0.12 and 0.16). They first introduce a concentration shift factor f(f) defined as the
ratio [G0(o,f)]/[G0(o,f¼ 0)], where G0(o,f) is the storage modulus measured in the linear

viscoelastic domain for a compoundwith filler volume fractionf. They demonstrate that f(f) is
also equal to [G00(o,f)]/[G00(o,f¼ 0)] and remains independent upon angular frequencyo. The
Guth andGold equation fails inmodeling the evolution of f forf>fp whereas the Krieger-type

relation f ðfÞ ¼ �1� f
fm

��2
[75], used in the framework of suspension rheology, succeeds in

fitting the data over the whole range of f. This concentration shift factor is then used to rescale
the viscosity curves in the nonlinear domain (see Figure 14.7a). Interestingly, when plotting

Zð _g;f; TÞ/f(f) versus _g � f ðfÞ, a reasonable mastercurve is obtained over the whole range of

shear rates for filler volume fractions f below the percolation threshold, whereas for the most

filled compounds (f>fp), the superposition only holds in the low to medium shear rate range.

The plots separate in the highest shear rate domain. When plotting the graph of the shear stress

versus _g:f ðfÞ (Figure 14.7b), again the superposition fails for themost filledmaterials at highest

shear rates, which correspond to stress values beyond a critical value of about 0.3MPa. The

explanation proposed asmost probable is that the data collected for compounds containing filler

fractions beyond percolation have been obtained under slip conditions.

Finally, the same shift factor is shown to rescale satisfactorily the damping function h(g,f)
which is derived from the factorization of the relaxation modulus measured in the nonlinear

domain [principle of time strain separability: G(t,g,f)¼G0(t,f)�h(g)]. The authors’ conclu-
sions can be summarized as follows:

. At large strains or strain rates, the rheological behavior shows qualitatively the same trends as

for unfilled rubber, suggesting that the particles do not alter qualitatively the dynamics of the

polymer chains.
. Asingle concentration shift factor, analogous to the one used forNewtonian suspensions, can

rescale different viscoelastic functions of filled materials.
. In practice, this concentration scaling factor can be used to assess the presence or not of slip in

capillary rheometer data.

These conclusions emphasize the need for critical analysis of rheometric data which can be

altered by slip occurrence. Nevertheless, the latter is scarcely assessed rigorously in published

studies concerning rubber nanocomposites.

Influence of the Polymer–Filler Interactions on Flow Properties
In the preceding sections, the rheological properties of filled polymermelts have been shown to

be sensitive not only to the concentration, but also to the structure, particle size, shape and

surface characteristics of the fillers. In particular, these parameters influence the dispersion and

consequently the characteristics of the “filler network” resulting from interparticle interaction.

This network in turn affects the viscoelastic and flow properties. A typical illustration comes

from the comparison of silica filled composites, either prepared by mixing, or elaborated by in

situ generation of the nanoparticles. As pointed out byBandyopadhyay et al. [74], the viscosity

value of “in situ” nanocomposites is not so strongly influenced by filler volume fraction as it is
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Figure 14.7 Rescaling of time–temperature master curves at 100 �C obtained for SBR1500

compounds with different N330 carbon black volume fractions F, using the concentration shift factor

f(F): (a) shear viscosity versus shear rate (Reproduced with permission from A. Mongruel and

M.Cartault, “Nonlinear rheology of styrene-butadiene rubber filledwith carbon-black or silica particles,”

Journal of Rheology, 50, no. 2, 115–135 (Figure 11a),� 2006 by The Society of Rheology, Inc. All rights

reserved) and (b) shear stress versus shear rate [9] (Reproduced with permission from A. Mongruel and

M.Cartault, “Nonlinear rheology of styrene-butadiene rubber filledwith carbon-black or silica particles,”

Journal of Rheology, 50, no. 2, 115–135 (Figure 11b),� 2006 by The Society of Rheology, Inc. All rights

reserved.)
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with composites prepared by mixing. The latter are prone to larger viscosity increase due to

agglomeration of the filler.

Leblanc [3] defines bound rubber as the macroscopic result of rubber–filler interactions

and discusses its effect on flowproperties in the particular case of theMooney viscometer test

which is widespread in the rubber industry. Especially, the initial stage of the test can be

considered as a simple shear start-up flow, and induces a stress overshoot with highly filled

materials. Leblanc’s results with carbon black-filled compounds clearly show a correlation

between the height of this peak and the bound rubber fraction, whatever the elastomer

considered: the higher the bound rubber, the higher the overshoot, for a given polymer-filler

pair. This is corroborated by the results that Schaal and Coran [76] obtained on the

same type of measuring device, at a 100-fold lower rotation speed ( _g ¼ 0:052 s�1) and

with silica-filled SBR. In a subsequent study, these authors [77] developed a rheological

model to predict a simple shear start-up flow with silica-filled tire compounds. Their model

describes the effect of the evolution of bound rubber (upon storage) on rheology, and

is consistent with the interpretation that the peak stress at low strain rates may be considered

as a yield stress, whose existence results from a network structure which develops upon

filler incorporation.

Analysis of transient flows can thus be seen as an interesting probe regarding the structure

of filled systems, and studies with other nanocomposites (PP þ clay) rely on the same

approach [53, 56].

However, theseworks were carried out at low strain rates. In high-strain rate flows, the effect

of rubber–filler interaction, visible through the network structure which it creates, is expected

to be strongly attenuated if not cancelled due to breakdown of this structure. Indeed, as shows

Leonov [78] in his approach of the rheology of highly filled polymers, when strain rates in the

filled systems are high enough, the effects of activity of the filler on the rheological behavior of

the composites are almost negligible.

Comparisons between different systems must be carried out with care, though, since

variations in rubber–filler interaction influence structure and properties via very complex

mechanisms. The work of Kim andWhite [79] typically illustrates this statement. The authors

compare untreated silica-filled EPDM with compounds of EPDM and the same silica treated

with silanes of different chemical nature or chain length, at the same filler volume fraction and

submitted to the samemixing procedure. The viscosity ismeasured over the 0.1–1.0 s�1 decade

and exhibits strong shear thinning. Thevery clear effect of silanization is to reduce significantly

the viscosity with respect to untreated silica. Nevertheless, since all parameters vary simulta-

neously, especially the size of the agglomerates, the state of dispersion, the interparticle

interactions and the physicochemical nature of the particle–polymer interactions, no straight-

forward conclusion regarding the mechanisms of such reduction can be drawn.

Influence of Compound Preparation
The crucial influence of the filler network on the viscoelastic and flow properties of rubber

compounds has been emphasized along the preceding sections. The features of this filler

network are due obviously to the nature of the polymer and to the chemical and physical

characteristics of the filler, but also to the extent of the dispersion achieved. As pointed out by

Wang [126], filler networking, that is, the creation of a secondary structure resulting from

interaggregate interactions (agglomeration), is governed by the aggregate–aggregate interac-

tion, the aggregate–polymer interaction and the distance between aggregates. Thus, the quality
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of the filler microdispersion results from a complex combination of thermodynamic factors

(surface energies and interactions between materials), kinetic factors (diffusion mechanisms

controlled basically by the polymer viscosity and the size of the particles) and the mechanical

and thermal energy input from the mixing operation.

Thermodynamic factors are responsible for example for the fact that in compounds filled

with silica or carbon black, with the same surface area and comparable structure, the shear

viscosity is higher for the silica-filled compound than for its carbon black counterpart. Themost

widely accepted explanation, summarized by Wang, considers the strong hydrogen bonds

between silica aggregates, which causes a stronger filler network compared to carbon black,

and the lower filler–polymer interaction achieved with silica, causing lower bound rubber and

thus facilitating filler flocculation.

The relations between the mixing conditions, the morphology of the dispersions and the

rheological properties were studied for example by Clarke and Freakley [127], who chose

the mixing time as the variable for their analysis of a single system (SBR þ N330 carbon

black). A reduction in viscosity during the mixing process was observed concomitantly with a

disagglomeration of the carbon black, as shown bymicrographs of thin sections of the samples

collected. Contrary to usual phenomena observed with colloidal suspensions in which the

reduction of particle size below 1mm generally induces an increase in viscosity, Clarke and

Freakley’s results are interpreted with reference to the notion of effective filler fraction. In the

early stage of mixing, the agglomerates are supposed to contain immobilized rubber in the

spaces within and between the primary aggregates of carbon black, and this immobilized

rubber behaves as part of the filler particle.Withmechanicalmixing going on, agglomerates are

broken down and release aggregates as well as part of the immobilized rubber fraction. This

causes the effective filler fraction to decrease and then the viscosity of the blend to decrease,

too. Simultaneously, mastication of the elastomer causes reduction in the matrix viscosity.

Sirisinha and Sittichokchuchai’s results [129] seem to confirm the concept based on

immobilized rubber accompanying viscosity reduction with increasing state-of-mix, and show

concomitant decrease of bound rubber.

Wang’s review [126] also deals with the influence of the mixing process, in a different

manner. Traditional mixing and intensive mixing are compared. Traditional mixing consists in

a first stage where all components are added except the curatives, which are added in a second

stage 24 h later. Intensive mixing involves exactly the same two stages but a third one is added

in between, during which the first stage masterbatch is mixed again and maintained 5min at

high temperature, then aged an additional 24 h prior to the final stage of curatives incorporation.

Quoting thework carried out byWelsh et al. [80],Wang emphasizes the apparent contradiction

between the increase in the bound rubber measured on SBR samples mixed intensively and the

reduction in viscosity of these compounds, compared to traditionally mixed ones. It is

suggested that the effect of increased bound rubber, expected to increase the viscosity, would

be overcompensated by a less structured architectural complex of filler aggregates in the

polymer matrix. That is to say that the filler networking effect seems to be attenuated when

bound rubber is increased.

Whereas the phenomenological interpretations are quite consistent between authors, two

majors remarks can be made:

. When comparing Sirisinha and Sittichokchuchai’s results [129] on bound rubber evolution

during mixing (decrease along time) and the increased bound rubber pointed out by
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Welsh et al. [80] when intensive mixing is applied, one could feel some contradiction.

However, it must be carefully considered that the state of mix achieved is totally different

between both studies. In the former, initial samples are poorlymixed and contain a supposedly

large fraction of immobilized rubber, which probably takes part in the measured “bound

rubber” under different forms, as mentioned by the authors: either occluded within inter- or

intra-aggregate spaces, or bound, or both. Due to disagglomeration, part of it is then released

and does not contribute any longer to the bound rubber fraction. In Welsh’s study [80],

intensively mixed compounds have achieved enhanced dispersion and immobilized rubber

(occluded) is limited so that bound rubber measurements, which thus include only adsorbed

polymer, are shown to increase. This remark raises the question of the significance of bound

rubber measurements and emphasizes the difficulty in comparing different rubber systems.
. Additionally, it can be noted that most studies lack a clear criterion for characterizing the

mixing process. An indicator based on mixing energy, such as the specific energy (in J/g)

mentioned for example by Dimier et al. [128] in their study focused on the relationships

between mastication conditions and rheological behavior of a natural rubber, might be of

interest. This parameter is defined as:

Espe ¼
2 p N

Ð t
0
Cðt0Þ dt0

M
ð14:12Þ

whereN is the rotation speed, t the mastication time,C the torque andM the mass introduced in

the chamber.

Specific energy could be a means for helping in comparisons in the field of rubber

compounds and composites in which effects from the matrix, filler and morphology superpose

in a very complex manner.

14.4.2 Rubber Nanocomposites Based on Nanoclays

Shear-thinning behavior at high shear rates (or stresses) and the increase of shear viscosity with

filler concentration are general features of silica and carbon black-filled elastomers. Shear-

thinning is also a feature of nanoclay-based rubber nanocomposites, but the influence of filler

loading offers significant contrast with silica or carbon black data.

Different studies of organoclay-based rubber nanocomposites have been reported in litera-

ture, involving various polymer matrices: polyepichlorhydrin [81], ethylene-vinyl acetate

(EVA, [82]), nitrile rubber (NBR, [83]), fluoroelastomers [84], carboxylated NBR [85]. In

most of these composites, intercalated rather than exfoliated morphology was observed. The

influence of filler concentration on steady shear viscosity is generally found to be strong at low

shear rates: in Lim’s and Prasad’s works [81, 82], the low shear viscosity increases with filler

content, as a result of increased interactions between the silicate layers and the polymer chains.

However, the high shear rate behavior of their materials is shown to be almost insensitive to

increase in filler content. The authors interpret this as a consequence of orientation and

alignment of silicate layers and polymer chains in the flow direction. On the contrary, Ibarra

et al. [85] notice that, in a carboxylated nitrile rubber matrix, the influence of the nanofiller is

maintained even at high shear rate. Sadhu andBhowmick [83] and Kader et al. [84] present data

for NBR- and fluoroelastomer-organo-montmorillonite composites, respectively, in overall
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contradiction with the preceding ones or with results obtained for conventional fillers like silica

or carbon black: they show viscosities that decrease between pure polymer and composites and

that go through aminimum upon increase of filler concentration. Kader et al. [84] propose some

arguments for explaining this effect, which can be summarized as follows:

. The reduction of viscosity upon increasing nanofiller concentration might be partly due to

breakdown of platelets stacks and subsequent dispersion and exfoliation under shear, to

alignment during flow and to some plasticizing action from the presence of the long chain

organic modifier in the clay, possibly causing chain slippage over the clay platelets.
. The viscosity reduction is all themore pronounced as the shear rate decreases. Thus, at lower

shear rates, the shear flow seems dominated by the stack and the degree of dispersion of the

clay, whereas the high shear rate properties are dominated by the viscoelastic behavior of the

polymermatrix. This last aspect is similar to conclusions drawnbyMongruel andCartault [9]

concerning carbon black and silica.
. The occurrence of a minimum viscosity and subsequent increase upon increase of nanofiller

concentration is supposed to be due to an optimal state of dispersion followed by aggregation.

As it is clearly shown here, the flow behavior of rubber nanocomposites based on layered

organoclays does not exhibit a simple trend because of the miscellaneous and complex

influences of polymer-nanofiller interactions, degree of dispersion and orientation-related

features during flow. All these effects look enhanced by comparison with traditional rubber

composites,making comparisonsmore difficult. For instance, themagnitude of the influence of

filler volume fraction in the high shear rate domain depends on the system, the temperature, the

processing history of the composite and so on.

This last point was discussed in Sections 14.2 and 14.3 where the need for very rigorous

protocols was strongly emphasized to guarantee the significance of rheological data. In

practice, themixing process is hardly addressed in studies dealingwith rubber nanocomposites

based on nanoclays and only the resulting morphology is paid attention to. Solution-mixed

nanocomposites will not be discussed here, since this method is not representative for the

rheological mechanisms involved in “industrial” mixing. In addition to the works by Prasad

et al. [82], Kader et al. [84] and Ibarra et al. [85], cited previously in Section 4.1.2., numerous

studies exist in which melt blending is carried out [49, 86–95]. Nevertheless, none of them

addresses the mixing operation itself. Indeed, no real focus is given on the control and

repeatability of the mixing stage. Of coursemicrostructure is analyzed more or less thoroughly

in order to connect “rheological” propertieswithmorphological features, but all theworks cited

just above deal with crosslinked nanocomposites so flow properties are out of their scope. Thus

it is clear that the understanding of viscous properties of suchmaterials is lacking at present and

that the quantitative analysis of relationships between viscous or viscoelastic properties of

uncured rubber nanocomposites and the parameters of their morphology is a wide open

research field.

As a consequence, a very careful analysis of published data is needed with these developing

rubber nanocomposites. Besides, the comparison of the rheology of different filler/elastomer

systems is not straightforward and should be carried out with extreme care. Moreover, the

interpretations generally found in the literature rely on the knowledge and on principles

developedwith carbon black in the 1970s. These have been later extended quite successfully to

silica, whose particle shape and structure is close to carbon black. But the question remains
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whether newly emerging nanocomposites, based on lamellar nanofillers or on carbon nano-

tubes, can be addressed with the same concepts.

14.4.3 Extensional Viscosity

Elongational flow situations aremet in almost all rubber processing operations, so elongational

rheology is an important issue to address. The methods developed to quantify elongational

viscosity are based on different types of experiments: filament stretching (that is, “spinning”, in

which the strain rate varies significantly with position therefore leading to heterogeneous

elongation of the sample), homogeneous stretching under constant elongation rate or stress, or

at constant sample length, and convergent flows. All these approaches entail strong experi-

mental difficulties, which explains that published data about extensional viscosity of un-

vulcanized rubber composites are very scarce compared to shear viscosity data.

In filament-stretching experiments, steady-state flow is hardly ever attained. Indeed, a steady

elongational strain rate implies that test sample length should grow exponentially, which no

material can sustain indefinitely. (Homogeneous) stretching experiments are thus limited to

low extension rates and small strains. Cotten and Thiele [96] developed an extensional

rheometer dedicated to nonvulcanized elastomers, and published the first data obtained by

direct measurement of the elongational viscosity of carbon black-filled rubber compounds, at

room temperature, within the 10�4–10�1 s�1 strain rate range. The device used by Ng [97, 98]

was based on a similar concept but placed in a temperature-controlled enclosurewhich allowed

to work at temperatures ranging from 50 to 250 �C.
At present, this technique is still in use with rubber nanocomposites, but the rheometer

originally designed by Meissner, based on the rotary clamp technique (see improvements

of the concept in [99]), has gained importance. This is mainly due to the facts that this

rheometer allows the material to be elongated homogeneously within a zone of constant

length between the clamps and that the stress and strain can be measured with accuracy and

sensitivity. Moreover, large Hencky strains can be obtained and the Hencky strain rate can be

maintained constant by keeping the rotation speed of the rollers constant. Commercial

rheometers of this kind were used in recent studies of EVA–clay nanocomposites, as will

be reported later.

As an alternative to the different “stretching” techniques, the analysis of convergent flow

regimes was preferred by some authors for its better ability to represent real processing

conditions but also due to the possibility of achieving a steady flow.However, the occurrence of

shear, especially at the wall, makes the analysis complex. After developing a method for

deriving extensional viscosity from the analysis of entry pressure loss in capillary flow [100],

Cogswell presented the concept of an “ideal” converging flow rheometer [101], whose die

walls should be lubricated to eliminate most of the shearing effects and profiled in order to give

a uniform extension rate. In later studies, most authors retained these principles, with more or

less adaptation. For example, Clarke and Petera [102] used bell-mouthed dies to determine the

steady-state elongational viscosity of an SBR compound filled with 30 phr carbon black, but

they introduced a correction for shear instead of using lubrication. Rippl et al. [103] used an

online capillary rheometer to study shear and extensional rheology of EPDM compounds in

extrusion, following an improved analysis for the pressure loss on entry to a capillary, as

presented by Astarita and Mackay [104].
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14.4.3.1 Rubber Nanocomposites Based on Carbon Black

Typical results obtained by Cotten and Thiele [96] for homogeneous, constant strain rate

stretching of carbon black-filled SBR compounds are displayed in Figure 14.8. The plots of the

elongational stress growth function (that is, elongational viscosity) versus time, measured at

different strain rates, superimpose on a single curve up to an almost constant value of strain

around 0.8, before rising more rapidly, which reveals strain hardening. This demonstrates that

no steady-state flow occurs within the limits of the experiment, which seems to be the general

case with carbon black-filled elastomer formulations. The extensional viscosity of these

materials is much higher than their shear viscosity, which generally remains within the MPa.s

range at low shear rates. The viscositiesmeasured here in elongation increase from a fewMPa.s

towards values that can reach as high as 1 GPa.s, at low elongation rate, before filament breaks.

The influenceof the concentration of carbonblacks, their surface area andparticle structure (at

constant filler concentration) on extensional viscosities were also addressed by these authors.

The elongational viscosity (at a given time in the stretching test) raised upon increase of any of

these parameters. Yet, the key factors appeared to be the concentration and surface area, which

hadmore significant influence onviscosities than particle structure. The increase offiller loading

strongly modified the initial rate of growth of viscosity (slope of viscosity versus time curve

increaseswithfiller concentration),whereas the effect of surface area on theviscosity profiles did

not appear from the very first instants of sample stretching, but rather in the later part of the test.

As far as works based on converging flow analysis are concerned, a noticeable feature is that

the elongation rates encountered can be much higher than in stretching methods, for example

up to 800 s�1 in the work by Rippl et al. [103]. However, considering a converging geometry
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Figure 14.8 Evolution of extensional viscosity (that is, stress growth function sðtÞ=_e) with time, at various

elongation rates _e for SBR1500 compounds containing 50 phr N330 carbon black (Data reproduced with

permission fromG.R.Cotten and J.L. Thiele, “Influence of carbon-black on processability of rubber stocks. 3.

Extensional viscosity,” Rubber Chemistry and Technology, 51, 749–763, 1978. � 1978 Rubber Division,

American Chemical Society, Inc. [96].)
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such as the one chosen by these authors (capillary-type geometry mounted online in place of a

profile extrusion die) requires some computational treatment of the data consisting in

volumetric flow rates and pressures. Indeed, the shear contribution in the entry flow has to

be considered, and themodel for the developed flow in the capillary must incorporatewall slip.

The complete model then involves parameters for shear and elongational viscosities as well as

for wall slippage, and the values of these parameters are computed by an inverse method.

In the case of the profile die used by Clarke and Petera [102], the peculiar bell-mouthed

geometry allows to derive a very simple expression between the elongational viscosity and the

pressure drop, and the correction for the shear contribution to the total pressure drop can also be

established simply. The shear properties must be determined separately by regular capillary

rheometry. Thus, the experimental equipment in this approach consists only in a capillary

rheometer fitted with either classical capillary dies (for shear behavior assessment) or with the

bell-mouthed dies (extensional flow þ shear flow, with no necessity for lubrication).

14.4.3.2 Rubber Nanocomposites Based on Nanoclays

The melt rheology of composites containing layered silicates are dictated by a combination of

mesoscopic structure and the strength of interaction between the polymer and the nanopar-

ticles. Therefore, due to the strong anisometry of nanoclay platelets, the effect of such fillers on

the melt viscosity of polymer composites can be expected to be all the more important in

elongation. Nevertheless, very few data can be found in literature concerning elongational

viscosity layered silicate composites, andmost of them deal with ethylene-vinyl acetate (EVA)

copolymer-based nanocomposites as in the papers by Bhattacharya and his co-workers [105,

106] and by La Mantia and Dintcheva [107].

In these studies, different clay nanofillers were used (sodium bentonite or montmorillonite)

but all were organically modified to provide improved reinforcement of the polymer matrix.

The EVA copolymers were different, in terms of vinyl acetate content (9–28 wt%), and sowere

the elaboration modes of the composites. As a consequence, different morphologies were

achieved by the authors: for example, with 5 wt% nanofiller, intercalation was obtained with

VA content up to 14 wt%, and exfoliation with EVA containing 18% and more VA. In these

papers, the transient elongational viscosity (that is, viscosity versus time at constant elongation

rate) is measured at different elongation rates and is discussed with respect to the filler content.

The feature of the plots for the neat polymer appears in Figure 14.9, and is similar for

the EVA copolymers used in the works cited, whatever the VA content: at low strain rates, the

viscosity gradually increases with time and reaches a plateau in the long time region (steady

state). At higher strain rates, these curves exhibit typical strain-hardening behavior: they no

longer tend towards a plateau, and viscosity goes up more rapidly after some time.

The results reported by LaMantia and Dintcheva [107] with intercalated composites of EVA

(14% VA) and montmorillonite, at loadings of 5 and 10%, show that no plateau is reached

whatever the elongation rate, and thus that strain-hardening is emphasized by the presence of

the nanofiller. The extensional viscosity of the nanocomposites is higher than that of the neat

polymer, and increases with filler content. The effect of the nanoparticles is attenuated,

however, as the elongation rate increases.

The transient elongational viscosity of EVA (28% VA) and its nanocomposites with 2.5 and

5.0%bentonite, as presented in Figure 14.9, offers significant contrast. Indeed, it can be noticed

that the slope in the strain-hardening part of the curves decreases as filler content increases,
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which demonstrates that the strain-hardening effect is reduced in the case of these exfoliated

nanocomposites, compared to pure polymer.Microstructural analysis of these strained samples

byTEM [106] showed that the extension of thematerial at largeHencky strains (beyond 3 in the

present case), in which the nanoparticles were initially predominantly exfoliated, had resulted

in amodification of the dispersion, namely aggregation of the filler material and reformation of

the so-called tactoids. This supports the attempt of the authors for a phenomenological

explanation: in an exfoliated structure, the interactions between polymer and individual clay

layers dominate over the interlayer interactions. The idealized morphology consists in a

random dispersion of clay layers with different orientations, forming spheres or ellipsoids of

clay surrounded by entangled polymer chains. Gupta et al. [106] assume that upon extension,

causing axial stretching of the polymer chains, the inter-layer distance decreases due to cross-

sectional contraction of the sample, and electrostatic attraction develops between the edge

surface of clay (not protected by organic coating) and the flat surfaces, providing a “house of

cards” network structure. Van der Waals forces become stronger as clay layers get closer, and

flocculated structures (face-to-face associations) eventually form.

Such amechanism of reduced strain hardening due to the presence of fillers has already been

reported in literature for conventional fillers. For instance, Chan et al. [108] reported that the

strain-hardening properties of high-density polyethylene or polystyrenewere decreasing when

adding glass fibers. Takahashi et al. [109] reported that LDPE composite systems, filled with

glass fibers randomly dispersed, had strain-softening properties. Boyaud et al. [110] showed

Figure 14.9 Extensional viscosity profiles as a function of time for EVA28 (28% VA) and EVA28

nanocomposites at 130 �C and at different elongation rates. Nanofiller is organomodified bentonite,

contents are in wt%. For clarity purposes, the viscosities of EVA28 with 2.5 and 5.0% nanofiller were

multiplied by 10 and 50, respectively [105] (Reproduced with permission from V. Pasanovic-Zujo, R.K.

Gupta and S.N. Bhattacharya, “Effect of vinyl acetate content and silicate loading on EVA nanocompo-

sites under shear and extensional flow,” Rheologica Acta, 43, 99–108 (Figure 15), � 2004, Springer-

Verlag Berlin.)
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for polymer/polymer composites (the filler was a polymer dispersed phase below its glass or

crystallization temperature) that strain-hardening was considerably reduced and that strain-

softening appeared. The authors suggested that strain-hardening of such composites was

correlated to the homogeneity of the flow at the filler interface.When the elongational flowwas

disrupted in the interphase region so that the deformation around the particle was not

homogeneous, strain-softening occurred.

In conclusion, these results clearly illustrate the importance of the dispersion and

polymer–filler interactions in the strain hardening behavior of nanocomposites. In this

respect, they can be compared with those obtained by Lee et al. [111], with polypropylene/

layered silicate nanocomposites: only those composites containingmaleic anhydride-grafted

PP as a compatibilizer exhibited strain hardening, as a result from the presence of a 3D

structure of exfoliated platelets strongly interacting with the polymer, and thus reducing the

rate of polymer disentanglement.

14.4.4 Yield Stress

It has long been known that highly filled rubbers exhibit yield stress. Industrial formulations of

carbon black or silica filled rubbers such as NR, SBR and EPDM have long been studied for

their flow properties, and the occurrence of a solid-like behavior at low shear stress was

reported for example by Toki and White [65], Montes et al. [66], Shin et al. [112], Osanaiye

et al. [73] and Ertong et al. [67]. As previously presented in Sections 14.2 and 14.3 for different

types of nanocomposites, this solid-like behavior is clearly observed for filler loadings

exceeding the percolation threshold and has been attributed to the filler network.

In the case of elastomers filled with large amounts of carbon black or silica, oscillatory

rheometry raises a number of problems alreadymentioned, thus the evidence of a yield stress is

best visible on graphs as those presented in Figure 14.6, inwhich the value of shear stress below

which no flow occurs can be directly seen. The use of different rheometers is necessary for

accurate determination of the yield stress sc, that is, without extrapolation. The published

values of yield stress for differentNR, SBRorEPDM-based, carbon black-filledmaterialswere

reviewed by Shin et al. [112], for example. A f¼ 0.2 volume fraction of particle appears to

induce a yield stress ranging between 104 and 1.3�105 Pa at 100 �C. The magnitude of the yield

value seems largely dependent on the type and filler volume fraction f of the carbon black

rather than on the polymer matrix. Shin et al. proposed to correlate sc with the ratiof/d, where
d is the particle diameter, but this is most unlikely to capture the complexity of the filler

influence, whose “efficiency” must depend on its specific surface, geometry and physico-

chemical surface characteristics. Nevertheless, no attempt was made for a fundamental

approach of such relationships between yield values and microstructure in usual rubber

composites. An interesting analysis of elasticity and yield stress of model silica-silicone

compoundswas presented byPiau et al. [31], but no extension to other filled rubber systems can

be found in more recent literature.

Thus, the yield stress only appears in some rheological models as a parameter that takes into

account the particle network contribution to the total stress. In this respect, Herschel-Bulkley’s

equation Z ¼ sc
_g þK _gn�1

� �
provides the simplest approximation for the shear viscosity of

concentrated suspensions of small particles in a power-law fluid. While studying temperature

influence on carbon black-filled SBR compounds, Ertong et al. [67] achieved very satisfactory

mastercurves with this model, by applying separate shift factors to the contributions of either
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phase of the compound. The polymer contribution was described by the second term in

Herschel-Bulkley’s equation and was treated with the classical temperature-dependent shift

factor aT. The temperature dependence of the yield stress which resulted from the particle

network was introduced via a vertical shift factor on the first term.

More elaborate rheological models are dedicated to filled polymers, like that of Leonov [78]

and its derived versions aimed at modeling particle–matrix interactions and, more recently, the

chemorheology of filled elastomers [113, 114]. They are able to describe anisotropic yield

stresses and thixotropy effects without any externally imposed yield criterion.

From a practical point of view, it can be noted that yield behavior is unlikely to play a

significant role in current processing flows of rubber nanocomposites. As noted for example by

Rippl et al. [103], the magnitude of the shear stresses at the capillary wall of their online

rheometric device is 106 Pa and widely exceeds the current magnitude of yield stress observed

with highly filled rubber compounds.

14.4.5 Wall Slip

A more effective impact is expected from wall slip than from yielding on the flow of filled

rubbers. Indeed, wall slippage is often observed with industrial rubber compounds. Ma

et al. [115] demonstrated with colored markers the occurrence of slip above a critical shear

rate. Slip is induced by the presence of filler (above 10 wt% carbon black for example) but can

also result from the release of some components like plasticizers, lubricants and processing

aids that enter these complex formulations.

It was already mentioned that any rheological characterization of such materials should

assess first whether slip is present or not, in order to ensure significance of rheological data.

Then, the quantification of slip is a key issue. In the framework of classical assumptions for

viscometric measurements, the assessment of a mastercurve for the true wall shear stress sw
(corrected for entry effects following Bagley’s method) versus apparent shear rate _gapp, upon
variation of the measuring geometry (radius or gap), is a proof of no-slip conditions. By

assuming that slip velocity Vs only depended on sw, Mooney [116] proposed a method to

quantify Vs which is still the most widely used, since it can be applied to most geometries

(capillary and slit dies, rotational systems, . . .). However, Mooney’s method fails in a number

of situations and provides slip velocity values with no physical meaning (Vs greater than mean

flow velocity �V), which led authors to introduce a dependence of Vs upon the local geometry in

addition to sw [117, 118].

Other approaches rely on the use of rheological tools with smooth and grooved surfaces. The

latter allow to determine slip-free behavior, and comparison with the former leads to the values

of slip velocity [119, 120].

Mourniac et al. [121] addressed the wall slip velocity of SBR compounds by revisiting

Mooney’s technique. The first stepwas to assess the real, slip-free behavior of thematerial with

grooved, nonslippery die surfaces. Then, experimental data collected in the current die

provided pressure drop measurements DP with corresponding actual flow rate Q. If Q�

represents the theoretical flow rate that would be obtained with the same pressure drop in

no-slip conditions, then the wall slip velocity Vs is given by Vs¼ (Q�Q�)/S, where S is the

cross-sectional area of the die.Vs was found to follow a power law upon shear stress in the form

sw ¼ a KVn
s , whereK and n are the power law coefficients of the trueviscous behavior and a is a

slip parameter that depends on thematerial characteristics and on the local geometry.With this
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method, physically sound values of slip velocities were obtained in all cases, and an additional

interesting observations could be made: a critical shear stress appeared, showing that the onset

ofwall slippagewas located above 0.1MPa,which is in good agreementwith data published by

other authors (except for EPDM compounds).

As a modification to Mooney’s method, the consideration for the geometry dependence of

the slip velocity gave rise to different expressions (see for example [122, 123]). Similarly,

varied interpretations for the increase of Vs

�V
upon gap decrease, all other conditions remaining

constant, were given. Mourniac et al. suggest that this could result from the increasing weight

of surface effects at the expense of volumic effects. Migration of some components is also

frequently conjectured.

14.4.6 Extrudate Swell

Reinforcing fillers, in general, reduce the extrudate swell of elastomeric materials. This has

been studied for long with carbon black-filled rubbers and was reviewed by Leblanc [3].

Therefore, no exhaustive reporting on extrudate swell is carried out here, but only some

complementary aspects, especially dealing with nanoclay- or nanosilica-filled rubbers, are

addressed.

Generally admitted mechanisms for extrudate swell combine rearrangement of velocity

profile at die exit, partial relaxation of entry tensile stress and recovery of strains associated

with normal stress difference within the die. Upon addition of solid filler particles, die swell is

reduced not only due to their hydrodynamic effect and the reduction of polymer volume

fraction, but also because of the polymer–filler interactions which develop generally higher

viscosities at the expense of elasticity.

This point can be illustrated by the evolution of the first normal stress difference N1, which

characterizes the elasticity of viscoelastic materials. For example, Bandyopadhyay et al. [74],

who prepared nanocomposites of epoxydized natural rubber and in situ generated nanosilica by

a sol-gel technique, observed a remarkable drop of N1 when the concentration of nanofiller

increased. Similarly,Gupta et al. [106] examined the effect of dispersed organobentonite on the

melt elasticity of exfoliated EVA-nanocomposites by monitoring the dependence of N1 on the

organoclay concentration. The addition of the nanofiller decreases N1 at high shear stresses

(above 2000 Pa), whereas at low shear stress N1 appears almost independent on silicate

concentration. This behavior contrasts with published data concerning intercalated nanocom-

posites, whose N1 was independent of silicate concentration. It shows that strong interactions

between clay layers and polymer chains are responsible for the reduced mobility of the latter

and thus, reduced elasticity which has direct consequences in decreasing extrudate swell. The

effect of dispersion (exfoliation versus intercalation) was confirmed by Sadhu and Bhow-

mick [83] or Ibarra et al. [85], with different polymer matrices like (carboxylated or not)

acrylonitrile butadiene, styrene butadiene and butadiene rubbers. All these studies, along with

the work by Kader et al. [84] on fluoroelastomer/layered clay nanocomposites, demonstrate

that the die swell reduces when fillers are added, like in traditional rubber compounds.

14.5 Conclusions

Since the rheological properties of nanocomposites are sensitive to the structure, particle size,

shape and surface characteristics of the nanofiller, the rheological tool is intensively used to
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assess the features of the dispersion of nanocomposites directly in the molten state. In contrast

and from an historical point of view, the determination of flow properties of industrial rubber

nanocomposites, that is, basically carbon black- and silica-filled compounds, has been

considered for decades in the purposes of quality control and of predicting behavior in

processing conditions. The appearance of a novel class of rubber nanocomposites, based on

nanoparticles in very low concentrations, has not reached yet this stage of industrial concern.

Studies on these materials are much more focused on microstructural analysis through

rheological approach, and nonlinear viscoelastic properties or flow features are still often

out of scope for these new materials. Determining sound rheological data in processing

conditions still remains a challenge with elastomeric materials, because fundamental knowl-

edge on the influence of filler particles, the strongly viscoelastic behavior and slip phenomena,

which are inherent to the flow of rubber materials, is only partial. In practice, computational

approaches, like inverse methods for the analysis of real processing flows in a rheological

context, have gained importance, maybe at the expense of the development of specific tools.

Nevertheless, in spite of the progress made in computational rheometry of thermoplastic

polymers, the rheology of elastomeric materials still presents enhanced difficulties, which

explains that comparatively rather few data are published in literature. As a consequence, very

few constitutive models have been derived specifically for rubbers (apart from Leonov and

coworkers’ model) in spite of crucial need for the use in simulation softwares.
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Electron Spin Resonance in
Studying Nanocomposite Rubber
Materials

S. Vali�c
Department of Chemistry and Biochemistry, School of Medicine, University of Rijeka,

Croatia and Rudjer Boškovi�c Institute, Zagreb, Croatia

15.1 An Approach to the Study of Polymer Systems

15.1.1 Introduction

Electron spin resonance (ESR), also known as electron paramagnetic resonance (EPR), is

a spectroscopic method able to detect paramagnetic centers (unpaired electrons) [1, 2].

Generally, the nanocomposite rubber materials, as the majority of polymers, possess no

intrinsic paramagnetism and therefore do not give rise to an ESR spectrum. However, it is

possible to apply this technique as an indirect method in studying these materials. For that

reason, it is necessary to introduce stable free radicals into a polymer matrix. The most

commonly used free radicals are nitroxides, presented by a general formula in Figure 15.1.

Nitroxide radical possesses a free electron that belongs to the nitroxide group and occupies

the pz orbital of the nitrogen atom. The nitrogen group is often surrounded by four methyl

groups, substituted in a positions, which sterically protect the paramagnetic center from

a possible attacking reagent and hence contribute to the stability of a free nitroxide radical. The

choice of an adequate nitroxide for investigation of a given polymer system is particularly

important. Therefore, it is necessary to take care not only of miscibility between the nitroxide

and the polymer matrix, but also of nitroxide size, shape, polarity and flexibility [3, 4]. In other

words, the chosen nitroxide radical must be compatible with the polymer chain segment in

order to be able to follow its motional behavior. Structures of some typical nitroxide radicals

frequently used in ESR measurements are shown in Figure 15.2.

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen

� 2010 John Wiley & Sons (Asia) Pte Ltd



Figure 15.1 Schematic presentation of a stable nitroxide free radical

Figure 15.2 Nitroxide free radicals commonly used in ESR of polymers
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An example which illustrates the importance of one of the nitroxide parameters described

above was reported by C. Cornish and coworkers [5]. They used different doxyl stearic acid-

free radicals in studying physical characteristics of rubber particles from various rubber (cis-

1,4-polyisoprene) producing species. The free electron spin was that of doxyl group,

substituted at different positions in stearic chain. Depending on the investigated rubber

material, only the spectra of stearic acids with a doxyl group placed at the end (17-doxyl

stearic acid) or close to the end (16-doxyl stearic acid) of the stearic chain provide evidence that

some doxyl groups are diffusing through amore fluid environment, while the others correspond

to doxyl groups strongly immobilized on the ESR time scale. This effect is ascribed to the

flexibility gradient as an intrinsic property of the stearic acid chain [5].

There are two common ways of the application of free nitroxide radicals [3]: (i) nitroxides

can be covalently attached to polymer chains, or (ii) they can be introduced mechanically (by

diffusion) into a polymermatrix. The formermethod is named spin labeling and the latter is the

spin probe method. The advantage of spin labeling is the precisely known position of the

nitroxide in a polymer chain [4]. However, this method demands additional synthetic efforts

and is rather limited since it cannot be applied to polymer systems without an adequate

functional group. The spin probe method is easier and gives the possibility to introduce

nitroxides into polymer systems simply by dissolving or swelling the polymer in a probe

solution. After the removal of solvent, probes stay incorporated in a polymer matrix. Recent

investigation indicates that the temperature of probe incorporation process must be strictly

controlled, particularly for inhomogeneous systems [6]. In addition, when the spin probe

method is used, it is necessary to take care of a possible attachment of the spin probe to the

polymer chain by hydrogen bonding [7].

An advantage of ESR spectroscopy, when compared to other techniques, is that in the cases

of spin probe and spin labeling, very low concentrations of nitroxide radicals (�0.1 wt% or

lower) embedded in a polymer matrix result in a good signal-to-noise ratio. Therefore, an

introduction of nitroxides into the polymer matrix induces a slight perturbation of the matrix

with no significant influence on its properties.

15.1.2 Theoretical Background

Once the nitroxide radical is placed in a static magnetic field, the interaction energy of the

magnetic moment associated with the spin S with an external magnetic field B is described by

the Hamiltonian [1, 2]:

H ¼ mB B g Sþ I A S ð15:1Þ
where mB is the Bohrmagneton and I is the nuclear spin of 14N. The aboveHamiltonian consists

of two terms: first, known as the Zeeman interaction, which describes the interaction of the

electron spin Swith the static magnetic fieldB and the second, the hyperfine interaction, which

describes the interaction between electron and nuclear magnetic moments. Values g andA are

the tensors which parameterize the Zeeman and hyperfine interaction, respectively. The

Zeeman interaction splits the energy of a nitroxide molecule in two levels and the hyperfine

interaction additionally splits each Zeeman level in three sublevels, as shown in Figure 15.3.

Finally, the ESR spectrum of a nitroxide radical shows three absorption lines, registered in the

form of the first derivative.
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Themodel ESR spectrum of a spin probe in a polymer matrix measured well above the glass

transition temperature is shown in Figure 15.4a. The spectrum consists of three well resolved

Lorenzian lines characteristic of the fast molecular motions [3]. Nevertheless, when the

segmental motions are frozen (T < Tg), the ESR spectrum indicates the slow dynamics of the

spin probe determined mostly by the size of free volume holes. However, the motions of side

chain groups can also contribute to the slow tumbling of probe molecules. A typical spectrum

characteristic of the slow probe motion, composed of three overlapping broad lines, is

presented in Figure 15.4b.

In a particular case of an inhomogeneous system, the ESR spectrum observed in the

temperature region just above Tg shows a bimodal character [3, 6], which can be seen in

Figure 15.4c. Such a bimodal spectrum is composed of two components: the broad component

attributed to the slow motion and the narrow one that corresponds to the fast motion of a spin

probe. The simplest analysis of a bimodal spectrum can bemade bymeasuring the intensities of

broad (Ib) and narrow (In) lines. Then the calculated intensity ratio In/Ib can be taken as a simple

Figure 15.3 Energy levels of a nitroxide radical placed in an external magnetic field
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quantitativemeasure of the probe dynamics. Higher value of this ratio indicates higher amount

of the fast component present in a dynamically inhomogeneous system. The analysis of such

composite spectra is often used in the characterization of different heterogeneous systems,

particularly elastomers, polymer blends, copolymers, block copolymers, interpenetrating

polymer networks and polymer-filler systems [3, 8–14].

Further analysis of ESR spectra makes it possible to deduce useful data about motional

behavior of nitroxide molecules, closely related to the dynamics of polymer matrix. Applying

the model of an isotropic Brownian motion, relatively precise values of rotational correlation

times (tR) in the range of fast motions (10�11 s <tR < 10
�9 s) can be estimated using the

Kivelson theory [15]:

tR ¼ 0:65� 10�5DB
Ið0Þ
Ið�1Þ

� �1=2
þ Ið0Þ

Iðþ 1Þ
� �1=2

�2

( )
ð15:2Þ

where I(�1), I(0) and I(þ 1) are intensities (peak-to-peak amplitudes) of the low, central and

high field line, respectively, and DB is the linewidth of the central line, Figure 15.4a. For slow

spin probe motion (tR > 10�9 s), tR values can be calculated by:

tR ¼ að1�SÞb ð15:3Þ

Figure 15.4 Model ESR spectra of a nitroxide radical typical for the polymer: (a) well above Tg; (b)

below Tg; and (c) inhomogeneous system just above Tg (Adapted with permission from M. Didovi�c, D.
Klepac and S. Vali�c, “ESR � spin probe method in studying natural rubber: an effect of the probe

incorporation temperature,”Macromolecular Symposia, 265, 144–147,� 2008, Copyright Wiley-VCH

Verlag GmbH & Co. KGaA.)

Electron Spin Resonance in Studying Nanocomposite Rubber Materials 395



where a and b are constants depending on the diffusionmodel, and S is the ratio of outer extrema

separation (2Azz) of the given spectrum (Figure 15.4b) divided by its maximum value,

measured for the completely immobilized nitroxide [16].

The value 2Azz, when measured as a function of temperature, shows a typical sigmoidal

dependence, as presented in Figure 15.5. From the data presented in Figure 15.5, it is possible to

determine an additional ESR parameter, known as T5mT. This parameter corresponds to the

temperature at which the outer extrema separation reaches the value of 5mT. Natural rubber

(NR) is an inhomogeneous system and, therefore, the broad component is partially present in

the ESR spectra at T > Tg. Since the decrease of 2Azz valuewith the temperature increase is due

to the change in motional probe behavior that reflects the dynamics of surrounding polymer

chain segments, T5mT value can be correlated with the glass transition temperature of the

investigated polymer system [17]. This correlation, based on the free volume model, is

expressed by the equation [18]:

T5mT�Tg ¼ 52f2:9f ½lnð1=f Þ��1g ð15:4Þ
where f is the ratio between the activation volume of a nitroxide probe and a polymer segment

undergoing relaxation. The value of T5mT, when compared to Tg measured by differential

scanning calorimetry (DSC), is shifted toward higher temperatures. This can be explained by

the large difference in the effective frequency of ESR spectroscopy, which ranges from 107 to

108Hz atT5mT, and that of calorimetricmethods [3], bywhich Tg values aremeasured at�1Hz.

Hence, T5mT values of crosslinked and uncrosslinked sample differ for about 5 �Cdegrees, even

if DSC measurements give the same Tg values (�64 �C) for both samples [17]. This

demonstrates the sensitivity of the spin probe on local segmental motions.

On the assumption that the nitroxide molecules are distributed homogeneously in

a dynamically inhomogeneous polymer matrix, it is possible to estimate the exact amount

Figure 15.5 Temperature dependence of outer extrema separation (2Azz) of uncrosslinked natural

rubber (*) and natural rubber crosslinked by g-irradiation (^) (Adapted from Radiation Physics and

Chemistry, 77, I. Dubrovi�c, D. Klepac, S.Vali�c and G. �Zauhar, “Study of natural rubber crosslinked in the
state of uniaxial deformation,” 811–817, � 2008, with permission from Elsevier.)
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of the mobile and immobile matrix fraction at temperatures in the vicinity of T5mT and above

T5mT. In order to obtain such information, it is necessary to make a decomposition of bimodal

ESR spectra. This implies the data retrieval of broad and narrow components contained in

bimodal ESR spectrum. In fact, spectral decomposition comprises the detection of such broad

and narrow components whose superposition (a simple addition of their corresponding

intensities) will result in an experimentally observed spectral lineshape. Two programs for

calculating ESR spectra, developed by Schneider and Freed [19] and by Stoll and Schwei-

ger [20, 21], are available and they are often used satisfactorily, taking into consideration an

isotropic Brownianmotion [22]. However, in some inhomogeneous systems the programs have

failed to reproduce experimentally observed spectra [3, 23]. Particularly, the main problem in

simulating ESR spectra usually occurs when the spectra of slowmotion should be reproduced.

Consequently, a semiempirical method has been developed and applied for the simulation of

bimodal spectra of natural rubber [24]. This method is based on the calculation of fast motional

components and their combination with a set of experimentally measured slow motional

components of the like systems, as shown in Figure 15.6.

15.2 ESR – Spin Probe Study of Nanocomposite Rubber Materials

The application of ESR spectroscopy for the study of nanocomposite materials can be

considered as follows: (i) a noticeable number of papers is focused on the use of metallic

ions or various agents that give an ESR signal and are present in nanocomposite materi-

als [25–42] and (ii) a significantly lower number of papers reports investigations made by the

spin probe and/or spin label techniques [4, 23, 43–45]. In both cases, the results obtained by

ESR are related to the changes in material nanostructure. One of the first applications of

nitroxide radicals in studying nanocomposite materials was described byM.E. Brik et al. [23].

They studied motional heterogeneity in organic–inorganic nanocomposite gels comprising

poly(ethylenoxide) chains grafted between silica particles by the spin probe and spin label

techniques. The results reported in this work prove that the hindrance of the chain motion in

Figure 15.6 Simulated ESR spectrum of 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl spin probe

diffusing in natural rubber crosslinked by g-irradiation (total dose 250 kGy). The spectrum corresponds to

that experimentally observed at 283K. The broad and narrow components are presented by dotted lines

(Adapted from Radiation Physics and Chemistry, 51, Z. Veksli, M. Andreis, S. Vali�c et al., “Different
spatial heterogeneity of networks prepared by a two stage irradiation of natural rubber,” 207–213,� 1998,

with permission from Elsevier.)
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such a network increases in the vicinity of the silica nodes. Furthermore, the main part of the

work in this field was done by G. Jeschke and coworkers [4, 43–48]. They used nitroxide

radicals in studying the structure and dynamics of nanocompositematerials [4, 43–45], but also

for diffusion measurements [46, 47] and distance measurements in the nanometer range [48].

The first application of spin probe technique in studying nanocomposite rubber materials

was carried out recently [49, 50]. Two types of NR samples were prepared: containing (i)

nanosilica and (ii) nanoclay particles. These nanofillers are often used as reinforcing agents for

different polymer materials [51–54]. The amount of nanofiller varied, while the crosslink

density was constant (the samples were crosslinked by an addition of 2.5 phr of sulfur).

Additionally, the influence of coupling agent (bis[g-triethoxysilylpropyl]tetrasulfide, Si-69) on
the dynamics of polyisoprene chain segments was investigated for the samples with nanosilica

particles. In all measurements, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl was used as

a spin probe.

The intention of this chapter is to present mainly the qualitative results of the recent work,

since the detailed quantitative analysis is currently being developed. ESR spectra of spin probe

diffusing in NRmatrix doped with 10 phr of nanosilica, measured in awide temperature range,

are presented in Figure 15.7. Spectra obtained in the low-temperature range, that is, below the

Tg of NR matrix, consist of three broad lines characteristic of a solid matrix.

Spectral line shapes and line widths change by increasing the temperature and in the high-

temperature range ESR spectra consist of three narrow lines indicating the fast probe

motion [3]. Particularly interesting are spectra in the middle temperature range, about 0 �C
and around room temperature. It is evident that these spectra are composed of three broad and

three narrow lines. Such spectra imply the existence of two motionally different spin probe

populations that correspond to the slow and fast probe dynamics, as mentioned above.

Figure 15.8 shows the spectrameasured at 10 �C forNR samples containing various amounts

of nanosilica. Clearly, the fraction of the broad and narrow spectral lines depends on the

nanosilica content. The values of the ratio In/Ib decrease regularly from 1.72 to 0.92 as the

nanosilica amount increases from0 to 20 phr.However, a significant difference can be observed

only between the rubber samples with and without nanosilica, irrespective of the nanosilica

content. The glass transition temperatures measured by DSC are almost the same for all

samples and oscillate within the limit of experimental error around �57 �C.
A quite strong increase in the fraction of broad component in ESR spectra, when the

nanosilica is present in the sample, indicates that the probe molecules sense the presence of the

nanofiller. This results in a slower probe motion and should be explained in terms of an

interaction between the nanofiller and matrix chains. Such an interaction contributes to the

restriction in segmental dynamics. At higher loadings, there is a possibility of agglomeration of

particles, which may also have an influence on the probe motion.

The role of the presence of coupling agent was investigated by an addition of 4 phr of

coupling agent to NS-10 sample. ESR spectra of the sample with and without the coupling

agent are presented in Figure 15.9. It is easy to see that the coupling agent strongly affects

the shape of ESR spectra. The spectrum of the sample without coupling agent possesses a

quite significant amount of the narrow component. This narrow component almost disappears

by the addition of coupling agent. Corresponding values of In/Ib ratios are 0.31 and 0.96 for

the samples with and without the coupling agent, respectively.

More detailed analysis of ESR results obtained with two samples, with and without the

coupling agent is presented in Figure 15.10. This figure shows the change of the outer
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extrema of ESR spectra measured as a function of temperature. Two details can be

deduced from Figure 15.10: (i) the broad component for the sample containing the coupling

agent is present up to 30 �C, while for the samplewithout coupling agent it disappears at 20 �C,
(ii) T5mT values are 16 and 7 �C for the samples with and without the coupling agent,

respectively.

As demonstrated in Figures 15.9 and 15.10, the coupling agent has an important influence on

the dynamics of chain segments. The changes in the shape of ESR spectra and T5mT value

indicate that the coupling agent makes the interaction between the nanofiller and matrix chains

more effective. As a result of the better interaction, the segmental motions become slower.

Additional measurements made with the samples containing different amounts of coupling

agent, which are not described here, have shown that its presence, even in a very small amount

(1 phr), can cause rather intensive changes in segmental motions.

The ESR spectra of the spin probe incorporated in NR containing organically modified

nanoclay (Cloisite 20A), when compared to those of NRwith nanosilica particles, show strong

difference in motional behavior, as shown in Figures 15.7 and 15.11. This difference is

Figure 15.7 ESR spectra of the spin probe diffusing in the matrix of NR sample doped with 10 phr of

nanosilica, measured in the temperature range from �100 to 80 �C
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Figure 15.8 ESR spectra of the spin probe measured at 10 �C for the samples containing different

amount of nanosilica (the number which follows the sample label “NS” corresponds to the amount

of nanosilica, expressed in phr). The dashed and full line arrows indicate the broad and narrow spectral

lines, respectively

Figure 15.9 The ESR spectra of the spin probe measured at 10 �C for the samples containing the same

amount of nanosilica with (NS-10-CA-4) and without (NS-10) coupling agent
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Figure 15.11 ESR spectra of the spin probe diffusing in the matrix of NR sample doped with 10 phr of

nanoclay, measured in the temperature range from �100 to 80 �C

Figure 15.10 Temperature dependence of the outer extrema (2Azz) of ESR spectra for the sample with

(~) and without (r) coupling agent
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particularly evident in the high temperature range (above the room temperature). According to

the ESR spectra measured at 80 �C, it is clear that the broad component is well pronounced in

NR-nanoclay, while it almost disappears in NR-nanosilica sample. In other words, the

restriction in probe motion is much higher in the presence of nanoclay than of nanosilica.

The differential scanning calorimetry (DSC) curves of NR-nanoclay composites show Tg
around �60 �C, which is close to that of NR-nanosilica composites. This indicates that the

interactions between the polyisoprene chains and nanoclay are very intensive and that they

introduce an additional restriction in segmental motions. The measurements made by positron

annihilation lifetime spectroscopy (PALS) show that nanoparticle–polymer interactions

decrease the free volume [55], which can explain the restrictions in segmental motions

observed by ESR. The lower free volume also leads to the reduction in gas permeability of

such materials [55].

Accordingly, it seems reasonable to expect a positive effect of montmorillonite-based fillers

on mechanical properties of the vulcanizates as described in the literature [56–58].

Particularly interesting are the ESR spectra measured at temperatures above 80 �C,
Figure 15.12. In this temperature range, three narrow lines indicating fast isotropic motions

of spin probe usually occur [3, 22, 24], like with the pure NR and NR-nanosilica samples.

However, this is not the case for the NR-nanoclay composites. The broad spectrum implies that

even at high temperature probe motions are mainly frozen on the ESR time scale.

The DSC results of NR-nanoclay composites, as well as of pure nanoclay, show the first

order phase transition in the range from 30 to 60 �C (depending on the weight fraction of the

nanoclay in NR). Such a transition, occurring in the low temperature range, should be

ascribed to the change in the organic part of nanoclay [59], since it is known that clay

nanoparticles are thermally stable in the given temperature range. The appearance of the

narrow line in ESR spectra around 40 �C, which indicates that part of the chain segments

undergoes fast motions, should be associated with this phase transition whose origin must be

Figure 15.12 ESR spectra of the spin probe measured at high temperatures (100 and 110 �C) for the
sample with 10 phr of nanoclay
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considered in details. In contrast, the decrease of the narrow component at T > 80 �C,
Figures 15.11 and 15.12, and subsequently its disappearance should be related to the changes

in the interaction between the polyisoprene chain segments and nanofiller. Since it is known

that organoclays, such as Cloisite 15A and Cloisite 20A, give rise to intercalated nano-

composites [60], one may suppose that such an effect might be the consequence of an

extremely strong interaction between the polyisoprene chains and nanoclay particles in the

intercalated form. This may result in a very high reduction of the free volume and therefore in

slow segmental motions and lower probe dynamics. In order to understand better the

described unusual high-temperature line broadening above 80 �C and the disappearance of

the narrow component at T > 110 �C, additional temperature-dependent X-ray diffraction

(XRD) measurements should be performed.

The ESR results, when considered together with XRD measurements, indicate the interca-

lation of Cloisite 20A by NR matrix chains. In fact, an increase of the interlayer distance for

about 1 nm, as measured by XRD, proves the existence of layered clay-NR intercalates. The

spectra of the sample containing 5 phr ofCloisite 20Adiffer from the other samples and suggest

that part of Cloisite 20A exfoliates. This is additionally confirmed by the microscopic images

(TEM and SEM) and XRD.

15.3 Summary

Electron spin resonance (ESR), known also as electron paramagnetic resonance (EPR), is

a powerful tool for the study ofmolecularmotions and structural parameters of various polymer

systems. Since the majority of polymers possess no intrinsic paramagnetism, it is necessary to

use the stable free radicals (generally nitroxides). Nitroxides can be introduced in a polymer

matrix by diffusion (spin probe) or attached by covalent bond to polymer chains (spin label).

The advantage of the spin labeling is the precisely known position of the nitroxide in a polymer

chain, but this method demands additional synthetic efforts and cannot be applied in the study

of polymers without an adequate functional group. The spin probe method is technically very

simple; it includes the incorporation of nitroxides in a polymermatrix by dissolving or swelling

of polymer in the nitroxide solution. However, the probe incorporation process must be strictly

controlled, particularly in the inhomogeneous systems like, for example, natural rubber. It is

also necessary to take care of probe size, shape and flexibility as well as of its possible

attachment to the polymer chain by a hydrogen bond. In both methods, an introduction of very

low concentrations of nitroxide radicals (�0.1 wt%) results in a good signal-to-noise ratio and

has no significant influence on the matrix properties.

An application of spin probe method in studying natural rubber containing the silica and

organically modified clay nanoparticles has recently been made. ESR spectra of 4-hydroxy-

2,2,6,6-tetramethylpiperidine-1-oxyl measured in a wide temperature range show that seg-

mental motions are hindered in the presence of a nanofiller. This effect is particularly

pronounced in the case of nanoclay. For the higher filler loadings nanoparticles agglomerate,

which leads to the relative lowering of interaction between the nanofiller and rubber matrix.

Natural rubber filled by nanoclay shows an unusual motional behavior in the high-temperature

range (above 100 �C); the segmental dynamics seems to be frozen on the ESR time scale. This

might be explained by an extremely strong interaction between the polyisoprene chains and

nanoclay particles in the intercalated form.
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16.1 Introduction

Knowledge of the surface dynamics of a solid has recently allowed significant progress inmany

academic and scientific fields: adsorption (solid–gas interaction), wettability (liquid–solid

interaction) and adhesion (solid–solid interaction), because it can determine intermolecular

interactions at the interface of a solid surface with its environment [1–4]. Recent advances in

the understanding of the surface dynamics of a solid have been made on several kinds of the

intermolecular interactions at interface in a composite system. This chapter concentrates on the

role of filler-elastomer interactions in the solid–solid interface [5–7].

The commercial applications of elastomers often require the use of particulate fillers to obtain

the desired reinforcement. In the rubber industry, besides carbon blacks, silicas and alumina

powders, other reinforcingfillers are used to impart specific properties to rubber compounds. It is

well known that filler-filled rubber composites have multiphase systems which depend on the

mobility of rubber molecules and which influence the reinforcement of the composites [8–10].

Extensive works [2–4, 11–14] have also been carried out on structural developments in

silica/rubber composites. The surface functional environment of silica particles is quite
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different from that of other fillers due to the existence of silanol groups in the particles [15, 16].

Thus, the primary discussion on the structural development in the silica/rubber systems focuses

on the interactions between silica particles and rubber molecules.Wolff andWang [17] studied

the effects of the surface energies of fillers on rubber reinforcement and reported that the

surface energetics of silicas are characterized by a low London dispersive component and

a high polar component. On the one hand, the high polar component leads to strong interactions

among silica particles; on the other hand, the low London dispersive component causes weak

filler–rubber interactions, leading to low moduli of the vulcanizate at a high elongation.

Therefore, surface treatments are needed to improve the reinforcement of the composites by

increasing the London dispersive component of surface energetics. Various methods used to

modify the surface properties of the silicas are largely introduced in terms of thermal, chemical,

direct fluorination and coupling agent treatments.

In order to observe surface functional groups and chemical structures of the solid fillers, the

solid-state NMRmethod can give useful data for understanding filler–elastomer interactions in

silica–rubber nanocomposites. Solid-state NMR is clearly a very powerful technique capable

of looking at a variety of materials. It does not require crystalline materials like diffraction

techniques and can still determine local molecular environments [18].

A huge variety of solid-state NMR experiments are available for measuring internuclear

distances (dipolar recoupling), the deconvolution of quadrupolar/dipolar influenced spectra,

probing site symmetry and chemistry, observing solid-state dynamics and so on [18]. Most of

theNMR active nuclei in the periodic table are available for investigation by solid NMR, due to

higher magnetic fields, innovative pulse sequences and improved electronics, computer and

probe technology.

In this work, we will study the changes of surface chemical structures of silicas by various

surface treatments, such as thermal treatment, siliane coupling method and direct fluorination.

Solid-state NMR will be applied in order to reveal the relation between the surface functional

groups and the surface dynamics of silicas in the elastomer matrix nanocomposite system.

16.2 Surface Modification of Silicas

Silicas are primary used as reinforcing filler in the production of light-colored products.

Simply, their white color and, most importantly, their small primary particle size, give rise to

a remarkably high reinforcing efficiency compared with other white fillers [19]. However,

because silicas have a number of surface silanol groups (Si-OH), on the surface, they are

considered to be a highly polar and reactive filler. The presence of silanol groups also brings

about strong filler–filler interactions, leading to the inferior filler dispersion of a silica-filled

rubber compound compared with that of a carbon black-filled one. As a means of overcoming

these drawbacks, surface Si-OH groups can be modified by various nonpolar groups [20, 21].

16.2.1 Thermal Treatment

Thermal treatment is widely applied in real areas, because it is easy to operate, does not require

large-scale devices and condensation of surface hydroxyls occurs in the silica surfaces [22–25].

The addition of thermally treated silica to some polymers results in changes in theirmechanical

propertiesdue to themodificationof silanolgroupsof the silica surface.This treatmentcanaffect
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the dispersion and crosslink density of silica/rubber composites by different treatment tem-

peratures. The crosslink density and mechanical interfacial properties of silica/rubber compo-

sites can be evaluated by swelling measurements and tearing energy (GIIIC), respectively.

16.2.2 Silane Coupling Method

Silane coupling agents have been used in the rubber industry to improve the performance of

silicas and other mineral fillers in rubber compounds. A silane coupling agent contains

functional groups that can react with the rubber and the silicas. In this way, the rubber–silicas

adhesion is increased and consequently the reinforcing effect of silicas is enhanced.

16.2.3 Direct Fluorination

Direct fluorination is a well established method of modifying fluoropolymers to improve their

properties for use, for example, in polymer–membrane gas separation. Therefore it is not

necessary to fabricate goods from fluorine-containing polymers; it is simpler, cheaper, and

more convenient to apply a surface treatment of articles made from commonly used

materials [26–29]. Fluorination is unique in the sense that it represents the sole process by

which, in the case of silicas, a bulk addition can be reduced. However, very little attention has

been paid to the corresponding fluorinated derivatives [30, 31].

16.3 Solid-State NMR Analyses of Silicas

After various surface treatments, the silica surfaces were confirmed by solid-state 29Si or 19F

NMR spectroscopy (Bruker DSX-300 Solid FT-NMR Spectrometer).

16.3.1 Thermally Treated Silicas

Figure 16.1 shows the 29Si-NMR spectroscopy of silicas modified by thermal treatment.

Pristine silica shows three peaks, assigned to three possible types of silicon environments, to

allow the unambiguous assignment of the measured resonance at �90 (a), �100 (b) and

�110 ppm (c) to (HO)2Si(OSi�)2, (HO)Si(OSi�)3, and Si(OSi�) on the silica surfaces,

respectively [32]. After thermal treatments, it is found that Si(OSi�) group at �110 ppm is

relatively increased, compared to pristine silicas.

These results can be explained by the thermal treatment causing surface dehydroxylation,

resulting in improved siloxane groups on silica surfaces. The disintegrations of hydroxyl

groups weaken the strong silica–silica interaction, which reduces the silica agglomeration.

These changes lead to an increase of the dispersion of interior silica agglomerates and

improvements in the interactions at the interfaces between silica surfaces and rubber matrix.

16.3.2 Silane-Treated Silicas

Figure 16.2 shows the 29Si-NMR spectroscopy of the silicas modified by silane coupling

agents. The virgin silicas (pristine or as-received) shows three peaks, assigned to three possible
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types of silicon environments and to allow the unambiguous assignment of the measured

resonances at �90 (a), �100 (b) and �110 ppm (c) to (HO)2Si(OSi�)2, (HO)Si(OSi�)3 and

Si(OSi�) on the silica surfaces, respectively [5–7, 32]. After silane coupling agents treatment,

g-amino propyl triethoxy silane (APS), g-chloro propyl trimethoxy silane (CPS) and

g-methacryloxy propyl trimethoxy silane (MPS) are observed, so that separate 29Si signals

from both the surface and the attached silane are able tomonitor hydrolysis reactions caused by

a cosolvent of methanol (95 wt% in total solvent) and distilled water (5 wt% in total solvent).

These are sufficient to distinguish the two signals and show a main peak at �49 (d) and

�57 ppm (e) due to Si(OH)2R and Si(OSi)(OH)R on the surfaces [33], respectively. Also,

silane surface treatments increase the intensity of Si(OSi�) groups and decrease the intensity

of (HO)2Si(OSi�)2 and (HO)Si(OSi�)3 groups compared to VS. MPS-treated silicas are

observed to give the maximum intensity of Si(OSi�), Si(OH)2R and Si(OSi)(OH)R groups.

The results indicate that silane surface treatments lead to a decrease of the hydroxy groups on

silica surfaces through siloxane or hydrogen bonding at the interfaces between silicas and

silane coupling agent.

Figure 16.1 Solid-state 29Si NMRspectroscopy of silica asmodified by thermal treatment: (a) (HO)2Si-

(OSi�)2; (b) (HO)Si(OSi�)3; and (c) Si(OSi�) (Reprinted fromMaterials Science and Engineering: A, 398,

no. 1–2, S-J. Park, S-Y. Jin, S. Kaang, “Influence of thermal treatment of nano-scaled silica on interfacial

adhesion properties of the silica/rubber compounding,” 137–141, � 2005, with permission from Elsevier.)
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16.3.3 Fluorinated Silicas

To confirm the results, 19F-NMRmeasurements were performed on the fluorinated silicas, and

the results are represented in Figure 16.3. The spectrum of each of the samples includes various

peaks of different intensities. The existence of these different peaks means that different types

of SiF species interaction occurred on the silica surface. According to Barabash’s [19] and

Youngman’s [20] work, the peaks at �150, �143, �131 and �115 ppm represented O3Si-F,

O2SiF-OH, O4Si-F and O3SiO-F, respectively. According to Barabash’s hypothesis, that

O2SiF2 and O-SiF3 can be at same position as O3Si-F, we assumed that the broad and

unsymmetrical peak at �150 ppm represented a mixture of O2SiF2 and O-SiF3 [19, 20, 34].

16.4 Surface Energetics of Silicas

To investigate the effect of surface modification, the change of the surface free energy of

the thermal treated silica before and after was investigated by contact angle measurements.

The surface free energy or surface tension (gS) of a solid can be expressed by the sum of the

Figure 16.2 Solid-state 29Si-NMR spectroscopy of silicas modified by silane coupling agents

(Reprinted from Journal of Colloid and Interface Science, 267, no. 1, S-J. Park and K-S. Cho,

“Filler–elastomer interactions: influence of silane coupling agent on crosslink density and thermal

stability of silica/rubber composites,” 86–91, � 2003, with permission from Elsevier.)
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London-dispersive (gLS) and specific (gSPS ) components introduced by Fowkes [1]:

g ¼ gL þ gSP ð16:1Þ
where gL is the London dispersive component of surface free energy associated with

Lifshitz–van der Waals interactions which encompass London dispersion forces, gSP is the

specific (or polar) component of surface free energy relatedwith Debye-inductive polarization,

Keesom-orientational polarization forces and hydrogen bonding.

Also, the gSP component results from electron-acceptor and -donor intermolecular inter-

actions referred to as Lewis acid and base interactions, respectively. The term gSP is further
divided into two parameters using a geometric mean:

gSP ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gþ � g�

p
ð16:2Þ

where gþ stands for the electron-acceptor parameter and g� for the electron-donor parameter

of the specific polar component of surface free energy (or tension).

TheYoung’s angle equation can be combinedwith theDupr�e equation to yield the following:

gLð1þ cos yÞ ¼ gS þ gL�gSL ð16:3Þ
where the subscripts S and L refer to the solid and liquid phases, respectively.

And the interfacial tension, gSL, can be calculated from the London dispersive and specific

polar components of the two substrates as:

gSL ¼ gLS þ gLL�2

ffiffiffiffiffiffiffiffiffiffi
gLS g

L
L

q
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gSPS gSPL

q
ð16:4Þ

By combining Equations 16.3 and 16.4, the following equation is obtained:

gL;ið1þ cos yÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
gLSg

L
L;i

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gSPS gSPL;i

q� �
ð16:5Þ
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Figure 16.3 19F solid NMR spectra of fluorine-treated silicas as a function of treatment temperature
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where the subscript i is the experimental testing liquid, such as water, diiodomethane and

ethylene glycol, in Equations 16.2 and 16.5 yielding:

gL;ið1þ cos yÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
gLSg

L
L;i

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
gþS g�L;i

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
g�S g

þ
L;i

q� �
ð16:6Þ

With knownvalues of gLL, g
þ
L , and g�L for three liquids and their contact angles (y) on the solid, a

set of Equation 16.6 can be simultaneously solved to obtain the surface free energy parameters, gLS,
gþS and g�S , for the solid. It is seen fromEquation 16.1 that if either the gþ or g� parameter is zero,

that is, there is no polar component contribution to the overall surface free energy (g¼ gL). And,
Equation 16.5 can first determine gLS using a nonpolar liquid (g

SP
L;i ffi 0, i is the diiodomethane) and

solve Equation 16.6 to a pair in unknown gþS and g�S (i is water and ethylene glycol) [1].

In case of thermally treated silicas, the results of surface free energy are shown inFigure 16.4.

The elimination of active sites for specific adsorption due to condensation of surface hydroxyls

produces an important decrease in the polar component (hydrophilic), gSPS and increase in the

nonpolar component (hydrophobic), gLS.

16.5 Other Surface Analyses of Modified Silicas

16.5.1 Thermally Treated Silicas

The FT-IR spectra of silicas are as shown in Figure 16.5. The peaks at 794 cm�1 (Si�O�Si

symmetric stretch), 963 cm�1 (Si�OH vibration), 1104 cm�1 (Si�O�Si asymmetric stretch)

and 3800�3000 cm�1 (�OH groups) are shown in the silica surfaces. After thermal treatment,

the peak intensities at 3800�3000 cm�1 and 963 cm�1 decreased. In contrast, the peak

intensities at 794 cm�1 and 1104 cm�1 increased as the thermal treatment temperature in-

creased.The surface of silica is dehydrated as the temperatureof the thermal treatment increases.
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Figure 16.4 Surface free energies of thermally treated silicas as a function of temperature (Reprinted

from Materials Science and Engineering: A, 398, no. 1–2, S-J. Park, S-Y. Jin, S. Kaang, “Influence of

thermal treatment of nano-scaled silica on interfacial adhesion properties of the silica/rubber

compounding,” 137–141, � 2005, with permission from Elsevier.)
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The dehydration comes from the elimination of adsorbed water and thermal dehydration reaction,

where two neighboring silanols condense into a siloxane bridge. The experimental results

demonstrated that with increasing temperature of heating, the silica surface becomes hydrophobic

due to the condensation of surface hydroxyls and the formation of siloxane bridges [35]:

ð:Sis� OHÞþ ð:Si� OHÞ! ð:Si� O� Si:ÞþH2O ð16:7Þ

Therefore, Si�O�Si (794 cm�1 and 1104 cm�1) peak intensities increase with increasing

temperature, compared with pristine silicas. The dehydration occurs under moderate tempera-

ture (<200 �C) and consists in the elimination of water adsorbed on the silica surface, and CO

double bond (1633 cm�1) peak intensity is increased up to 200 �C. However, it began to

decrease after 200 �C due to the acceleration of condensation reactions on the silica surfaces.

16.5.2 Fluorinated Silicas

Figure 16.6 shows the FT-IR spectra of the unfluorinated and fluorinated silicas. After

fluorination, peaks, corresponding to the silicon atoms with SiF groups, appeared at approxi-

mately 760 cm�1. However, after heating to 300 �C, the peak intensity was noticeably reduced.
These results imply that a portion of the silanol groups on the silica surfaces could be

exchanged with F [36, 37].

Figure 16.7 shows the XPS spectra of the pure silicas and fluorinated silicas. The peaks

located at 100 and 532 eV represent the typical Si and O peaks, respectively, and the new

peaks urn up at 682 eV, in response to the F treatment. Like the FT-IR spectra, intensity of the F
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Figure 16.5 FT-IR spectra of thermally treated silicas as a function of temperature (Reprinted from

Materials Science and Engineering: A, 398, no. 1–2, S-J. Park, S-Y. Jin, S. Kaang, “Influence of thermal

treatment of nano-scaled silica on interfacial adhesion properties of the silica/rubber compounding,”

137–141, � 2005, with permission from Elsevier.)
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peaks was decreased after 300 �C, as can be seen from the relative peak intensities shown in

Table 16.1. These results imply that a portion of the silanol groups on the silica surfaces could

be replaced with F, forming covalent bonds.

To verify this observation, the silicas spectra of the T 30�T 400 samples were measured by

XPS, as shown in Figure 16.8. Using the Peak fit simulations, the spectra could be decomposed

into O3Si-F, O4Si-F, and O3SiO-F, respectively. This shifting means that the interaction

between the Si atoms and the F atoms is rather weaker when the number of F groups on

silica surfaces is increased. When the temperature was raised to 300 �C, the weak Si-F bonds

were broken and the Si-F ratio was decreased.
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Figure 16.6 FT-IR spectra of fluorine-treated silicas as a function of temperature
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Figure 16.7 XPS survey spectra of fluorine-treated silicas as a function of temperature
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Table 16.1 Results for F1s of fluorinated silicas studied as a function of treatment temperature

T 0 T 30 T 100 T 200 T 300 T 400

F1s — 8.61 9.62 9.93 9.70 7.09

675680685690695700705

Binding energy (eV)

(a) T 30

675680685690695700705

(b) T 100

Binding energy (eV)

675680685690695700705

(c) T 200

Binding energy (eV)
675680685690695700705

(d) T 300

Binding energy (eV)

675680685690695700705

Binding energy (eV)

(e) T 400

Figure 16.8 Temperature dependence of high-resolution F1s XPS spectra of fluorinated silicas: (a) at

room temperature; (b) at 100 �C; (c) at 200 �C; (d) at 300 �C; and (e) at 400 �C
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16.6 Mechanical Interfacial Properties of the Compounds

The compounding formulations were listed in Table 16.2. Prior to measuring the mechanical

properties of the composites, the filled rubbers were cured for 60min under a pressure of

1.5MPa and a temperature of 160 �C for a given period of time, as determined by a torque

rheometer (R-100, Monsanto, USA).

Virginal silicas (product name VN3) were prepared by Degussa Co. The thermal treatment

for silicas was performed using a pure N2 under the constant treatment time (1 h) and pressure

conditions. SBR (product name SBR1500S; styrene content 23.5%) was obtained by the

Kumho Petrochem. Co., and dispersive agent (product name EF44; composition blend of fatty

acid derivatives; zinc content 8.5%; density 1070 g/cm3) was supplied by Struktol Co.

In order to reveal the surface properties of silicas and rubber interactions, we used the

swelling and tearing test of silica/rubber compounds by following methods. The cured test

pieces of 1 g were swollen in toluene until equilibrium swelling was achieved, which normally

took 24 h at room temperature. In this study, the degree of swelling was measured according to

ASTM D366-82 and calculated using the relation [38, 39]:

Qð%Þ ¼ m�m0

m0

� 100 ð16:8Þ

where m0 and m were the masses of the sample before and after swelling (measured using an

electric balance of sensitivity 10�5 g), respectively. The solvent used in this work was toluene

[molar volume 107 cm3/mol; cohesive energy density 37.2 (J/cm3)0.5].

The tearing energy (GIIIC), one of the critical strain energy release rate (GC), was

characterized by trouser beam tests for the mechanical interfacial properties of rubber

compounding. Rectangular specimens about 70� 50� 2 cm3 were cut from a sheet that

was manufactured by a two-roll mill technique. All tests were conducted at a crosshead speed

of 2mm/min.

16.6.1 Thermally Treated Silicas

Swelling of rubber compounds was frequently used for determination of crosslink density. One

of the most important structural parameters characterizing a crosslinked polymer is Mc, the

Table 16.2 Compounding formulations for rubber nanocomposites

Ingredients Loading (phr)1

Rubber (SBR 1500S) 100

Silica (VN3) 40

Zinc oxide 5

Stearic acid 2

Dispersive agent (EF44) 3

Accelerator2 1

Sulfur 2

1 phr ¼ parts per hundred rubber.
2 N-oxydiethylene-2-benzothiazole sulfenamide.
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average molecular weight between crosslink, which is directly related to the crosslink density.

Early research by Flory and Rehner laid the foundations for the analysis of equilibrium

swelling. According to the theory of Flory and Rehner, for a perfect network [38, 39]:

Mc ¼ �V1rp
f1=3
p � fp

2

h i
½lnð1�fpÞþfp þ w1f

2
p�

ð16:9Þ

where Mc is the average molecular weight of the polymer between crosslink, V1 is the molar

volume of the solvent, rp is the polymer density, fp is the volume fraction of polymer in the

swollengelandw1 is theFlory–Huggins interactionparameterbetweensolventandpolymer.The

solvent usedwas toluene [molar volume107 cm3/mol; cohesiveenergydensity 37.2 (J/cm3)0.5].

The polymer–solvent interaction parameter w1 for the SBR-toluene system was 0.446 [40].

The crosslink density, Ve per unit volume in a perfect network, is given by [38, 39]:

Ve ¼ rPNA

Mc

ð16:10Þ

where,rp is the polymer density, NA is Avogadro’s number and Mc is the average molecular

weight of the polymer between crosslink.

Using Equations 16.9 and 16.10, the average molecular weight of the polymer between

crosslink, Mc, the crosslink density, Ve, and the degrees of swelling, Q, are calculated for the

silica/rubber compounding, as shown in Table 16.3. As results, with increasing temperature,

the crosslink density is slightly increased and the swelling behavior is significantly decreased

compared to that of the untreated one. These are explained by the fact that the change of silica

surfaces affects the increasing of crosslink density and swelling behaviors, resulting in

improvements in the mechanical properties of the silica/rubber compounding.

According toKraus [41], the degree of adhesion between the filler surface and the rubber can

be assessed from the swelling behavior of the sample in a solvent. Therefore, the importance of

tearing energy, GIIIC, as a criterion of the interfacial adhesion relationship can be considered.

The tearing energy can be considered to be an interfacial characteristic of the constitutive

elements of a material. The tearing energies (GIIIC) are measured by a trouser beam test and are

calculated using [42]:

GIIIC ¼ 2� F

t
ð16:11Þ

where F is the applied force and t the width of the tear path after tearing is completed.

Table 16.3 Average molecular weight, crosslink density and degree of swelling of the silica/rubber

composites as a function of thermal treatment temperature

Pristine T-100/SBR T-200/SBR T-300/SBR T-400/SBR

Mc� 10 (g/mol) 3.13 2.64 2.19 1.89 1.36

Ve� 1028 (m�3) 8.14 10.98 12.28 14.36 19.71

Q (%) 476 378 356 332 300
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Figure 16.9 shows the tearing energy (GIIIC) of the silica/rubber composites. As shown in

Figure 16.9, the tearing energies (GIIIC) of the compounding made from thermal treatment are

largely increased with increasing the thermal treatment temperature. The thermal treatment

removes the silane groups and increase siloxane groups on silica surfaces. The surface

characteristics of silicas after thermal treatments lead to an increase of the crosslink density

of the silica/rubber compounding compared to that of untreated silica/rubber compounding.

The increase of the tearing energy then leads to an increase of the resulting mechanical

interfacial properties of compounding. The treated silica/rubber compounding has higher

crosslink density than that of untreated compounding, resulting in an improvement in the

tearing energy (GIIIC). Therefore, it is recognized that the increase of crosslink density of the

compounding improves the adhesion at interfaces between silicas and rubber matrices in

a compounding system.

16.6.2 Silane-Treated Silicas

The degrees of swelling of the silica/rubber composites are listed in Table 16.2. As results,

the swelling behaviors of the composites by silane surface treatment are significantly

decreased compare to untreated ones. Figure 16.10 shows the weight swelling (g) for the

four different composites in toluene with dipping time. The swelling curves of modified

silica/rubber composites are similar type to virginal silica/rubber composites. The weight

swelling of the composites increases rapidly until dipping time 13 h; after 13 h, it reaches to

an equilibrium weight. But, the weight swelling at equilibrium of the composites by silane

surface treatments are decreased compare to VS-filled rubber composites. The results could

be explained that silane coupling agents form more compacted crosslinking structures in the

silane treated silica/rubber composites than untreated ones.
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Figure 16.9 Tearing energy (GIIIC) of the silica/rubber compounding as a function of treatment

temperature (Reprinted from Materials Science and Engineering: A, 398, no. 1–2, S-J. Park, S-Y. Jin,

S. Kaang, “Influence of thermal treatment of nano-scaled silica on interfacial adhesion properties of the

silica/rubber compounding,” 137–141, � 2005, with permission from Elsevier.)
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The crosslinking density is calculated for the silica/rubber composites, as shown in

Table 16.4. The crosslink density of the composites by silane surface treatments is increased

compare to untreated silica/rubber composites. In general, when silane coupling agents are

introduced onto the silica surfaces in the composites, two interfaces exist between silicas and

rubber: the interface between silicas and silane coupling agents and the interface between

silane coupling agents and rubber. Therefore, the composites without silane coupling agent

show a lower crosslink density than the treated ones due to the lack of cure accelerator by

adsorption of accelerator onto the silica surfaces. From the results of NMR studies, MPS-

treated silicas are observed in the higher intensity of Si(OSi�), Si(OH)2R, and Si(OSi)(OH)R

peaks thanVS, APS andCPS. Also, the composites treated byMPS show the superior crosslink

density in these systems. It is seen thatMPShas organic functional groups,which can react with

the double bond of vinyl ester.

As shown in Figure 16.11, the tearing energies (GIIIC) of the composites made from silane

treatments are largely increased as compared to those of VS and increased as a function of the

crosslink density, as seen in Table 16.4. Above mentioned the solid-state NMR studies, the

silane surface treatments remove silanol groups on silica surfaces and introduce new functional

groups on silica surfaces, which can react with the rubber. The surface characteristics of silicas

Table 16.4 Crosslink density of the silica/rubber composites with silane coupling agents

VS APS CPS MPS

Ve� 1029 (m�3) 0.413 0.464 0.497 0.762
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Figure 16.10 Weight of swelling as a function of square root of time for silica/rubber composites with

silane coupling agents (Reprinted from Journal of Colloid and Interface Science, 267, no. 1, S-J. Park and

K-S. Cho, “Filler–elastomer interactions: influence of silane coupling agent on crosslink density and

thermal stability of silica/rubber composites,” 86–91, � 2003, with permission from Elsevier.)
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by silane treatments lead to an increase of the crosslink density of the silica/rubber composites

compare to untreated silica/rubber composites, resulting in increasing the tearing energy of the

composites. And then, the increasing tearing energy of the composites leads to an increase of

the mechanical properties, such as stress and strain, as shown in Figure 16.12. The composites
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Figure 16.12 Stress-strain curves of the silica/rubber composites with silane coupling agents

(Reprinted from Journal of Colloid and Interface Science, 267, no. 1, S-J. Park and K-S. Cho,

“Filler–elastomer interactions: influence of silane coupling agent on crosslink density and thermal

stability of silica/rubber composites,” 86–91, � 2003, with permission from Elsevier.)
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Figure 16.11 Tearing energy (GIIIC) of the silica/rubber composites with silane coupling agents

(Reprinted from Journal of Colloid and Interface Science, 267, no. 1, S-J. Park and K-S. Cho,

“Filler–elastomer interactions: influence of silane coupling agent on crosslink density and thermal

stability of silica/rubber composites,” 86–91, � 2003, with permission from Elsevier.)

Studies on Solid-State NMR 421



treated byMPS, having higher crosslink density than that of the composites made fromAPS or

CPS, are observed to have a higher tearing energy (GIIIC). Therefore, it is recognized that the

increase of crosslink density of the composites improves mechanical properties, mainly due to

the increase of adhesion at interfaces between silicas and rubber matrix.

16.6.3 Fluorinated Silicas

The mechanical interfacial properties of the fluorinated silicas/NBR nanocomposites were

studied. The use of inorganic nanoparticles in elastomer matrices improves the mechanical

interfacial properties of composites. Figure 16.13 is a tearing energy graph of the fluorinated

silicas/NBRcomposites. In each case, the same tendency offluorine on silica surfaces is shown:

the fluorine functional groups decease interaction between silicas, which, in turn, increases

silicas dispersion in the elastomer matrix.

16.7 Conclusions

In this work, various surface treatments, such as thermal, silane coupling agents and

fluorination, were applied on silica surfaces and the surface chemical structures were analyzed

by solid-stateNMRand othermethods in order to reveal the relation between surface properties

of fillers and filler–elastomer interactions in a nanocomposite system. From this work, it was

found that the nonpolar functional groups on the silicas were enhanced after surface treatments

and this led to an increase of the adhesion at interfaces between silicas and rubber matrix,

resulting in improvements in the crosslink density and mechanical interfacial properties of

the composites.
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Figure 16.13 Tearing energy (GIIIC) of silica/NBR composites as a function of fluorination temperature
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Wide-Angle X-ray Diffraction
and Small-Angle X-ray
Scattering Studies of
Rubber Nanocomposites

Valerio Causin
Dipartimento di Scienze Chimiche, Universit�a di Padova, 35131, Padova, Italy

17.1 Introduction

With their predominantly amorphous nature, elastomers would not seem very prone to X-ray

diffraction or scattering studies. As will be shown in the following pages, this is not so true.

It must be borne in mind that many elastomers, when stretched, can indeed crystallize.

Moreover the preparation of rubber-based nanocomposites consists in the introduction in an

elastomeric matrix of fillers, which are crystalline or at least produce a material with

fluctuations in electron density within its bulk.

The nanocomposite approach has its roots in the vivid academic and industrial research

activity spurred by the increasing demand for high-performance materials. Rather than

designing and synthesizing novel polymeric materials employing innovative monomers, it

is more convenient under an applicative and industrial point of view to prepare composite

materials. The double objective of filler addition is enhancing properties while keeping the cost

of the material at an affordable level. Carbon black is nowadays by far the most important filler

employed in the rubber industry. It is produced by pyrolyzing oil or natural gas under controlled

conditions and is thus associated with pollution. Moreover, it confers a black color to the

materials limiting their application in medical, sports and domestic product segments. The

quest for other fillers to substitute carbon black in rubber compounds included testing of fillers

such as sepiolite, kaolin and silica, but their performance was not adequate and remained
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below that obtained with carbon black. Due to their inorganic nature, these fillers are not

compatible with the polymer matrix and it is therefore very difficult to homogeneously

disperse them. More recently, a novel approach has been introduced for the preparation

of effective compounds. Clay-based nanocomposites were first discovered by the Toyota

group [1, 2]. The dispersion of the reinforcement agents on a nanometer scale and the high

aspect ratio of fillers confer to nanocomposites innovative physical and chemical properties

with respect to their bulk counterparts [3–5]. Awide variety of nanofillers has thus been tested

for reinforcing rubbers, generating the need for techniques that can accurately describe their

degree of dispersion in the matrix and the morphology of the obtained composite. This is the

aspect that X-ray scattering studies can contribute to shed light on. A quantitative approach to

wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS), although

somewhat labor intensive, allows to obtain a very thorough description of the structure and

morphology of nanocomposites. An especially interesting advantage of X-ray diffraction

methods is that, differently from microscopy techniques, they sample the whole bulk of the

specimen, thus giving a more generalized picture of its morphology. Being able to exploit this

peculiarity at its full extent offers an invaluable tool for a complete characterization of polymer-

based nanocomposite materials. This chapter, after a brief introduction on WAXD and SAXS,

will present a number of examples of literatureworkswhere these techniqueswere determinant

for the investigation. It should not thus be intended as a “textbook” on these techniques (many

excellent books of this kind already exist [6–13]) but as a collection of stimulating approaches,

among which the reader could find the most suitable solution for his or her particular

characterization problem.

17.2 WAXD: An Overview

When X-rays propagate in space, they are accompanied by a periodically changing electric

field. If X-rays impinge on a sample, the electrons of the atoms that constitute that sample

will be excited to periodic vibrations by this changing field, and will become themselves

sources of electromagnetic waves of the same frequency and wavelength. In this instance the

phenomenon of incoherent scattering, that is, of diffusion of waves with different frequency

than the incident light, will not be considered. New spherical waves are originated then from

the electrons of the atoms (which can be treated for our purposes as point sources), which are

said to scatter the original beam. The scattered X-ray waves from the atoms can interfere

constructively or destructively along certain directions of space, provided that certain

geometrical conditions are met. Diffraction is observed when the scattered waves, along a

certain direction, have a difference in phase equal to an integer number of wavelengths. When

this condition does not hold, destructive interference occurs and scattered radiation is canceled

along that direction. Liquids or glasses, that is, amorphous materials, produce diffuse X-ray

patterns, whereas when a crystalline order exists in the sample sharp and neat signals due to

diffraction appear.

It is beyond the purpose of this contribution to discuss and present the geometrical derivation

of the diffraction conditions. A crystal is a regular arrangements of atoms, produced by the

periodic repetition of a unit cell. A crystal lattice can be considered as a family of planes

extending through the atoms of the lattice, defined by three integer numbers (hkl) known as

Miller indices and with a distance between adjacent layers dhkl. Incident X-ray waves are
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assumed to be reflected by these planes, and diffraction appears if the Bragg condition is met:

nl ¼ 2dhkl sin y ð17:1Þ
A family of planes equally spaced by a dhkl distance, impinged by an incident beam of

wavelength l, will give a diffraction signal of order n only at a precise angular value y given by
Bragg law. Along the other directions, destructive interference will occur and no reflections

will be observed. Other important concepts, such as the Laue conditions, the reciprocal lattice,

the factors that influence the diffracted intensity can be easily found in the specialized literature

and will not be discussed here. They will be introduced in the following, when necessary for a

more thorough understanding.

17.3 SAXS: An Overview

Asmay be easily assessed by applying Bragg law, the analysis of aggregates larger than tens of

angstroms requires that the investigation be focused in an angular range between 0 and 2� 2y.
Shifting to SAXS means concentrating on larger dimensional scales, neglecting the minute

details of the crystallographic cell, which are the domain of WAXD, to obtain a wider view of

the entire system. SAXS is useful whenever, in the material, regions of different electron

density with a size between tens and thousands of angstroms exist. For particles immersed in a

medium, the parameter that determines the scattered amplitude, and therefore the scattered

intensity, is the difference in electron density between the “solute” and the “solvent”:Dr. If the
dispersed particles have the same electron density than the matrix, the X-ray beam does not

distinguish between the two components and the scattered waves will be extinguished in any

direction. SAXS is not different from WAXD under a physical point of view: when X-rays

impinge upon the sample, the electrons of the materials resonate with the frequency of the

incident light and emit coherent secondary waves that interfere with each other.

In the case of a single particle, the scattered intensity I(q) (where q ¼ 4p sin y
l , y being half the

scattering angle, according to the glancing angle used in crystallography) can be calculated

taking into account the distribution function of the electrons p(r), which is obtained by

geometrical considerations on the particle shape [6]:

IðqÞ ¼ 4p
ð1
0

pðrÞ sin qr
qr

dr ð17:2Þ

p(r) can be obtained by Fourier inversion of the scattering curve [6]:

pðrÞ ¼ 1

2p2

ð1
0

IðqÞ � qr sin qr � dq ð17:3Þ

If these single particles are homogeneously dispersed in a dilute system (so that interference

between the particles can be neglected), the total scattered intensity will be given by the sum of

the intensities scattered by each individual particle. Under this assumption, then, all the

independent contributions to the diffracted intensity can be treated as coming from one single

particle representative of all the others. SAXS data analysis in these cases thus consists in

developing adequate models that allow to reproduce the experimental traces, as a function of

morphological parameters, such as size, shape or mass of the particles.
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Theoretical I(q) and p(r) have been derived for a number of different geometries, so a fitting

based on these models allows to obtain a good picture of the morphology of the system. More

complex shapes can be approximated by a collection of primary particles, such as spheres.

What has been said so far applied to dilute systems, but densely packed colloidal particles,

such as highly filled nanocomposites, request to take into account interparticle interference

effects. Another assumption that is not always valid is that the particles are homogenous

and monodisperse in size. Particle anisotropy and polydispersity are very common factors

that bring about severe deviations of the system from ideality. A distribution of sizes must

therefore usually be included in the theoretical models used to reproduce the experimental

SAXS patterns.

As said before, many intensity functions have been calculated for a number of different

shapes, for example, spheres, ellipsoids, parallelepipedons, cylinders, that are all similar in the

central range.Auniversal approximation exists for the central part of SAXS traces.Guinier [14]

proposed an exponential function only dependent on the radius of gyration R:

IðqÞ ¼ ðDrÞ2V2exp � q2R2

3

� �
ð17:4Þ

whereV is the scattering volume.R is the root-mean square of the distances of all electrons from

their center of gravity and is related to the physical dimensions of the particles by geometrical

relationships. The Guinier formula holds surprisingly well for a wide variety of cases, failing

only for very anisometric particles.

V can be obtained directly from the diffraction pattern by:

V ¼ 2p2Ið0Þð1
0

q2IðqÞdq
ð17:5Þ

where I(0) is the scattered intensity at zero angle and the integral at the denominator is the

invariant Q, which is directly related to the mean square fluctuation of electron density,

irrespective of special features of the structure. In other words, alterations or deformations of

the structure of part of the system would alter the shape of the diffraction pattern, but the

invariant would not change.

A further model-independent parameter can be found in the final slope of the SAXS pattern.

In this region, that depends mainly on the fine structure of the particle and not on the mutual

arrangement of particles, the intensity I(q) can be approximated by the so called Porod’s

law [15, 16], IðqÞ !
q!1

ðDrÞ22pS
q4

, where S is the surface area of the particle. This dependence on

q�4 holds verywell for single particles, densely packed systems and non-particulate structures,

as long as a defined internal surface exists. The practical application of this relationship

requires the measurements of absolute intensity, but introducing the invariant this problem can

be avoided and the specific surface can be determined from the diffraction pattern alone,

without any additional data:

S

V
¼ p lim

q!1 IðqÞq4
Q

ð17:6Þ
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17.4 Lamellar Fillers

Clays and clay minerals such as montmorillonite, saponite or hectorite were widely employed

as fillers for rubber and plastics for many years, mainly for enhancing properties, saving

polymer consumption and reducing the cost [17, 18]. These fillers have lately attracted a

renovated interest in the industry and academia, because of the thickness of their layers in the

nanometer range, that make these materials ideal for the preparation of nanocomposites.

Montmorillonite is amemberof the familyof smectites (agroupofclayminerals that includes

montmorillonite, saponite, sauconite, beidellite, nontronite, and so on) [19]. Smectites occur as

minute particles, which, under electronmicroscopy, appear as aggregates of irregular shapes or

hexagonal flakes or, less commonly, of thin laths [20].Differences in the substitutionswithin the

lattice in terms of position and elemental composition give rise to the various clay minerals.

The molecular formula for montmorillonite is usually given as [21] (Mx
þ �nH2O)

(Al2–yMgx)Si4O10(OH)2, where Mþ ¼Naþ , Kþ , Mg2þ , or Ca2þ . Ideally, x¼ 0.33. The

basic crystal structure of smectites is an octahedral alumina sheet between two tetrahedral

silica sheets. These three-layer units are stacked one above another with oxygens in neighbor-

ing layers adjacent to each other. This produces a weak bond, allowing water and other polar

molecules to enter between layers and induce an expansion of the mineral structure.

The layers are characterized by a high aspect ratio since they have thicknesses of about 1 nm

and diameters ranging from30 nm to severalmicrons ormore [4, 22]. Hundreds or thousands of

these layers are stacked in clay particles, kept together by weak van der Waals forces. The

performance of clay-based nanocomposites is strongly dependent on the breaking-up of clay

particles in the polymer matrix. As the degree of interaction between polymer and filler varies,

three systems are generally found:

. Clay sheets may remain stacked in structures called tactoids, as in the original mineral. This

degree of dispersion does not bring about any improvement compared to usual micro-

composites with a low filler loading.
. When polymer chains penetrate into interlayer spacing, an intercalated system is produced,

where clay layers are more separated than in the pristine mineral.
. An exfoliated structure appears when the single clay sheets are delaminated and dispersed in

the matrix. Strawhecker and Manias proposed that nanocomposites with an interlayer space

greater than 5 nm be classified as an exfoliated system, while those with a d-spacing below

5 nm should be defined as intercalated [23, 24]. According to some authors a further

differentiation is possible into two classes of relative separation of clay layers in the

exfoliated state: disorderly exfoliated structure [25–28] and orderly exfoliated structure [29].

In the latter, a layered structure of clay still exists but with a layer spacing larger than 8nm.

The exfoliated system is the most desirable since nanometric dispersion of clay platelets

ensures a maximization of the interfacial region between the filler and the polymer matrix, and

a consequent improvement in reinforcement effect. If exfoliation occurs, the excellent

mechanical properties of the individual clay layers can be effectively exploited and the

number of reinforcing components is dramatically increased, since each clay particle contains

a very large number of clay sheets. However, it is difficult to achieve exfoliation. Due to the

hydrophilic nature of clay, it is generally necessary to modify it, usually by ammonium

surfactants, to achieve enough hydrophobicity to be miscible with the polymer matrix.
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The WAXD patterns of the types of clays described earlier show two different kinds of

signals [21, 30]: symmetrical peaks, usually positioned in the small angle region of the angular

range, and asymmetric reflections that show a peculiar shape with a very steep side and a

gradual decrease on the other side (Figure 17.1). The former are indexed (00l) and are defined as

basal signals. They are due to the periodic alternation of the layers in a direction perpendicular

to the lateral surface. On the basis of their position, through the application of the Bragg law, it

is possible to calculate the spacing between the layers. The asymmetric signals are indexed

(hk0) and are related to the mean width of the clay layers.

It is evident that the position of the basal signal (001) of clay in the X-ray diffractogram of a

nanocomposite sample is of great help in defining which degree of dispersion of clay layers in

the matrix was attained (Figure 17.2). Generally speaking, a shift of this reflection towards

small angles would be associated to a widening of interlayer space, and thus to intercalation.

However, if the (001) peak shifts to wider angles, it is a sign that the layers are collapsing one

onto the other, usually because of the degradation, exchange or removal of the organomo-

dificant interposed between them.

Zhang’s group reported a peculiar and unique nanodispersed structure without macro-

molecules intercalated into the clay intergallery space, different from the common intercalated

or exfoliated structure [31, 32]. In their investigations they found only a marginal increase in

d-spacing as a consequence of the introduction of clay in several elastomeric matrices. This

increase was limited to 0.1 nm for rectorite [31] and was up to about 0.2 nm for montmoril-

lonite [32] andwas not large enough to justify the conclusion that rubbermolecules had entered

the interlayer space and had separated the clay layers. This very slight increase in basal

spacings was caused by the processing imposed in the preparation of the samples. First, pristine

clay was dispersed in water. In the aqueous medium, the cations already present between the

clay layers hydrated, thereby pushing the layers apart.With an increasingwater content, in fact,

d001 increased. Afterwards, rubber latex was added to the aqueous dispersion, avoiding
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Figure 17.1 Diffraction pattern of an organomodified montmorillonite. The black arrow shows the

(001) basal peak, the gray arrow points to a (hk0) peak
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aggregation of clay since both rubber latex particles and clay layers are hydrophilic. Last, a co-

coagulation of the mixture by the addition of a flocculant was carried out. Introduction of this

agent at this stage determined an exchange of the Naþ ions existing in the galleries of pristine

clay with the cations of the flocculant [31, 32].

Figure 17.2 Schematic of the WAXD patterns yielded by different filler morphologies. Gray circles in

the pristine clay scheme represent the organomodificant molecules
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The flocculant coagulated both the rubber latex and clay layers, but the intercalation of

rubbermacromolecules between the clay layers was not observed. The cations in the flocculant

tended to enter the interlayer space, obstructing rubber latex particles and preventing

intercalation. At the same time, the large amount of latex around the clay layers hindered

their re-aggregation, and consequently, the size of clay aggregates was in the nanometer range.

Slight increases in interlayer spacing are often observed when characterizing clay-based

nanocomposites. Sometimes the shift in the basal peak position is within the experimental error

and therefore should not be considered significant. However, when the shift is significant but

too limited to be considered the result of intercalation by polymer chains, the most logical and

reasonable hypothesis to be done is that some rearrangement of the organomodificant between

the layers occurred, due to the change in the environment consequent to the mixing within a

polymer matrix.

The studies of Gatos, Karger-Kocsis and coworkers, showed other examples of the potential

of WAXD for the thorough description of clay dispersion in a number of rubbers [33–37].

A double population of clay tactoids was frequently found by these authors. In the case of

hydrogenated acrylonitrile butadiene rubber (HNBR), they employed two different organo-

clays, that is, montmorillonite and a synthetic fluorohectorite, with a pristine interlayer spacing

of 2.1 and 2.0 nm, respectively [37]. After compounding, the d-spacing of the fillers were 3.8

and 3.5 nm for montmorillonite and fluorohectorite, respectively.

As may be seen in Figure 17.3, the diffractograms of the as-compounded, unvulcanized

samples showed second and even third order reflections. The presence of such harmonics is

associated to very ordered stacking of the intercalated layers [38–45]. After vulcanization, the

intercalated structure of the composites underwent dramatic changes, and two populations of

tactoids appeared with basal spacings of about 3.0 and 1.7 nm, respectively. Gatos and Karger-

Kocsis refer to these two novel populations as deintercalated and confined. According to this

terminology, confinement covers the collapse of layers up to the pristine basal spacing of the

organoclay in the nanocomposite [33]. Deintercalation, in contrast, is the further collapse due

to extraction of the initial intercalant [33]. The presence of two distinct deintercalated and

confined populations is evident in Figure 17.3 because the second peak does not fit the predicted

position for a (002) reflection. The reason for deintercalation in these nanocomposites is the

formation of zinc complexes in which sulfur and the primary amine used as an organomo-

dificant participate. As temperature rises, the amine molecules leave the silicate surface and

participate in the formation of vulcanization intermediates [33–35, 37, 46].

In this particular instance, then, the curing procedure brought about a collapse of clay layers.

The effects of crosslinking on the dispersion of clay are nevertheless still controversial, due to

the complexity of the composite systems that are dependent on the flexibility of rubber chains,

differences in crosslinking rate between inner and outer regions of clay galleries and the

microstructure and morphology of the composites.

Some authors [42, 47–49] reported that curing reactions could facilitate further intercalation

of rubber chains, favoring exfoliated structures. Curing pressure as a critical factor for

determining the final microstructure of cured rubber-clay nanocomposites was studied by

WAXD [50–53]. In these works, it was shown that X-ray diffractograms of the systems cured

under pressure displayed sharp basal signals, also with high order reflections that indicate a

very ordered arrangement of the layers. Application of pressure was then found to favor

reaggregation of the layers. In contrast, when cure was carried out without applying pressure,

no basal signal appeared and exfoliationwas attained. The suitability ofWAXD to easily follow
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the effects of processing on the dispersion of clay is evident from the examples given before,

and are evenmore clearly shown in Figure 17.4, where each stage of the preparation process of

an EPDM/montmorillonite nanocomposite [54] can be seen.

From the shift of the basal peak towards small angles, it can be concluded that EPDM

intercalates into the montmorillonite galleries during the mixing step and that the mechanical

shear of the two roll mill further extends this phenomenon. After the curing stage, the basal

signal disappears, which is often considered a sign that exfoliation occurred. Considerable

attention should be exercised in taking this conclusion, though, because WAXD alone is not

sufficient to prove exfoliation [55–58]. In order to correctly assess the degree of interaction

between polymer and clay, WAXD and SAXS must be used complementarily. Extensive

intercalation could in fact separate clay layers to such an extent to be undetectable by WAXD

but that can still be determined by SAXS [59–62].WAXD instruments have in fact a low angle

detection limit, when working in reflection geometry, of 1.5� 2y at most. Transmission

geometry has a higher limit of around 5� 2y.With the commonly employedX-raywavelengths,

these limits correspond to some tens of A
�
, often lower than the interlayer distances of

intercalated structures. Only the disappearance of SAXS signals and Transmission Electron

Microscopy (TEM) observations can confirm that exfoliation has occurred. Moreover a

number of possible factors, such as the small sample size, when very low clay loadings are

used, or orientation issues, could determine the disappearance or at least a dramatical

weakening of the basal signal that could be misinterpreted as exfoliation. Sometimes in the

literature, authors tend to overinterpret the decrease of the intensity of basal signals as a sign

that exfoliation has occurred at least to some degree. Conclusions taken on these grounds are

not sound and reliable, if the previously described factors are not taken into account. This
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Figure 17.3 WAXD spectra of HNBR-based nanocomposites containing 7.8% organomodified mont-

morillonite (HNBR/MMT-ODA) and fluorohectorite (HNBR/FHT-ODA) before and after vulcanization.

The position of the (001) and (002) reflexes is indicated by vertical lines (Reprinted from European

Polymer Journal, 43, K.G. Gatos and J. Karger-Kocsis, “Effect of the aspect ratio of silicate platelets on

the mechanical and barrier properties of hydrogenated acrylonitrile butadiene rubber (HNBR)/layered

silicate nanocomposites,” 1097–1104, � 2007, with permission from Elsevier.)
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aspect is very well documented in a paper by Chen and colleagues [63]. Theymixed hydroxyl-

terminated 1,4-polybutadiene oligomer (HTPB) with montmorillonite modified with octade-

cyltrimethylammonium chloride (C18-clay). In the WAXD pattern, the absence of the (001)

basal reflection peak of HTPB/C18-clay could be explained as a sign of clay being exfoliated.

In fact in this case it could be ruled out that the (001) peak disappeared due to the lowquantity of

clay in the composite, because the (060) in-plane reflection peak of the single-clay sheet [64]

could still be detected (Figure 17.5). To complete the characterization of the clay dispersion

morphology, SAXS measurements were performed: it can be seen that a weak and broad

hump at around 1.2� 2y is still visible for sample HTPB/C18-clay (10wt%), consistent

with the presence of some swelled tactoids, with an interlayer distance too large to be detected

by WAXD.

It frequently happens that WAXD spectra of the nanocomposites display prominent

increases in the intensity at lower 2y values, when compared with those of the unfilled blends.

This likely reflects that some degree of intercalation (with the related WAXD peak laying at

2y< 2�) is present in the sample, as can be easily verified by SAXS experiments [65–69].

Very interesting comparisons of WAXD and TEM data, showed moreover that the WAXD

signal can disappear even if some intercalation is present. The lack of Bragg scattering can

suggest that a wide range of basal layer spacings is present within the tactoids. This variation in

persistence lengths (which correspond to regions that have a constant value in the d-spacing)

can result from a number of different reasons: incomplete exchange of the cations present in the

pristine clay gallerieswith the organomodifier, unevenpolymer intercalation, single clay layers

organized in tactoids with large interlayer spacing and not regularly ordered [70], variable

composition within a tactoid which affects clay surface charge and small tactoid effects [71].

This latter situation, that is, reduction of the size of tactoids to just two or three layers [72], can

Figure 17.4 WAXD patterns of pristine montmorillonite and of EPDM/MMT composites (a) after

mixing in an internal mixer, (b) after pressing in a two-roll mill and (c) after being cured at 175 �C
(Reprinted from Polymer Testing, 23, Z. Hua et al., “Influence of clay modification on the structure and

mechanical properties of EPDM/montmorillonite nanocomposites,” 217–223, � 2004, with permission

from Elsevier.)
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be considered practically equivalent, as far as properties are concerned, to exfoliation [73–76].

As it has already been said, it is very difficult to obtain extensive exfoliationwhenworkingwith

apolar polymers. It is therefore usually much more convenient and worth the effort to aim at a

reduction of tactoid size that alone can allow for very interesting increases in properties.

Despite these considerations, WAXD still remains the method of choice for the characteri-

zation of polymer–clay nanocomposites. As disorder increases in the sample, WAXD yields

less definitive results, though, and should be complemented with other techniques, TEM being

probably the most popular one. The main advantage of TEM is that of providing useful data,

regardless of the level of order of the system. TEM allows an evaluation by direct visualization

of the morphology of nanocomposites, but a great care must be exercised in the selection of

representative images. Differently from WAXD and SAXS methods, that sample the whole

bulk of the specimen, TEM analyzes just small portions of the material, so it is harder to obtain

by this technique a general picture of its morphology. Another drawback in the use of TEM is

also the very labor-intensive sample preparation, as opposed to the usually straightforward

procedures that are typical in SAXS and WAXD. It is therefore evident that a complementary

use of SAXS,WAXDandTEM is necessary for a thorough representation of themorphology of

nanocomposites [77, 78]. An advantage of microscopy analysis is immediate information on

the spatial distribution and orientation of clay layers in the nanocomposite, but these data are

attainable from multiple methods reported on SAXS and WAXD data analysis, the most

important ones are discussed below [79–81]. A very simple technique for performing such an

investigation is that described by Herrmann and coworkers, who gathered SAXS patterns by a

Kratky camera, mounting the sample along three different axes: x, y and z [82].

As can be seen in Figure 17.6, the peaks due to the intercalated structures are detectable in

both the x and y dimensions. Therefore it is concluded that the residues of the intercalated

Figure 17.5 Left: WAXD patterns of the organoclay, of the polybutadiene-(14PB/C18-clay) and

the HTPB-based nanocomposites (10wt%). The inset displays the in-plane 060 clay reflection of

HTPB/C18-clay (10wt%). Right: SAXS patterns of HTPB/C18-clay (6 and 10wt%) (Reprinted with

permission from T. Chen, J. Zhu, B. Li et al., “Exfoliation of organo-clay in telechelic liquid

polybutadiene rubber,” Macromolecules, 38, 4030–4033, 2005. � 2005 American Chemical Society.)
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structures are orientated in the same direction. This is consistent with an orientation of the

layers perpendicular to the z-axis, that is, in the x-direction.

SAXS and WAXD experiments in two dimensions allow to obtain more detailed informa-

tion [79, 81]. The possibility of studying the orientation of clay layers is particularly well

displayed in Figure 17.7 [79]. The orientation of clay layers is in this case studied as a function

of strain. As may be seen, initially the SAXS pattern is isotropic, but it becomes anisotropic as

the strain increases. The intensity, that was homogeneously distributed around the circles

observed at 0% strain, concentrates along the meridional direction, that is, along the transverse

direction, perpendicularly to the strain direction, indicating the alignment of clay layers along

the direction of strain.

An advantage of such a 2D approach is the possibility to quantitatively assess the orientation

of the layers. A very widely employed parameter used in this case is the Hermans orientation

parameter (f) [13]:

f ¼ 3 cos2Y
� ��1

2
ð17:7Þ

where Y is the azimuthal angle and:

cos2Y
� � ¼

ðp=2
0

I cos2YsinYdY

ðp=2
0

I sinYdY

ð17:8Þ

Figure 17.6 SAXS curves of a rubber-clay nanocomposite for different primary beam directions

(Reprinted from W. Herrmann, C. Uhl, G. Heinrich and D. Jehnichen, “Analysis of HNBR-montmoril-

lonite nanocomposites: Morphology, orientation and macroscopic properties,” Polymer Bulletin, 57,

395–405, � 2006, with kind permission from Springer Science and Business Media.)
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f is equal to 1 or �1/2 when the system is completely aligned along p/2 or 0 directions,

respectively, whereas it becomes 0 for a completely random system. It should be remembered

that the WAXD and SAXS signal may be the sum of different contributions from different

structural or morphological elements, for example, different populations of tactoids, present in

the system. Each of these possible contributors have scattering maxima at different q values, so

f can be a function of q, if these structural elements orient themselves in different ways. The

construction of the azimuthally averaged data exemplified in Figure 17.7c should therefore be

repeated for several values of q, in order to check if the orientation function is indeed dependent

on this parameter.

A very convincing approach for determining the three-dimensional orientation of various

hierarchical organic and inorganic structures in polymer-layered silicate nanocomposites was

described by Bafna and coworkers [83]. To study the 3D orientation of the structural elements

present in the samples, X-ray measurements were gathered with three different orientations of

the sample with respect to the X-ray beam. From the azimuthal plots obtained from such

patterns and by Equation 17.8, on the basis of a number of trigonometrical relationships,

cos2Yi

� �
(i being M, T or N for the machine, transverse and normal direction respectively)

Figure 17.7 (a) 2D SAXS patterns at selected strains for a thermoplastic polyurethane-layered silicate

nanocomposite, (b) 1D SAXS profiles illustrating the dominant silicate scattering and power-law

behavior, (c) azimuthal scan of scattered intensity at q¼ 0.003A
� �1 at selected strains and (d) Hermans

orientation parameter as a function of strain (Reprinted with permission from B. Finnigan, K. Jack, K.

Campbell et al., “Segmented polyurethane nanocomposites: Impact of controlled particle size nanofillers

on themorphological response to uniaxial deformation,”Macromolecules, 38, 7386–7396, 2005.� 2005

American Chemical Society.)
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could be calculated and used in a Wilchinsky triangle [7, 13, 84, 85]. This ternary plot, an

example of which is shown in Figure 17.8, allows to display the average 3D direction of the

structural normal orientation with a single point. For a randomly oriented sample cos2YM¼
cos2YN¼ cos2YT¼ 1/3, that correspond to a point in the center of theWilchinsky triangle. For

a structure perfectly orientated in the MT plane, the normal direction points towards the N

direction and therefore it is represented by a point at theNDcorner.An orientation of a structure

normal to theMTplane is represented by a point on theMTaxis.Ameasure of the orientation of

a structure along a particular direction, is given by the distance of the point representing the

structure from the axis of interest for the particular orientation. The orientation in a planar

projection such as the MT plane (any line in the plot reflects a planar projection [84]) is

Random orientation
TD

ND MD

SAXS HD603 Clay tactoid
SAXS HD603 Modified clay platelet

SAXS HD603 Polymer lamellae (002)

WAXS HD603 Modified clay platelet
WAXS HD603 Unmodified clay platelet
WAXS HD603 Clay(110)/(020) plane

WAXS HD603 Polymer (110) unitcell plane

SAXS HD612 Clay tactoid
SAXS HD612 Modified clay platelet

SAXS HD612 Polymer lamellae (002)

WAXS HD612 Modified clay platelet
WAXS HD612 Unmodified clay platelet
WAXS HD612 Clay(110)/(020) plane

WAXS HD612 Polymer (110) unitcell plane

Figure 17.8 Wilchinsky triangle for average normal orientation of clay tactoids, unmodified clay

platelets, intercalated clay platelets, clay (110)/(020) plane, polymer lamellae (001) and polymer (110)

unit cell plane of two polyethylene-clay nanocomposites. For a completely random oriented sample a

point in the center results. (- - -) Points on this line have their normals randomly arranged in a MT

projection. Proximity to ND reflects coplanarity with the MT plane. (–�–�–) Points on this line have their
normals randomly arranged in the NT projection. Proximity toMD reflects coplanarity with the NT plane

(Reprinted from Polymer, 44, A. Bafna et al., “3D Hierarchical orientation in polymer–clay nanocom-

posite films,” 1103–1115, � 2003, with permission from Elsevier.)
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determined from the Wilchinsky plot by projecting a line from N to the MT axis through the

structural point on the Wilchinsky triangle.

WAXD can yield information on the degree of order and on the dimensions of tactoids.

The intensity and breadth of the basal signals are in fact related to the length and order of

the repetitive layer structure of clay [41, 70, 79, 86, 87]. There are two possible reasons for

the decrease in intensity of the basal reflection: (i) a decrease in the degree of coherent

silicate layer stacking and (ii) the occurrence of exfoliation and destruction of some

intercalated silicates [41].

A broadening of the diffraction peak suggests a reduction in the size of tactoids that

should be associated to the occurrence of partial exfoliation. The Scherrer relationship is very

useful for assessing these observations quantitatively. This equation [12] allows to estimate

crystallites’ thickness on the basis of the full width at half maximum (b0) of the corresponding
WAXD peaks:

Lhkl ¼ 0:91 � l
b0 cos y

ð17:9Þ

Where Lhkl represents the crystallite thickness in a direction perpendicular to that of the

crystallographic plane identified by Miller indices hkl, 0.91 is a constant used in the case

of smectites [21].

Knowing L001 values, a further estimation on the number of layers N forming the stacked

structures can be derived considering thatN¼ L001/d001, where d001 is the d-spacing associated

to the (001) basal signal of cloisite.

A quantitative approach to WAXD data, extended farther than the simple detection of the

position of the basal signals, yields valuable information that can be exploited to improve the

design of nanocomposite materials. In a recent work, Galimberti and coworkers [38] decon-

voluted the contributions to the WAXD spectrum due to clay and to the rubber matrix. They

individuated the trace due to the amorphous halo of rubber and subtracted it from the total

WAXDpattern, thereby obtaining clean and neat signals due only to clay. By this approach they

could observe a reduction in intensity of the (001) reflection with respect to the (hk0) peaks.

This phenomenon was more evident for the samples with a lower clay content. As in Ref. [63]

described above, also in this study the gradual disappearance of the (001) peak could be

positively interpreted as a sign that exfoliation occurred, because the other montmorillonite

peaks remained unaltered. In this case, the authors concluded that exfoliation is not always

attained through intercalation of polymer chains. In some instances, clay tactoids can be

gradually reduced in size until they disappear [38]. Although it is difficult to obtain conclusive

results in the absence of in situ, time dependent SAXS and WAXD measurements, this

mechanism is very reasonable, because it is in accord with the frequently encountered

reduction in size of the clay stacks, which as the same time is not coupled to a shift of the

corresponding basal peak.

A number of quantitative treatments of SAXS signals produced by clay structures has been

proposed. Recently, a fitting model was developed on the basis of a theoretical model [56,

88–91] for the description of the lamellar morphology of semicrystalline polymers. According

to this approach, the structure of polymer-layered silicate nanocomposites is represented by

high-density clay layers alternated by low density matter, either polymer (in intercalated

systems), compatibilizing agent (when intercalation does not occur) or amix of the two species.

This method allowed to calculate the thickness of the low-density regions and the long period
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of the one-dimensional lattice, alongwith their respectivevariances, and the average number of

layers in each stack, in excellent agreement with TEM observations [55, 56, 76]. A similar

approach was proposed also by Ruland and Smarsly [92, 93] for the application to inorganic-

organic lamellar self-assembled nanocomposite films.

The above technique refers to the Hosemann model [94], that assumes the lateral width of

the clay stacks to be much larger than its thickness [4, 95, 96]. On the basis of this assumption

a one-dimensional variation along the normal direction to the lamellae is considered for

electron density.

Furthermore, the models assume a simplified two-phase structure, where high- and low-

density regions are considered, with no transition layer, as schematically represented in

Figure 17.9, where the clay layers (Yi), the low-density regions interposed between the clay

platelets (Zi) and the total periodicity of the ith layer (Xi) are indicated. The statistical

fluctuation of the electron density along the normal to the surface of the clay layers can be

described by the Hosemann’s model [94], where an independent variation is introduced for

both the high- and low-density region thicknesses.

On the basis of all these assumptions, the one-dimensional SAXS intensity for the ideal

lamellar structure [89] can be written as:

I0ðsÞ ¼ IIðsÞþ IIIðsÞ ð17:10Þ
where:

IIðsÞ ¼ ðrY�rZÞ2
4p2s2X

� j1�FY j2ð1�jFZ j2Þþ j1�FZ j2ð1�jFY j2Þ
ð1�FYFZÞ2

ð17:11Þ

IIIðsÞ ¼ ðrY�rZÞ2
2p2s2XN

� Re
FZð1�FYÞ2ð1�ðFYFZÞNÞ

ð1�FYFZÞ2
( )

ð17:12Þ

In these equations, s ¼ 2 sin y
l , FY and FZ represent the Fourier transforms of the distribution

functions of the thicknesses of the clay layers (Y) and of the low-density regions interposed

between the clay platelets (Z), rY and rZ are the electron densities of the clay and low-density
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Figure 17.9 Basic model for the tactoid
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regions, respectively, N is the number of layers and X the average long period. In the fitting

procedure, the thickness Y of the layers is fixed, because it does not change during the

processing or the mixing in the rubber matrix. In montmorillonite-filled nanocomposites, for

example, Y is fixed in 1.0 nm, that corresponds to the thickness of a single layer of this kind of

clay [22]. For the distribution of the thicknesses of the low density regions, a symmetric

function (Gaussian) or an asymmetric one (exponential) can be used.

When face-to face aggregation of the tactoids occurs, TEM and WAXD can yield

inconsistent assessments of the number of platelets in the stacks [97, 98]. This is because

in TEMmicrographs aggregates appear as single structures, whereasWAXDconsiders them as

separate crystallites. The described model can reproduce the real number of clay layers in the

tactoids, in agreement with TEM, because it considers second-kind distortions [91] and thus it

corrects the slight differences in the stacking directions of aggregated tactoids, considering

them as single stacks [56]. It should be remembered that it is of more practical utility to know

the size of aggregates, as these structures are most detrimental for the performance of the

material. The effects on the SAXSpatterns of second-kind distortions is considered on the basis

of Vonk’s formula [99]:

gðxÞ ¼ g0ðxÞexpð�2x=cÞ ð17:13Þ
where g(x) and g0(x) are the one-dimensional correlation functions for the distorted and ideal

model, respectively, x is the distance perpendicular to the lamellar surface and c is the

distortion length [99]: the value of c increases with decreasing bending of the layers.

According to the Wiener-Khintchine theorem [100], the one-dimensional SAXS intensity

function I(s), is given as the Fourier cosine transform of the g(x) function:

IðsÞ ¼ Fc½g0ðxÞexpð�2x=cÞ� ¼ Fc½g0ðxÞ�*Fc½expð�2x=cÞ� ð17:14Þ

where Fc[ ] and the asterisk denote the Fourier cosine and the convolution respectively, so:

IðsÞ ¼ I0ðsÞ* 2=c

s2 þð2=cÞ2
" #

ð17:15Þ

where I0(s) is the one-dimensional SAXS intensity for the ideal lamellar structure

(Equation 17.10).

The practical usefulness of this approach should be remarked at this point. By a quantitative

treatment of SAXS patterns, it is actually possible to count the average number of layers

composing the tactoids. This is a very difficult task to be done by other techniques. TEM in fact

requires acquisition of a very large number of high definition micrographs and very extensive

image analysis. In this case a simple fitting allows to obtain the tactoid size, which is a critical

quantity from which most of the properties of the nanocomposite are dependent.

Deconvolution of the intensity I(q) into a form factor P(q) and a structure factor S(q) is

another possible approach to the quantitative analysis of SAXS data from polymer-layered

silica nanocomposites towards the determination of their morphology [93, 98, 101–104]:

I1ðqÞ ¼ APðqÞSðqÞ ð17:16Þ
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WhereA consists of both instrument and sample dependent terms and can be treated as a scaling

factor. P(q) is a function that describes the interference effects between X-rays scattered by

different parts of the same scattering body (microdomain) and is dependent upon both the size

and shape of the scattering body [105]. S(q) is a function that describes the interference effects

between X-rays scattered by different scattering bodies in the sample and depends on their

relative positions [105].

Flat particles of thickness 2H yield a small angle scattered intensity of [6]:

PðqÞ ¼ 4BðDrÞ2H2

q2
sin qH

qH

� �2

ð17:17Þ

where B is a constant dependent on the surface of the flat particle. If, such as in the real case, a

distribution of thicknesses exists in the system, the scattered intensity derives from the sum of

the contributions of several populations, each of thickness 2Hi [101]:

PðqÞ ¼
X 4BiH

2
i

q2
sin qHi

qHi

� �2

ð17:18Þ

The proportion of tactoids of size Hi is yielded by Pi ¼ Bi=
P

j Bj.

The short range interference between the plates (that becomes important as the clay loading

increases) can be represented as a one-dimensional lattice [93, 98, 103]. A number of analytical

expressions have been derived for the structure factor according to this fundamental assump-

tion. In the ideal case of a perfectly periodic system, all the clay layers would be equidistant and

the structure factor would be a series of equidistant peaks, which become infinitely sharp in the

limit N ! 1 of infinitely large stacks [103]. In the more realistic case of a disordered system,

the distances between the layers in the one-dimensional lattice vary according to some

kind of distribution.

Vaia and coworkers proposed two expressions, in terms of the lattice factor Z(q), that

described distortions of the first or of the second kind [98]. Distortions of the first kind can be

described as the displacement of the scattering layers from an ideal lattice with spacing D,

given by the Gaussian probability of a mean-square displacement, d�D. This yields a

generalized interference function such as:

Z1ðqÞ ¼ 1

Nh i Nh iþ 2
XN¼N2

N¼N1

pðNÞ
Xn¼N�1

n¼1

ðN�nÞe�q2ðdDÞ2=2cosðqDnÞ
" #

ð17:19Þ

where Nh i is the average number of layers in a stack, the first summation accounts for the finite

stack size, the second one for the stack size polydispersity (p(n) is the distribution in the number

of coherent layers per stack) and the exponential term describes the inhomogeneities in

structural order normal to the platelets [98].

For second-kind distortion, not the lattice, but the nearest neighbor correlations are

represented by a Gaussian distribution of distance around the mean spacing between adjacent

layers [98]. In this case, the exponential termofEquation 17.19 is substituted by the sumofR(q)

and R
�
(q), the Fourier transform and complex conjugate, respectively, of the probability

function r(z), which defines the likelihood of finding a nearest-neighbor pair at a distance
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between z and z þ dz [106]:

Z2ðqÞ ¼ 1

Nh i Nh iþ 2
XN¼N2

N¼N1

pðNÞ
Xn¼N�1

n¼1

ðN�nÞ � ½RnðqÞþR*nðqÞ�
" #

ð17:20Þ

The approach to be chosen for a realistic description of the system under investigation is

quite case-dependent. Intercalated systems contain the concept of an underlying lattice and are

thus most suitably represented by the lattice factor based on distortions of the first kind. As the

degree of disorder of the system increases, second-kind distortions reflect the system in a more

accurate way.

Hermans’ approach [107] can also be followed for the calculation of the lattice factor [93,

103], retaining an arbitrary distance distribution r(z). All higher order distances are given by

convolutions of r so that the autocorrelation function can be written in terms of convolution

polynomials and the intensity distribution can be expressed in terms of geometric series.

Accounting for the finite size of real stacks and for the polydispersity of the stack heightN, this

expression was obtained for the lattice factor [103]:

jZNðsÞj2 ¼ Re
ð1�R2Þ�2N�1Rf1�exp½�Nð1�RÞ�g

ð1�RÞ2
" #

ð17:21Þ

A number of possible distribution functions r(z) can be used, such as a delta, a shifted

exponential [108], a Gaussian, a gamma or a shifted gamma function [103]. In order to further

refine the models, the infinitely sharp density transitions at the lamellar interfaces schematized

in Figure 17.9 can be modified by an exponential term to account for a more realistic finite

interface boundary [93].

A simpler suitable structure factor that takes into account the interactions between different

clay tactoids is [101]:

SðqÞ ¼ 1

1þ koðqÞ ð17:22Þ

oðqÞ ¼ 3
sinðqdÞ�qd cosðqdÞ

ðqdÞ3 ð17:23Þ

where d is a correlation length, that is, a pseudo-spatial periodicity, and k describes the

magnitude of correlation effects and can be termed as a pseudo order factor [109].

The availability of different models for P(q) and S(q) has the advantage of making this

approach more flexible and apt to describing different systems. However, model-dependency

can be a drawback for the comparison of data coming from different samples.

The Guinier approximation allows to calculate the dimensions of dispersed particles, in the

hypothesis that they are homogenous in size and that the system is dilute, that is, that the

distance between the particles is much larger than particle size. Under these assumptions,

Equation 17.4 is valid. Equation 17.4 is easily linearized, allowing to obtainR from the slope of

a lnI(q) versus q2 plot:

ln IðqÞ ¼ ln K0� q2R2

3
ð17:24Þ
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where K0 is a constant and R is the radius of gyration of the particles. A number of authors [39,

110, 111] suggested that in intercalated polymer/clay nanocomposites, clay particles can be

approximated as spheres of radius r, for which the relationship R¼ (3/5)½r holds. Another

approximation that could possibly describe clay tactoids could be that of an elliptic cylinder

with semi-axes a and b and of height h [6]:

R2 ¼ a2 þ b2

4
þ h2

12
ð17:25Þ

In inhomogeneous systems, made up of particles with a polydisperse distribution of sizes,

the lnI(q) versus q2 is no longer linear, but becomes concave. The size and distribution of

the particles must therefore be obtained by extracting sequential tangents, as described by

Wang and coworkers [110]. According to this method a tangent A0 is drawn at the largest

scattering angle in the pristine lnI(q) versus q2 plot, from which a radius of gyration R1 and an

intercept K1 can be obtained by Equation 17.26. This tangent is subtracted from the pristine

curve, obtaining curve B. Tangent B’ is then drawn, obtaining R2 and K2. This tangent is

subtracted to B, obtaining curve C and so on. Assuming a spherical shape for clay particles,

radii r1, r2, r3 and so on, are calculated for each fraction, and the average radius of the particles is

estimated by:

�r ¼
X
i

riWi ð17:26Þ

where W(ri) is the volume fraction of particles:

WðriÞ ¼ 10ki=r3iP
i 10

ki=r3i
ð17:27Þ

Themain disadvantage of choosing theGuinier approach is that it is based on a dilute system.

This hypothesis is rarely satisfied, even in nanocomposites with rather low filler contents.

TheGuinier scattering functionwas used in a quite differentway byKoo and coworkers [112,

113]. They chose to reproduce experimental curves by a sum of a Gaussian function and of a

Guinier-type exponential decay function:

IðqÞ ¼
X
i

Ai

wi

ffiffiffiffiffiffiffiffi
p=2

p exp � 2ðq�qiÞ2
w2
i

" #
þBþC exp � q

t

� �
ð17:28Þ

The Bragg diffraction peak appearing in the SAXS traces was well approximated by the

Gaussian function, whereas the baselinewas reproduced by first-order exponential decay. This

allowed to accurately measure the d-spacing of the peaks originated by the various periodic

structures of the silicate layers. These d-spacings were subsequently compared to those

calculated on the basis of geometrical and theoretical considerations [114, 115]:

ð2Rþ bÞ2ðHþ aÞ ¼ pR2H

F
ð17:29Þ

where F is the volume fraction of clay, R and H are the radius and the thickness of the disk,

respectively, and a and b are the separation gaps between adjacent disks (face-to-face distance)

and a lateral separation (edge-to-edge distance), respectively. The expected d-spacing is

therefore the sum of a and H.
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17.5 Nonlamellar Fillers

17.5.1 Carbon Black

For several decades, high-performance elastomers have been prepared by using carbon black

(CB) with a diameter of a few nanometers, somewhat unconsciously pioneering the nano-

composite approach.

Dispersion of the filler in CB-rubber composites is conventionally covered by TEM, but as

previously said, among the drawbacks of this technique is the inability to yield statistically

averaged information, quantitatively characterized in situ over a sufficiently large sample area.

The characterization of the structure and of the degree of dispersion of CB is very important

because it has a dramatic effect on polymer chains’ mobility: on its surface a “bound rubber”

layer can form [116–120] and also it has a tendency to aggregate into structures [121, 122] that

trap a part of matrix rubber in the internal void space (“occluded rubber”) [123, 124].

Recently ultra-small-angle X-ray scattering measurements (USAXS) proved as a valuable

source of information on the arrangement of CB aggregates and on their mutual interpenetra-

tion [125, 126]. The results confirm the suspected role of aggregate arrangement in the physical

propertiesof composites and the relationshipof the latterwithmorphologyand surface chemistry.

CB offers a good example of a filler with a fractal structure. A fractal is an object which

contains self-similarity over different length scales or, in otherwords, an object whose structure

appears similar at different magnifications within some scale range [127, 128]. CB primary

particles display a surface fractal structure, and are fused together into spherical aggregate

units. These units are further clustered into agglomerates that then form, by organizing on an

even superior level, open, multiarmed mass-fractal structures [126, 129].

To model the SAXS intensity of such a structure [130–132], it is assumed to consist of N

fractal aggregates per unit volume, built up by the progressive aggregation of primary particles

(small primary clusters) of characteristic size a and volume v.The size of the fractal aggregates

is defined by a correlation length x with x� a. For this model the scattering intensity is given

by [133] Equation 17.16.

In the case of very small primary particles (a� x), the form factorP(q) can be approximated

by a q-independent value, (Dr)2v2, while the structure factor has a quite complicated analytical

form such as [134, 135]:

SðqÞ ¼ 1þ 1

ðqaÞD
DGðD�1Þ

½1þð1=q2x2Þ�ðD�1Þ=2 sin ðD�1Þtan�1ðqxÞ� 	 ð17:30Þ

Where D is the fractal dimension of the aggregates and G is the gamma function. For

1/x� q� 1/a, Equation 17.30 becomes a simple power law IðqÞ / q�Dso the parameter D

can be obtained by the slope of log-log plots of the experimental scattering intensity I(q) as a

function of the modulus of the scattering vector, q. Indeed, on the basis of this slope, different

kinds of fractal structures can be distinguished [127, 136]:

mass fractal IðqÞ / q�Dm ; 1 < Dm < 3 ð17:31Þ

surface fractal IðqÞ / q�ð6�DsÞ; 3 < 6�Ds < 4 ð17:32Þ
where Dm is the mass fractal dimension (which is the exponent that relates the mass M of the

object to its size R [137]: M 	 R�Dm ) and Ds is the surface fractal dimension (which is the
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exponent that relates the surface area of the object S to its size R [137]: S 	 R�Ds). Koga and

coworkers [129] reported for CB dispersed in a SBR matrix an exponent of 3.4 in the high q

range (0.2< q< 1.5 nm�1), concluding that the surface of the CB primary particles is not

smooth, but rough and characterized by surface fractals. This conclusion was confirmed by

combined SAXS-WAXD experiments, in which the q range was further extended towards

larger q. After subtraction of the amorphous peak due to the (002) reflection of turbostratic

graphite-like structures, a power law trend was again found, with an exponent of 3.6, coherent

with that of surface fractals. A similar power law was found by the same authors [129] in the q

range (0.0012< q< 0.012 nm�1) with an exponent 2.3, interpreted as the dimension of the CB

mass fractal structure.

At small q (q 
 1=x), I(q) exhibits a Gaussian behavior so that the radius of gyration of the
fractal aggregates, Rg, can also be determined by applying Guinier’s law [6, 133] (Equa-

tion 17.4). Rg is related to the correlation length x by:

Rg ¼ ½DðDþ 1Þ=2�1=2x ð17:33Þ
A log I(q) versus q2 plot of the scattering intensity shows a linear descent with a negative

slope from which Rg can be obtained. The radius of gyration obtained by the Guinier

relationship in case of a system with a size dispersion, is skewed towards the size of the

largest objects. At the other extreme of the validity range of the fractal regime, that is, for q

values close to or larger than 1/a, the Porod regime [6, 133] is entered and so the SAXS intensity

is expected to exhibit an asymptotic behavior given by:

IðqÞ / 1=q4ðq!1Þ ð17:34Þ
It frequently happens that CB/elastomer systems do not satisfy the Porod equation. This

deviation can have threemain causes: a surface fractal structure of pureCBparticles [126, 138],

the existence of the bound rubber layer at the surface of the CB filler [129] or an internally

inhomogeneous, that is, turbostratic, structure of CB [139].

The reciprocal values of the q coordinate corresponding to the crossovers toward theGuinier

(1/qG) and Porod (1/qP) regimes yield approximate estimates of the size of the aggregates and of

the primary clusters, respectively.

Witten and coworkers [140] proposed a model for the stress-strain properties of rubbers

filled with fractal aggregates such as CB, predicting lateral compression of aggregates,

similarly to what occurs in polymer gels. This phenomenon is prone to be followed by

SAXS, becausewhen swollen polymer networks are uniaxially stretched, they display a SAXS

pattern with a “8” or butterfly shape, with the major axis lying parallel to the stretching

direction [141, 142].

This phenomenon is determined by the formation of a superstructure in the stretched

network, in which zones of higher and lower crosslink density separate into more or less

parallel bands lying perpendicular to the stretch axis [143]. An example of such a pattern can be

seen in Figure 17.10 for a EPR-based composite with CB.

The sample shows no anisotropy in its initial state, but as a consequence of deformation a

clear butterfly pattern develops. As in the case of stretched polymer gels [141], the principal

axis of the anisotropic figure is parallel to the stretching axis.

A quantitative exploitation of such SAXS patterns can be obtained by extracting the

scattered intensity I(q). In the case of anisotropic traces I(q) can be determined along the
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two principal directions Ik(q) and I?ðqÞ by radial averaging within two orthogonal sectors

(�5� from each direction). The trend of I(q) for the initial sample and of Ik(q) and I?ðqÞ for a
stretched sample are shown as a function of q (Figure 17.11). As may be seen, they exhibit a

power law in the fractal regime at low q that commutes into a Porod regime, with a curved

crossover region between the two power laws.

In the case of the SAXS traces shown in Figure 17.11, the absolute value of the slope in the

initial sample, close to that obtained for pelletized CB, and the symmetry of the pattern are

consistent with strongly and isotropically interpenetrated aggregates [126]. Upon elongation,

Figure 17.10 Two-dimensional patterns from a EPR-based composite with CB (F¼ 0.20) before

elongation (l¼ 1) and elongated by l¼ 1.5. The stretching direction is horizontal (Reprinted with

permission from F. Ehrburger-Dolle, M. Hindermann-Bischoff, F. Livet et al., “Anisotropic ultra-small-

angle X-ray scattering in carbon black filled polymers,” Langmuir, 17, 329–334, 2001.� 2001American

Chemical Society.)

Figure 17.11 Regrouped SAXS curves from the patterns shown in Figure 17.10: (*) before elongation,

(^) Ik and (&) I?from the sample elongated by l¼ 1.5. Kratky plots are shown in insert (Reprinted with

permission from F. Ehrburger-Dolle, M. Hindermann-Bischoff, F. Livet et al., “Anisotropic ultra-small-

angle X-ray scattering in carbon black filled polymers,” Langmuir, 17, 329–334, 2001.� 2001American

Chemical Society.)
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the absolute value of the slope remains almost unchanged in the perpendicular direction, while

it increases significantly in the parallel direction. This result implies a decrease in the degree of

interpenetration along the direction of the stretch, because it is known that aggregate

interpenetration not only decreases the absolute value of the slope in the fractal regime [126],

but also shifts the upper limit of the power law domain. Corresponding characteristic cutoff

lengths can thus be defined by employing Kratky plots, that is, I(q)q2, Ik(q)q
2 and I?ðqÞq2

versus q (Inset of Figure 17.11), on the basis of the position of their maximum qK. As far as

aggregates are concerned, qK
�1 is related to the mean distance between primary particles and

not to a mean particle size. The mean size of the primary particles, which is independent of the

aggregate arrangement, is related to the onset of the Porod regime [125, 126].

From the Kratky plots, a microscopic Poisson ratio of the CB network can also be

deduced [143]:

s ¼ �ðqk?�qk0Þ=ðqkk�qk0Þ ð17:35Þ
For the EPRCB-filled samples investigated in Figure 17.11, the obtained swas 0.20, a result

significantly lower than the value for incompressible systems, that is, 0.5, but equal to that for a

swollen gel in a good solvent. The features described are fully consistent with the model of

reinforcement of rubber by fractal aggregates [140].

Koga and colleagues [129] pursued the aim of reconstructing the scattering pattern of CB on

a very large q range, spanning from q¼ 0.0001 nm�1 to q> 1 nm�1 thanks to the application

of ultra-small angle neutron scattering (USANS), USAXS, and SAXS such as that shown

in Figure 17.12.

Figure 17.12 Decomposition of the observed SAXS profile for a CB SBR nanocomposite into each

scattering component (solid lines numbered 1 to 5) from each structural level comprising the hierarchical

structure based on the Beaucage unified fit analysis (Reprinted with permission from T. Koga,

T. Hashimoto, M. Takenaka et al., “New insight into hierarchical structures of carbon black dispersed

in polymer matrices: a combined small-angle scattering study,” Macromolecules, 41, 453–464, 2008.

� 2008 American Chemical Society.)
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In this pattern, three power law regimes can be seen, along with two discrete form-factor

(Guinier scattering) profiles. The authors first applied the unified approach by Beaucage [144].

The unified fit model [144–146] was ideated to describe scattering functions containing

multiple length-scales separated by power law regimes. Scattering from a hierarchy of

structural levels are merged considering only the four parameters (G, Ri, Kp, p) required to

define the single structural levels, each with its radius of gyration, Ri, and power-law exponent

�p. The actual function used for each level is:

IðqÞ ¼ G expð�q2R2
g=3ÞþKp½ðerfðqRg=6

1=2Þ3=q�p ð17:36Þ

Where G is the Guinier prefactor, Kp is the Porod prefactor and erf is the error function. This

model is effective when it is necessary to extract the parameters associated with each

hierarchical level in complex structures that yield many power law regimes. The unified

model works best with well separated length scales, but it shows its limits when different

structural regimes overlap [147].

On applying the unified fit model, the five profiles shown in Figure 17.12 were obtained. In

particular, the profile labeled as “2” represents the Guinier scattering from the mass fractal

agglomerates having radius of gyration of Rgg, and profile “4” is the Guinier scattering profile

for the agglomerates of CB primary particles, with a radius of gyration of Rss. This scattering

analysis based on the Beaucage unified approach allowed to quantitatively evaluate the sizes of

the aggregates and mass fractal units, but did not yield any information on their shapes,

because the Guinier scattering function depends only on Rg values, independently from the

particle geometry [148]. These authors, therefore, replaced the Guinier function with a form

factor, assuming that the shape of the aggregates was spherical or ellipsoidal [129]. The best

fit was obtained with the spherical form factor for CB dispersed in toluene, while the

ellipsoid form factor was best suited for CB in SBR or polyisoprene. In other words, a

hierarchical structure such as that depicted in Figure 17.13 was proposed for CB dispersed in a

rubber medium.

With increasing scale length, the hierarchy starts withmonomeric units of the polymers (part

a) that form network chains of the elastomers (part b) and interact with primary CB particles

giving rise to surface fractal structures (part c). CB particles are fused into aggregates (part d).

Aggregates then combine into agglomerates (or agglomerates level 1 or dispersible units) (part

e), which are the smallest building block for the formation of the mass-fractal objects (or

agglomerates level 2) that are dispersed in the crosslinked bulk rubbers (part g) [129].WhenCB

was dispersed in toluene, the lack of polymer chains did not allow the formation of

the dispersible units, which are linked by the polymer network chains, so mass fractal

agglomerates were composed directly by aggregates. It is evident from the examples

above that X-ray scattering methods allow a very detailed description of the morphology of

the filler in a nanocomposite. This knowledge is paramount for the development of structure-

property relationships.

Obviously, in the study of the morphology of filled elastomers, the ideal condition would be

being able to single out the contribution of each component of the formulation of the material.

Morfin and colleagues tackled this issue by using a technique called anomalous small-angle

X-ray scattering (ASAXS) [149]. They studied elastomers filled with carbon black and

vulcanized using ZnO. Since ZnO has an electron density close to that of carbon, it produces

a strong X-ray scattering that interferes with that due to filler aggregates and does not allow a
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correct measurement of their dimensions. ASAXS is based on the anomalous variation of a

scattering factor near an absorption edge, and has become increasingly popular in materials

science [149 and references therein]. TheK-edge of Zn is located at an energy (9661 eV)which

is experimentally accessible using synchrotron sources. The scattering curves I(q, E) versus q

for a vulcanized sample containingZnOparticles decay differently as a function of the different

energiesE employed for themeasurements (Figure 17.3 of ref. [149]). This anomalous effect is

not hidden by the addition of carbon black in the elastomer.

For vulcanized samples containing carbon black, I(q, E) can be written as the sum of three

terms, IZnZn, ICC and IZnC, that depend on the structure factor of ZnO particles (SZnZn), the

structure factor of carbon black (SCC) and a cross term (SZnC):

IZnZnðq;EÞ ¼ ½rZnðEÞ�rP�2SZnZnðqÞ ð17:37Þ

ICCðq;EÞ ¼ ðrC�rPÞ2SCCðqÞ ð17:38Þ

IZnCðq;EÞ ¼ ðrC�rPÞ½rZnðEÞ�rP�SZnCðqÞ ð17:39Þ
where rP, rC and rZn(E) are the electronic densities of polymer, carbon black and ZnO,

respectively. The elastomer matrix is taken as the reference because its scattering is small

compared with that of ZnO or carbon black.

In a sample containing just ZnO but no carbon black, only the IZnZn term contributes to

I(q, E). Equation 17.37 can therefore be exploited to determine the difference [rZn(E)� rP].
A correction is necessary, though, because near the Zn absorption K-edge, the electronic

density of ZnO varies with energy, according to the anomalous dispersion corrections. Below

Figure 17.13 Schematic model for the hierarchical structure of the CB filler in the rubber matrices

(Reprinted with permission from T. Koga, T. Hashimoto, M. Takenaka et al., “New insight into

hierarchical structures of carbon black dispersed in polymer matrices: a combined small-angle scattering

study,” Macromolecules, 41, 453–464, 2008. � 2008 American Chemical Society.)
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the Zn edge, the imaginary anomalous dispersion factor f00(E) is small and can be neglected.

It follows that:

rZnðEÞ ¼
f 0O þ f 0Zn þ f 00ðEÞ

M
m ð17:40Þ

where f 0i is the atomic scattering factor of atom i and f 0i ðEÞ is the real part of the anomalous

dispersion factor (anomalous dispersion factors are tabulated [150]),M is themolar mass and m
is the specific gravity of the ZnO particles.

By these equations it is therefore possible to measure [rZn(E)� rP], rP, and rC, since
the difference (rC� rP)

2 is independent of energy in the energy range employed for

data acquisition.

In the case of the system considered by the authors [149], ZnO particles were large and their

volume fraction was small compared to carbon black, so the cross term IZnC could be

neglected [151], so I(q, E) was linearly dependent on [rZn(E)� rP]
2. The intercept and slope

of such a plot yielded the ICC and the IZnZn contributions, respectively, at a given q. In the cases

when the particle size and the volume fraction of the fillers in the matrix are comparable one to

each other, the cross term would not be negligible any more and departures from linearity

would be observed.

Once IZnZn, ICC and IZnC are calculated, the relative structure factors SZnZn, SCC and SZnC can

be estimated and so the contributions of the two fillers can be successfully deconvoluted [149].

Although quite complicated and necessitating synchrotron radiation sources, ASAXS should

be taken into account as an option when deconvolution of the effects of different fillers

are sought.

17.5.2 Carbon Nanotubes

Since their discovery more than 15 years ago [152], carbon nanotubes (CNT) have attracted

large efforts of academic and industrial research. CNTare long and thin cylinders of covalently

bonded carbon atoms. Their outstanding electronic, electric, thermal and mechanical proper-

ties make CNT potentially suitable for a very large array of applications. One of the most

promising is probably the reinforcement of polymeric materials at very low loadings. While

CNT have beenwidely usedwith different kinds of polymers, very littlework has been done on

incorporating the CNT in rubber.

To be effective reinforcing fillers, CNT must meet three main conditions: good dispersion,

alignment and good stress transfer from thematrix to the filler [5]. Bundling and aggregation of

CNT have been considered the main hindrances for a homogeneous dispersion of the filler in

the polymeric matrix. Purity is also a very important issue for the final performance of the

materials. Due to these problems, CNT–polymer nanocomposites have so far performed well

below expectations.

Microscopy techniques, like TEM or SEM, are widespread for the characterization of

individual nanotubes in the nanocomposite. Small-angle scattering techniques, either using

neutrons or X-rays, can be useful to evaluate both particle size and average dispersion of these

nanoadditives in composite materials. Recent reports on small-angle scattering measurements,

on single-walled CNT (SWCNT) dispersed in liquids [153–155] showed that in these cases the

scattering intensity follows a power law I(q)/ q�D, typical of scattering by fractals [127], with

fractal dimension D. Values of D between 2.0 and 2.5 were reported for SWCNT dispersed in
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liquids [153, 156], whereas D¼ 1 would have been predictable for rods (D¼ 2 and D¼ 3 are

expected for disks and spheres, respectively) [127, 128, 153–156]. These higher than expected

values were due to the formation of SWCNT fractal aggregates [156].

Avery accurate study on the interpretation of SAXS data relative to CNT has been recently

proposed by Schaefer and colleagues [157]. These authors developed a simplified tube form

factor (STFF) to reproduce experimental data on awide range of q-values. Being L the length of

the tube, T its wall thickness, (T¼ ro� ri, where ro and ri are the outer and inner radius, respec-

tively), the scattering intensity in four distinct regimes could be simulated. For q� 1/L, I(q) is

given by the Guinier prefactor, G. Assuming L� ro� T:

G � Iðq � LÞ ¼ ðDrÞ2nF ð17:41Þ
where Dr is the difference in scattering length density between the tube wall and the pure

matrix material, n is the volume of a single tube (excluding the hollow region), and F is the

volume fraction occupied by thewall material. TheGuinier approximation holds as the q values

increase up to q	 (Rg)
�1, where Rg is the radius of gyration one tube, yielded by:

R2
g ¼

L2

12
þ r2o þ r2i

2
ð17:42Þ

In the following q region, comprised in the range (Rg)
�1< q< (ro)

�1, the rod-like features of

the tube predominate and the intensity varies as a power lawwith the exponent�1, while in the

range (ro)
�1< q< (ro� ri)

�1, the intensity varies as q�2.

The final part of the pattern, at high q values, behaves according to Porod’s law with an

interfacial area per unit volume Sv:

Sv ¼ f
2pðr2o�r2i Þþ 2pLðro þ riÞ

pLðr2o�r2i Þ

 �

ð17:43Þ

The STFF employs the Beaucage unified approach to connect the Guinier and power law

regimes [144–146] (erf being the error function):

ItubeðqÞ ¼ PG þP3 þP2 þP1 ð17:44Þ

PG ¼ G exp½�ðqR2
gÞ2=3� ð17:45Þ

P3 ¼ pG
L

q�1 � ½erfðqR2
g=

ffiffiffi
6

p
Þ�3 � exp �ðqroÞ2=3

h i
ð17:46Þ

P2 ¼ p2GT
n

q�2 � ½erfðqr2o=
ffiffiffi
6

p
Þ�3 � exp �ðqTÞ2=3

h i
ð17:47Þ

P1 ¼ 2pG
n2

2pðr2o�r2i Þþ 2pLðro þ riÞ
� 	

q�4 � ½erfðqT=
ffiffiffi
6

p
Þ�3 ð17:48Þ

The STFF is adequate for rigid, isolated, monodisperse tubes, and therefore it is not

sufficient, per se, to adequately fit experimental data. Polydispersity in tube dimensions, tube

flexibility, and/or long-range correlations have been accounted for by the authors of this study

by multiplication of the STFF by a fractal–structure factor [157]. They assumed that the

morphology of the nanotube is based on fractal ordering of short tube-like segments with a
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persistence length Lp. These short (Lp� L), rigid segments are correlated on larger length

scales with a fractal dimension, D. A structure factor such as that of Equation 17.30 can

therefore be defined and combined with the STFF obtaining the following expression that

describes the flexible tube morphology:

IF�Tube ¼ ITubeðq;Dr;f; ro; Lp; TÞ � Sðq;D; x; LpÞ ð17:49Þ
where x is the correlation range, which should be interpreted as the radius of the “cluster”

resulting from the arrangement of the segments.

Such an expression allowed to reproduce experimental SAXS patterns of multiwalled CNT

in bismaleimide. The long-range fractal correlations were not necessary to fit well the data

relative to a very low content of CNT, consistentlywith a dispersion, in this case, of single CNT

in thematrix.Amore complicatedmorphology,with the formation of aggregates, was observed

increasing the CNT content, but it was nevertheless possible, by the use of the described

approach, to reproduce SAXS patterns in a wide range of q values, inaccessible to a fractal–rod

model or a STFF that does not consider long range fractal correlations. A further advantage of

this method is that of being able to determine whether the cylinders are hollow (tubes) or solid

(rods) based upon which form factor fits the data more accurately [157]. This attractive

approach is surely promising. Applications to systems more similar to CNT-rubber nano-

composites are desired and expected.

Other studies have been reported inwhichWAXDaided the definition of a detailed picture of

the morphology of nanotubes. Hsiao, Chu and colleagues [158, 159] exploited WAXD to

describe the orientation of CNT in polymer-based nanocomposites. In the WAXD pattern of

nanocomposites containing CNT or carbon nanofibers (CNF),1 a reflection attributable to

the stacking of graphene layers appears with a d-spacing of 0.34 nm. This signal is commonly

indexed as (002), in analogy to the similar signal of hexagonal graphite. Azimuthal profiles,

such as that of Figure 17.7c, of this reflection allow to study the orientation of the filler.

A flat azimuthal profile of the (002) graphite plane is coherent with a random distribution of

the filler, while if it shows a maximum, this means that CNT or CNF are aligned along a

preferential direction (for example as a consequence of stretching). A quantification of such

anisotropic distributions can be done by the Hermans’ orientation parameter. Interestingly, it

has been reported that the degree of orientation of CNTor CNF is much less extensive than that

of the polymer chains, because the filler particles encounter greater difficulty in adapting to

deformation [158, 159].

WAXD and SAXS are useful also for following the modification of CNT when they

undergo compatibilization treatments. In order to improve the processability and perfor-

mance of composites, in fact, several treatments have been proposed to alter the surface of the

CNT, for example by acid attacks, plasma, thermal and laser ablation or chemical functio-

nalization, obtaining an increase of the polarity and possible grafting sites.WAXDand SAXS

patterns of pure and functionalized CNT may differ, because the peak position, width and

intensity can significantly vary upon functionalization [160], due to the variation in

d-spacing [161] and lattice distortions [162], and they therefore allow to follow the extent

of the modification procedure.

1 CNF are carbon structures, similar to carbon nanotubes, but with an average diameter of 50–200 nm, in between that

of carbonfibers andCNT.Moreover, these kind offillers show significant advantages, such as the lowcost, and the facile

surface modification.
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17.5.3 Silica

Silica is, along with carbon black, the most industrially employed filler for the rubber industry.

Changing the active filler from carbon black to precipitated silica in rubber compounds

enhances the rolling resistance and wet grip performance of tires [163, 164]. However, this

change requires the introduction of new additives in the filled rubber compounds in order to

decrease the strong filler–filler interactions, associated with the hydrogen bonds between silica

particles [165, 166]. Recent preparation techniques, such as sol gel, for example, allowed to

control the size of the particles and so a number of silica-filled rubber nanocomposites have

been presented in the literature. In this case also, SAXS yields useful information on the

morphology of the dispersed filler.

The reinforcement effect is mainly due to the development of a percolating network by the

filler particles, along with a role of the modified polymer layer at interphase, that is, bound

rubber, which is known to be significant in silica as well as in CB [167, 168].

Moreover, the morphology of silica is strongly dependent on the preparation steps. For

example the time allowed for the sol gel procedure, the viscosity of the liquid matrix and the

microstructure of the polymer have a dramatic effect on the development of the silica

particles [131]. The mechanism of aggregation of the precursor colloidal particles is determi-

nant on the size of the outcoming filler. For instance, Chacker and colleagues, exploited fractal

dimension to infer the mechanism of aggregation [130, 137, 169, 170].

In analogy to that of CB, the structure of silica is known to be hierarchical as well, and

scattering methods are therefore very useful for its thorough description on several

length scales, exploiting the same approach in data analysis described for carbon black [130,

131, 167, 168].

The data in Figure 17.14 cover light scattering and USAXS profile of silica over six decades

in length scale. Three regimes can be individuated, that draw a picture of the material as

composed by three length scales: smooth colloidal particles (Guinier radius, RG¼ 87A
�
)

clustered into mass-fractal aggregates of dimension Dm¼ 2.5 that are further clustered into

uniformly dense, but porous objects with surface fractal dimension Ds¼ 3.35 and RG¼ 26

mm[139, 167]. This objectwith a rough surface can bevisualized as a “bunch of grapes,”where

each grape is actually a fractal aggregate. The grape bunches are further clustered in a fractal

structure, whose morphology is mainly dependent on drying conditions. In the hierarchical

structure of silica, aggregates are fractal clusters resulting from kinetic growth and agglom-

erates are clumps of aggregates. Agglomerates, if not broken-down or “dispersed” during

rubber processing are very detrimental to performance and the conditions for their formation

must therefore be known [171–173]. Schaefer proposed a very simple sequence of processes

leading to the structuring of silica. The primary particles grow by nucleation and growth and

then aggregate by reaction-limited kinetic growth [137]. By aging, the aggregates fill all the

space between the constituting primary particles and toughen them. In solution, aggregates

form larger agglomerates dense in the bulk, but rough in the exterior surface. Drying brings

about yet a fourth level of structure due to the kinetic clustering of the agglomerates.

In order to investigate the conditions leading to agglomerates, Schaefer and colleagues

studied how themorphology of colloidal suspensions of silica changed as theywere fastly dried

in a spray dryer or more slowly in a vacuum oven [147]. The USAXS patterns of such samples

showed, with increasing q, a power law regime and a Guinier regime followed by a Porod

behavior. Fitting these traces, the power law exponent and the radius estimated according to

454 Rubber Nanocomposites



Guinier were obtained [147]. Different drying procedures brought about large changes in the

power law exponent. The slope decreased from �1.9 in suspension to �1.6 for spray-dried

powder. These small apparent mass fractal dimensions were interpreted as coherent with

aggregates with an open structure [147]. The oven dried sample determined a slope of�0.79.

Since a connected object can not have a dimension less than one, this value is consistent not

with fractal aggregation, butwith a structure composed by deeply interpenetrated aggregates. If

the aggregates are sufficiently overlapped, the mass fractal domain vanishes, leading to

apparent exponents less than one [147]. The slow drying process that takes place in the

vacuum oven allows enough time for the aggregates to distort and accommodate interpenetra-

tion. Analogous behavior was observed by Reiker [126] for pelletized carbon black.

Significant differences were thus introduced by the processing in the pristine filler,

but after its mixing in a SBR matrix, regardless of the drying procedure, the shape of the

profile was identical.

Figure 17.14 Multilevel structure of precipitated silica. The data is a combination of light scattering and

USAXS.The data show three-length scales indicated by thevertical lines and fourmorphologies indicated

by the power-law slopes. The Guinier radius (Rg) and the magnitude, P, of the slope are indicated in the

inset (Reprinted from Physica A, 314, D.W. Schaefer et al., “Challenges and opportunities in complex

materials: silica-reinforced elastomers,” 686–695, � 2002, with permission from Elsevier.)
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The absolute value of the slope in the aggregate regime increased to 2.2, which is probably

the actual fractal dimension of the aggregates, because on dispersion into rubber the deeply

interpenetrated pristine aggregates regain the colloidal dispersion that they had in thewet state.

Confirmation was then found that the interpenetrated powders are apparently stabilized by

weak physical forces that are overwhelmed by shear duringmixing. Since larger aggregates are

softer than the rubber matrix, dispersion in an elastomer leads to complete disruption of the

agglomerate, leaving only the aggregate as the highest-level structure [174]. A critical

aggregate size is defined as the size at which the bending modulus of the aggregate is equal

to that of the rubber matrix; it depends on the size of the primary particles and the modulus of

silica and is estimated to be about 1000A
�
[174].

Schaefer et al. speculated that the agglomerates are soft in the sense that they are physically

bonded whereas the aggregates are hard, in the sense that they are formed via strong chemical

bridges formed between adjacent primary particles. They proved so by studying the evolution

of structure in a sonicated solution. This treatment degraded agglomerates, leaving unaltered

the morphology on the lower levels [174]. Some of these examples concerned the study of a

“labile” morphology that is lost as a consequence of the introduction of the filler in the matrix.

Nevertheless, these studies have a value per se, because they show the variegate scales and

hierarchy of morphology of silica and can stimulate methods of preparation that preserve them

also in the nanocomposites.

The focus has been so far on the characterization of pristine silica and, subsequently, to its

introduction in a rubber matrix in so called type I composites. A common classification of

composite materials is in fact made on the basis of the type of linking between the inorganic

filler and the organic matrix [175]. In class I materials the organic molecules are simply

embedded in the inorganicmatrix, while in class II materials strong covalent bonds connect the

phases. Model compounds based on siloxane-poly(ethylene glycol) or siloxane-poly(propyl-

ene glycol) for this class of materials, even though not rubbery, can be useful for possible

interesting future applications to elastomers [176, 177]. SAXS spectra of these materials

exhibit a single peak associated to the existence of a strong spatial correlation between siloxane

heterogeneities or clusters embedded in the polymeric matrix [176, 178]. Under this assump-

tion, the average andmost probable distance between siloxane clusters (ds) can be estimated by

the d-spacing of the peak maximum located at qmax [176, 177]: ds¼ 2p/qmax. ds was observed

to increase with increasing molecular weight of the polymer, thereby confirming the assump-

tion made; as the chains get longer, in fact, the clusters are kept farther one from the other. The

authors estimated the mean radius of siloxane clusters under the assumption that the spherical

particles of siloxane form a compact arrangement [179]:

RS ¼ 3FS

8p

� �1=3
dS

2

� �
ð17:50Þ

where FS is the volume fraction of siloxane particles.

Applying the Scherrer equation to the SAXS peak yields further information on the degree

of order of the siloxane clusters arrangement, because by this method an average size of

the correlation volume associated with the spatial distribution of siloxane clusters [176, 177],

LC, is obtained:

LC ¼ 4p=b0 ð17:51Þ
Where b0 is the full width at half maximum of the correlation peak of the SAXS function.
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Abroader peak is consistent with a less defined spatial correlation sizeLC of siloxane clusters

arrangement, probably because of amore complex nature of the composite. It is surprising how

very easy and straightforward SAXS analysis yielded in this case the most useful information

for applicative purposes.

A furthermethod of interpretation of SAXSdata generated by silica dispersed in a polymeric

matrix can be the Percus–Yevick hard-sphere, core-shell model [180]. The particle form factor

P(q) for a spherical particle of radius r0 and contrast Dr is written:

PðqÞ ¼ Dr2n2p
3½sinðqr0Þ�qr0 cosðqr0Þ�

ðqr0Þ3
( )2

ð17:52Þ

where np ¼ ð4=3Þpr30 is the volume of a single particle.

The polydispersion in particle size can be accounted for by modifying P(q) by a log-normal

distribution, with log-average r0 and log-variance e [180]:

Pðr0Þ ¼ e�1ð2pÞ�0:5
exp½�ðlnðr0Þ3=2Þ2=2e2�d ln r0 ð17:53Þ

The structure factor S(q) is expressed as the three-dimensional Fourier transform of the

particle pair correlation function g(r) (which tends to 1 when r ! 1):

SðqÞ ¼ 1þ 4pNp

ð1
0

½sinðqrÞ=qr�½gðrÞ�1�r2dr ð17:54Þ

A “hard-sphere” fluid is assumed, for which the interparticle interactions exclude particles

from approaching within a center-center distance r equal to the collision diameter for the

interaction, that is, sc¼ 2rc. For distances r greater than sc the interparticle interactions are
assumed to be negligible. The effective volume fraction as determined by the collision radius is

Fc¼ (4p/3)Nprc
3. For a hard-sphere fluid at low volume fractions, g(r) has the form g(r)¼ 0 for

r< sc and g(r)¼ 1 for r> sc. At higher volume fractions a liquid-like structure appears, with

pronounced coordination spheres that are reflected by maxima in g(r); the first coordination

sphere occurs at r¼ sc. The Percus-Yevick solution to g(r) for a hard-sphere fluid leads to the
following structure factor:

SðqÞ ¼ ½1�NpCðqÞ��1 ð17:55Þ
Where C(q) is the three-dimensional Fourier transform of the direct correlation function:

CðqÞ ¼ �4ps3cðqscÞ�1
Im½af1ðqscÞþ bf3ðqscÞþ gf4ðqscÞ� ð17:56Þ

where:

a ¼ ð1þ 2FcÞ2=ð1�FcÞ4 ð17:57Þ

b ¼ �6Fcð1þ 0:5FcÞ2=ð1�FÞ4 ð17:58Þ

g ¼ 0:5Fcð1þ 2FcÞ2=ð1�FcÞ4 ð17:59Þ
and

fnðqÞ ¼
ð1
0

eiqssnds ð17:60Þ
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Another relationship allows to calculate fn by a recursive procedure:

fnþ 1ðqÞ ¼ iq�1½fnðqÞ�eiq� ð17:61Þ
with

f0ðqÞ ¼ iq�1½1�eiq� ð17:62Þ
A possible modeling of a system of silica particles immersed in a rubber matrix could be

done assigning a radius rc¼½ sc to silica particles. The SAXS intensity can therefore be

reproduced merging these equations in the I(q)¼AP(q)S(q). An approach like the one

described above allowed Terrill and Crowley to characterize colloidal dispersion of polyani-

line-silica particles in water [180].Models like these seem less prone to an immediate practical

application for samples such as rubber-silica nanocomposites, especially due to the complexity

of the model and to the assumptions made.

Several studies on the deformation of silica filled nanocomposites have been published,

based on SANS, SAXS, USANS, USAXS and AFM, often with comparisons to computer

simulations [149, 181–183].

An example of this kind of study was reported by Ikeda and colleagues [184]. They studied

the elongation of peroxide-crosslinked isoprene rubber filled with in situ generated, spherical

silica particles, with an average diameter of about 34 nm. The behavior of the materials as a

function of tensile stress was followed by two-dimensional SAXS (Figure 17.15). Before

elongation, the obtained patterns were isotropic rings that implied silica particles randomly

dispersed in the rubbermatrix. An estimate of the average spacing between the particles, d, was

calculated according to the Bragg equation on the basis of the maximum of the diffraction

signal. Upon stretching, a change in the SAXS data developed, with a shift of the scattered

intensity towards themeridional sector,with a significantweakening of the equatorial intensity.

If the pattern shown in Figure 17.15b is compared to that displayed in Figure 17.10, it may be

noted that it is different from the butterfly shape that characterizes carbon black [143, 149].

Stretching has the effect of increasing the distance between the filler particles along the

stretching direction, while in the perpendicular direction they are forced to come closer, as was

predicted by computer simulations [181].On further stretching themeridional intensity splitted

into a four maxima figure, which was more clearly detectable in the SAXS signals gathered

during the retracting process (Figure 17.15d–f). This pattern was ascribed to the formation of a

buckling structure of silica particles by stretching, as confirmed also by AFM observa-

tions [184]. In this case also, the experimental data confirm previous predictions made by

computer simulations. It is interesting that the buckling structure of silica particles is retained

also when the stress is released. The distance between the silica layers along the stretching

direction (D) was calculated as D¼ d/cosm, where m is the azimuthal angle of the four-spot

pattern as shown in Figure 17.15. D values at the same elongation ratio are equal if measured

during stretching or retraction and follow linearly themacroscopic elongation ratio, suggesting

an affine deformation of the nanocomposite.

Analogous SAXS data were reported by Shinohara and colleagues who followed the

morphology of the aggregation under deformation of silica filled SBR samples, in which

silica particles and rubber chains are covalently bonded via silane coupling agents [185].

These authors studied the aggregation structure in terms of the structure factor S(q) rather

than scattering intensity. S(q) was estimated by calculating the form factor, P(q), of spherical
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Figure 17.15 Two-dimensional SAXS patterns of an in situ silica filled isoprene rubber nanocomposite

during tensile deformation (Reprinted with permission from Y. Ikeda, Y. Yasuda, S. Yamamoto and Y.

Morita, “Study on two-dimensional small-angle X-ray scattering of in situ silica filled nanocomposite

elastomer during deformation,” Journal of Applied Crystallography, 40, s1, s549–s552, � 2007,

International Union of Crystallography (http://journals.iucr.org).)
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silica (Equation 17.52) and by dividing I(q) by P(q) (taking into consideration the size

distribution of the particles).

S(q) showed in the undeformed sample an initial peak that was ascribed to the distance

between neighboring silica particles. As a consequence of stretching, the peak maximum

shifted from the initial q¼ 2.2� 10�3 A
� �1 towards small angles up to q¼ 7.95� 10�4 A

� �1,

consistently with the particles being distanced by stretching. Interestingly, at high strain, an

additional peak appeared at higher q (around q¼ 2.05� 10�3 A
� �1), maintaining its position

fixed as strain increased. This new signal corresponded to the distance between spherical silica

particles connected via rubber polymers and its appearancewas associated to the increase of the

elastic modulus, indicating that the polymer chains between the silica could not be stretched

any more [185]. This highly stretched rubber was identified as one of the origins of the

reinforcement. Studies like these, in which the structure and morphology are studied during

deformation, are especially important because they can elucidate the subtle interplay between

polymer and filler. Stress transfer from thematrix to the filler is necessary to take full advantage

of the superior mechanical properties of the additive. Considering also the behavior of the

matrix, such as in the previous example of highly stretched rubber playing a role in the

reinforcement, is not often found in the literature, because reports are usually mostly focused

just on the filler.

17.5.4 Polyhedral Oligomeric Silsesquioxane

Polyhedral oligomeric silsesquioxane (POSS) are three-dimensional, molecularly precise

molecules with an inorganic silica-like core surrounded by organic groups. The empirical

formula of POSS is (RSiO1.5)n (where R represents organic groups at the corners of the cage

and n¼ 6, 8, 10 or higher). Their diameters range between 1 and 3 nm, depending on the

number of silicon atoms in the central cage and the peripheral groups surrounding this

core [186, 187]. Their hybrid nature, the tunability of their structure and their nanometer scale

size spurred a very active research on POSS as a filler for the preparation of

nanocomposites [188–193].

POSS can be incorporated into polymers by simple blending with the matrix, or they can be

bonded onto the polymer backbones as side chains, or even inserted into the chains as

comonomeric units. The POSS unit can be in this case viewed as a nanoparticle for both its size

and filler function and a well definedmacromonomer for its ability to undergo polymerization.

Three or more reactive groups per molecule can be used to provide crosslinking.

POSS molecules have a tendency to crystallize, inducing a phase separation in the material.

Even for POSS containing reactive functional groups, POSS domains often form as aggregates

instead of bonding to the polymer backbones or otherwise dispersing into the polymer

matrix [194–196].

The most immediate application of WAXD to these systems is in the determination of their

crystalline structure.As prepared POSSyield very sharp and intense crystalline reflections, that

can be also fit to determine the type and dimensions of the crystalline cell [197]. When an

amorphous matrix as rubber is employed, it is often beyond the purpose of the investigation to

determine the exact structure of POSS, but it is rather of interest to study how it is dispersed in

the nanocomposite.

Addition of POSS into a polymer matrix can bring about very desirable improvements in

performance, including increases in maximum use temperature, oxidation resistance, and
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surface hardness, improvements in mechanical properties, and reductions in flammability and

heat evolution. As common in the field of nanocomposites, the achievement of such

enhancements is possible provided that the filler is adequately dispersed in the matrix. The

neat signals of crystallized POSS are therefore used as indicators of the aggregation of POSS or

of the formation of phase-separated filler domains. Zhang, Mark and colleagues provided a

good example of a study of this kind [198]. They studied theWAXD patterns of a polysiloxane

elastomer additioned of POSS and prepared in an internal mixer. The diffractograms were

characterized by a broad amorphous halo due to the rubber matrix and by sharp reflections due

to the presence of POSS crystalline domains. This confirmed microscopy observations that

evidenced that in the un-crosslinked blends POSS was dispersed in particle form even for

blends made at high temperatures [198]. Interestingly, the intensity and width of the POSS

characteristic peaks was found to change with mixing temperature, reflecting changes in the

degree of order of the crystals and in the size of crystallites. A sharpening of the peaks is

associated to an increase in crystallite dimensions, while an increase in the intensity is due to an

increase in the quantity of crystallized POSS. At the highest mixing temperatures, the authors

found that the intensity of POSS peaks decreased, because the increasing thermal movement,

especially of rubber chains, hindered the POSS molecules from migrating toward each other

during cooling so that some POSS molecules were left in silicone matrix and fewer POSS

crystals precipitated [198]. Moreover, additional peaks appeared at intermediate mixing

temperatures, indicating that POSS gave a different polymorph, in that temperature

range [198]. The effect of vulcanization was also investigated byWAXD, finding an increased

intensity in the POSS signals, possibly because the formation of the network favored the

conditions for crystallization.

As said before, another approach in nanocomposite preparation is that of incorporating

POSS into the polymer backbone. Hsiao and coworkers prepared a polyurethane system

containing POSS molecules pendant to the polymer chain [197]. The superior properties of

segmented polyurethane-based elastomers depend directly on themicrophase separation due to

the thermodynamic incompatibility (immiscibility) of hard segments and rubbery soft seg-

ments. The hard segments usually involve interchain interactions by means of van der Waals

forces and hydrogen bonding, providing the macroscopic properties and physical crosslinking

to the system. POSS molecules reinforce the hard segment domains at the molecular level.

WAXDwas used to follow the evolution of the structure of POSS crystals in the as prepared

powder, after substitution of a corner group with 3-(allylbisphenol-A) propyldimethylsiloxy

group (BPA-POSS), in order to serve as a comonomer for the polyurethane synthesis, and after

incorporation in the polymer backbone (Figures 17.16–17.18).

The BPA-POSS macromonomer yielded most of the reflection peaks characteristic of

pristine POSS, although much broader (some of the reflections were even combined together)

and with a more intense amorphous halo (Figure 17.17). POSS reflections in the POSS-filled

polyurethane appeared to be evenweaker, because the amorphous fraction becamevery large in

this sample (Figure 17.18). Nevertheless, the major peaks in the BPA-POSS could be clearly

identified in polyurethane, proving that POSS molecules aggregated and formed nanoscale

crystals in this system as well. WAXD data were also useful to investigate, during tensile

deformation, the crystal structural changes in POSS and strain-induced crystallization of soft

segment chains [197]. Stretching brought about strain-induced crystallization of the soft

segment and two additional reflection peaks appeared in the 2D WAXD pattern upon the

pristine amorphous halo. The width of these soft segment crystals was found to decrease with
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strain, coherently with an enlargement of crystallite size. On the contrary, the POSS crystal

reflections became broaderwith strain, suggesting that partial POSS crystals were destroyed by

deformation, probably through the annihilation of some hard segment domains [197].

A further interesting study on the WAXD and SAXS characterization of POSS-containing

nanocomposites was published by Coughlin and coworkers [199]. They worked with

Figure 17.16 WAXD pattern of pristine hydrido-POSS (Reprinted from Polymer, 42, B.X. Fu et al.,

“Structural development during deformation of polyurethane containing polyhedral oligomeric silses-

quioxane (POSS) molecules,” 599–611, � 2001, with permission from Elsevier.)

Figure 17.17 WAXD pattern of BPA-POSS (Reprinted from Polymer, 42, B.X. Fu et al., “Structural

development during deformation of polyurethane containing polyhedral oligomeric silsesquioxanes

(POSS) molecules,” 599–611, � 2001, with permission from Elsevier.)
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octaalkyl-substituted cubic silsesquioxane nanoparticles R8Si8O12 that form hexagonal (or

equivalently rhombohedral) crystal structures [195, 200, 201]. Regarding cubic silsesquioxane

units as approximately spherical, the three-dimensional crystal structure of POSS was

shown [201, 202] to be a sequence of stacked planes composed of POSS spheres. When

POSS spheres are tethered to polymer chains, the covalently connected chains prevent the

development of spherical packing in three dimensions, and as a result, a bilayer or lamella-like

structure is formed where POSS spheres are packed hexagonally within planes and two planes

are stacked together. Intermolecular van der Waals forces keep the layers stacked in a stable

nanolayered structure.

The authors of this work studied copolymers inwhich POSSwas introduced as pendant units

onto a polybutadiene backbone, characterizing their structure and morphology byWAXD and

SAXS.WAXDpatterns showed the superposition of a broad amorphous halo due to the rubbery

matrix and of sharp and neat reflections attributable to POSS crystals, as confirmed by the

increase in intensity with increasing filler content. Also in this case, the breadth of the peaks

was associated to the anisotropic shape of the crystals [195]. In a constrained crystal lattice, the

diffraction planes associated with the two long dimensions (length and width in a lamellar

structure) showed sharp diffraction, while reflections associated with the one short dimension

(thickness) showed the broadest peaks [199].

SAXS data allowed a further characterization of the lamellar morphology formed via

controlled self-assembly of POSS particles. Broad maxima were observed in SAXS patterns,

originated by the stacked POSS lamellae. The position of the maxima allowed to estimate the

spacing d between lamellae, that was found to be dependent on the relative ratio between POSS

and polybutadiene.

On the basis of WAXD, SAXS and TEM, the authors proved that morphology depends on

composition. At low POSS contents the copolymers assembled into small, randomly oriented

lamellae, while a more ordinate lamellar morphology was achieved increasing POSS

Figure 17.18 WAXD pattern of POSS filled polyurethane (Reprinted from Polymer, 42, B.X. Fu et al.,

“Structural development during deformation of polyurethane containing polyhedral oligomeric silses-

quioxanes (POSS) molecules,” 599–611, � 2001, with permission from Elsevier.)
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concentration. Of course, in the case of these layered POSS, application of the data analysis

approaches described in the paragraph on lamellar fillers would have widened the information

and allowed a more thorough description of the system.

17.5.5 Rubber as a Filler or Compatibilizer in Nanocomposites

Acommonly followed approach for improving the toughness of a thermoplastic polymer, is the

preparation of a heterophasic blend with a rubbery component. The introduction of an

amorphous phase lowers the glass transition temperature of the system, enabling macromo-

lecular chains to better absorb mechanical energies [203]. In these materials, the two

components are immiscible, so a continuous and a disperse phase will appear, and rubber

itself can be visualized as a filler. An accurate control of the processing and formulation

parameters is critical in determining an optimal morphology, quantity and dimensionality of

disperse domains. To obtain the best increase in toughness, the two phases, although

immiscible, should have some affinity, so that interfacial adhesion promotes a good phase

dispersion, avoiding coalescence of rubber domains or segregation during transformation.

Ternary nanocomposites, composed of a semicrystalline polymer, a rubber and a nanofiller

have attracted great attention in both the academic and industrial communities [76, 204–216].

Adding clay as a third component to an heterophasic polymer blend has the effect of reducing

the size of the dispersed phase domains [73, 76, 204–207]. Moreover, the presence of rubber

can avoid the drawback of worsened impact resistance and of decreased ductility, commonly

found when clay is used as a filler. Clay tends in fact to be a stress concentrator, that hinders the

elastic deformation of macromolecular chains [73]. WAXD and SAXS are not the methods of

choice for studying phase separation, microscopy techniques are more suited for this purpose.

However, useful information can be obtained, for systems such as heterophasic semicrystalline

polymer blends, from X-ray techniques, focusing on the semicrystalline component of the

blend. The modifications of the semicrystalline framework, that is, degree of crystallinity,

polymorphism, crystallite size, lamellar morphology, and so on, can be followed as a function

of composition by the methods of WAXD and SAXS data analysis typically employed for

semicrystalline materials, the description of which are beyond the purpose of this chap-

ter [6–13, 89]. A further interesting aspect for the characterization of ternary nanocomposites is

the investigation of the improved compatibilization achieved by the addition of rubber [208].

This improved compatibilization favors the preparation of nanocomposites with a more

homogeneous morphology and better clay dispersion than the uncompatibilized counterparts,

that implies a significant improvement in the strength and stiffness of composites. The

dispersion of clay is studied by the approaches described elsewhere in this chapter.

17.6 Characterization of the Matrix in Polymer-Based Nanocomposites

17.6.1 Strain-Induced Crystallization

The properties of vulcanized natural rubber (NR) make it a yet irreplaceable elastomer for

heavy duty applications, especially due to its toughness, high tensile stress and large hysteresis

loss. The strength of natural rubber has been attributed to strain-induced crystallizability.Many

rubber materials, including synthetic polyisoprene (IR), polybutadiene (BR), and isoprene-

isobutylene rubber (IIR or butyl rubber) undergo strain-induced crystallization (SIC). The only
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exception is SBR. However, crystallization of natural rubber has been by far the most studied

by many researchers [217–226] since the 1940s, using a variety of techniques. Undeformed

natural rubber forms spherulitic crystallites below 0 �C [221–226]. The temperature/time-

induced crystallites generally form as folded chain lamellae, while no conclusive word has

been said on the crystal growth direction in NR with different crosslinking density [227]. The

morphology of the strain/stress-induced crystallites has been reported to be various: fibrils,

mixed fibrils, folded lamellae and shish kebabs [218, 221–226, 228]. Another unresolved issue

has been for many years the role of strain-induced crystallites on the mechanical response of

NR. Because crystallization is always accompanied by a considerable increase in modulus,

the strain-induced crystallites have been thought to bear the tensile stress. The role of

molecular orientation called also for attention because of its expected effect on the final

mechanical properties.

Most of the experiments devised to shed light on these topics were done with

sequential measurements in which the sample was extended to a desired strain, fixed at that

strain, and then removed from the stretching instrument and subsequently mounted on the

analyzing instrument and examined. When the stretching was stopped, stress was relaxed and

microstructures often changed, which significantly altered the system of interest. In order

to understand what occurs during stretching and retraction, though, it is necessary to examine

the sample simultaneously with the strain. The use of synchrotronWAXD in combination with

in situ stretching techniques has allowed to directly follow the development of structure and

stress-strain relations during deformation of rubbers in real time [227, 229–235]. An

immediate advantage of this technique is that of enabling the study of strain-induced

crystallization on a very short time scale. For example it was possible to observe that NR

responds to fast deformation by forming strain-induced crystallites more rapidly than

its synthetic analog IR [230, 233]. This determines the superior and inimitable toughness

of NR.

Two examples of the quality of data yielded by this approach are shown in Figure 17.19 and

in Figure 17.20.

Figure 17.19 shows the stress-strain curve and selected 2D and 3DWAXD patterns during

deformation (at a 10mm/min rate) of synthetic IR at 30 �C. It can be seen that at strains up to
about 4, stress generally increased with strain. Correspondent WAXD patterns show isotropic

amorphous halos, with only some slight tendency to distribute the intensity around the equator

(for example, strain 3.0). At about strain 4.5 (vertical bold arrow in Figure 17.19), however, the

curve showed a decrease in the rate of stress increase. This marks the onset of strain-induced

crystallization, as reflected by the appearance of weak but distinct crystalline signals in the

WAXDpatterns. Theweak intensity of these reflections is to be ascribed to the nascent nature of

the crystallites that originate them, which are defective in crystalline ordering or registration

but nevertheless highly oriented with respect to the stretching direction [231, 232, 236–238].

As strain increases, crystallites become well developed and give rise to the bright spots

revealed by WAXD. It is noteworthy the persistence, even at large strains, of the unoriented

amorphous halo.

Figure 17.20 shows analogous WAXD patterns from an NR sample during the stretching

(Figure 17.20a–d) and retracting (Figure 17.20d–g) processes. At small strains during

stretching, highly oriented reflections of fatty acids [239] were recognized on both sides of

the beamstop (arrows in Figure 17.20b and h). Increasing strain, NR starts to crystallize (the

indicization of the signals is also shown). In this figure also, the orientation of nascent
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crystallites (Figure 17.20c) and the persistence of a strong isotropic amorphous halo

(Figure 17.20d) can be observed.

This figure allows to follow the retracting process as well, in which the crystalline reflections

disappeared gradually, returning to the initial isotropic pattern after total relaxation of the

sample. Ringlike (unoriented) crystalline reflections of NR were not observed during the

cyclic deformation process, allowing to conclude that strain-induced crystallites always appear

in the form of oriented crystals with the chain axis aligned parallel to the stretching

direction [227, 232].

The crystal structure of NR is orthorhombic (space group Pbca) [240]. A particularly useful

reflection is the (002) diffraction line, that is originated by lattice planes perpendicular to the c

chain axis. The corresponding average crystallite dimensionL002 is often called in the literature

the stem length, used to describe the crystallite size when the chains are folded or extended in

the crystallite [235]. The (200) and (120) reflections correspond to lattice planes parallel to the

chain direction. A very widespread procedure for measuring the crystallinity is based on the

Mitchell method [235, 241–244]:

Figure 17.19 Stress–strain relationship and selected 3D and 2D WAXD patterns collected during

stretching of IR at 30 �C. Each image was taken at the average strain indicated by the arrow. The bold

vertical arrow shows the onset point in the decrease rate of the stress increase (Reprinted with permission

fromS.Toki, I. Sics, B.S.Hsiao et al., “Probing the nature of strain-induced crystallization in polyisoprene

rubber by combined thermomechanical and in situ X-ray diffraction techniques,” Macromolecules, 38,

7064–7073, 2005. � 2005 American Chemical Society.)
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w ¼ ðIa�I*aÞ=Ia100 ð17:63Þ
where Ia and I

*
a are the scattered intensities of the amorphous halo in the completely amorphous

and in the semicrystalline material, respectively.

A very remarkable deconvolution procedure, schematized in Figure 17.21, has been

proposed [227, 231, 232, 236, 237], by which it is possible to extract additional structural

information (that is, fractions of oriented crystal, unoriented crystal, oriented amorphous, and

unoriented amorphous phases) besides the conventional data such as unit cell parameters and

crystal dimensions.

As previously seen, the WAXD pattern of the unstretched sample exhibits an anisotropic

amorphous halo with no preferred orientation. As deformation is applied, the WAXD pattern

shows the superposition of oriented crystal diffraction pattern and a residual amorphous halo.

The isotropic contribution at the deformed state is nearly identical to the original amorphous

halo appearing in the WAXD pattern before stretching. The de-convoluted anisotropic

contribution to the WAXD pattern is composed of oriented crystal reflection peaks and a

small amount of oriented amorphous phase, which is conjugated on the equator between the

strong (120) and (200) diffraction peaks [231]. After having separated the two contributions,

the ratioing of the crystal diffraction intensity over the total scattered intensity is necessary to

measure themass fraction of the strain-induced crystals. To acquire the total scattered intensity

volume, the authors transformed the 2D flat-plate geometry to an undistorted geometry in the

reciprocal space using the procedure described by Fraser et al. [245], then extrapolating the

data in themissingmeridional region using the expansion of Legendre polynomials [231, 246].

Figure 17.20 Sequential change ofWAXD patterns from an NR sample. Stretching direction is vertical.

Corresponding strain values are indicated at the right bottom in parts (a–g) of the figure. Indices of

crystalline reflections ofNR are indicated in part (d). Part (h) shows the enlarged image of the center of part

(b). Sharp reflections from fatty acids (indicated by arrows) corresponding to about 4.2 nm in real space are

recognized on both sides of the beamstop (Reprinted with permission from M. Tosaka, S. Murakami, S.

Poompradub et al., “Orientation and crystallization of natural rubber network as revealed byWAXD using

synchrotron radiation,” Macromolecules, 37, 3299–3309, 2004. � 2004 American Chemical Society.)
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A normal peak fitting procedure can then be applied to deconvolute the intensity profile into

crystalline peaks and an amorphous halo. On the basis of the data so obtained, it is therefore

possible to estimate the amounts of total isotropic and anisotropicmass fractions. The isotropic

fraction is composed by the unoriented amorphous fraction FUA; the anisotropic fraction is

given by the sum of oriented amorphous fraction FOA and oriented crystalline fraction

FOC [231]. As can be observed in Figures 17.19 and 17.20, no unoriented crystalline phase

is present during deformation experiments.

This ability to separate the contributions of the oriented and unoriented polymer allowed to

show that, during the stretching of natural rubber, only a small fraction of the amorphous chains

are oriented and they are subsequently crystallized during stretching, carrying most of the

applied load, while the majority of amorphous chains remain unstretched even at very large

strains (>500%). This difficulty experienced by the chains in rearranging and aligning

according to the stress imposed is mainly due to the presence of crosslinks [232].

The studies that have been previously discussed regard pristine rubber, but the primary

technological relevance of filled NR calls for attention from both academic and industrial

Figure 17.21 Schematic representation of the decomposition of the WAXD pattern into isotropic and

anisotropic components (Reprinted with permission fromM. Tosaka, K. Senoo, S. Kohjiya and Y. Ikeda,

“Crystallization of stretched network chains in cross-linked natural rubber,” Journal of Applied Physics,

101, 84909, � 2007, American Institute of Physics.)
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viewpoints. Since the discovery of the reinforcement of rubber by carbon blacks in 1904, filled

rubbers have been used to manufacture a wide range of materials. Due to the nanometric

dimensions attained by CB particles (mean dimension 20–100 nm [124, 247]) it could be

asserted thatNR/CBhave been the first commercial nanocomposites, years before the scientific

community even started talking about nanocomposites. Reinforcement of rubber by fillers has

been widely studied in the literature [248, 249] but its origin on a molecular scale is still

debated. Addition offiller to a rubbermatrix changes the stress field, increases the local strain of

the chain (a phenomenon also called strain amplification), and leads to local heterogeneities.

Thus, a fundamental problem is to understand the influence of the filler, like carbon black (CB)

or silica, on the crystallization properties of the NR rubber matrix.

Flory [250] identified the origin of the remarkable performance of pure NR in the formation

of crystallites, that played the role of filler, that is, the exceptional properties of filledNRwould

be due to the presence of both types of solid particles, such as fillers and crystallites. The role of

a filler such as carbon black is expected to be that of restricting the polymer chains’ mobility,

due to the formation of a “bound rubber” layer which is confined both physically and

chemically around the filler particle [116–120] and to the appearance of aggregate structures

formed by the elementary particles of carbon black [121, 122] that trap a part of matrix rubber

in the internal void space (“occluded rubber”) [123, 124].

Some reports [243, 244] showed that CB favors SIC in the crack tip region, and

suggested that this contributes significantly to crack growth resistance. SIC is also reported

to be started at lower strains than in pristine rubber, due to strain amplification [251, 252].

Recent studies carried out by in situ synchrotron X-ray measurements during uniaxial

deformation allowed to shed light on the effective local deformation in stretched CB filled

NR [123, 124, 251, 253].

Figure 17.22 shows an example of XRD patterns for the samples studied by Poompradub

et al. [123]. These authors worked on NR filled with carbon black (average particle size of

26–30 nm) or ultrafine calcium carbonate CaCO3 (average particle size of 20 nm).

The different orientation of NR and filler crystallites can be observed. Superposed to the

highly oriented crystal reflections of NR crystallites, isotropic circular rings due to CaCO3

appear in the diffractogram of Figure 17.22c. This is consistent with the filler particles not

having a preferred orientation in the rubber samples upon elongation. This result is very useful

to infer the templating and nucleating activity of filler particles on NR crystallites formed upon

strain. If some sites on the filler particle were acting as nucleating points, in fact, randomly

oriented crystallites of NR would have appeared, resulting in ring-shaped reflections of NR

crystallites. Since such ring-shaped reflections of NR have not been reported [123, 227, 254],

the nucleating activity of the fillers employed in this study could be ruled out. On the contrary,

Rault and coworkers, following by WAXD the degree of crystallinity as a function of strain,

concluded that CB particles act as nucleation centers of the SIC [253, 255]. Chenal et al., also

on the basis of XRD data on the development of crystallite size and on the crystallization rate,

showed that indeed CB or silica can act either as nucleating or as inhibiting agents, depending

on the crosslink density of the matrix. They explained this behavior by assuming that, if higher

than a threshold critical value, crosslink density restricts the medium mobility and does not

allow nucleation in the vicinity of the filler [251].

Crystallinity was evaluated from the 2D WAXD data of Figure 17.22 by integrating

the intensity of the (200) and (120) reflections, by a conventional curve-fitting method, from

the equatorial intensity distribution in the region included between �25� with respect to the
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Figure 17.22 WAXD patterns of (a) pristine NR, (b) NR filled with CB, (c) NR filled with CaCO3, at

strain ratio 5. Stretching direction is vertical (Reprintedwith permission fromS. Poompradub,M.Tosaka,

S. Kohjiya et al., “Mechanism of strain-induced crystallization in filled and unfilled natural rubber

vulcanizates,” Journal of Applied Physics, 97, 103529, � 2005, American Institute of Physics.)
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equator. On the basis of these intensities, the development of crystallinity as a function of strain

was obtained [123].

Furthermore, the degree of orientational fluctuations of crystallites was evaluated from the

intensity distribution of the (200) reflection, which was obtained by the azimuthal scan of the

peak. This procedure was carried out calculating the width parameter in the azimuthal

direction, waz, by fitting the intensity distribution with a Gaussian function. Then waz was

converted into half-width baz according to this equation:

baz ¼ 2waz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2lnð1=2Þ

p
ð17:64Þ

The smaller the baz, the smaller are the fluctuations in orientation. The baz for the filled

samples were reported by the authors to be larger than in unfilled NR, meaning that the fillers

somewhat hinder the orientation of strain-induced crystallites [123].

In pristine rubber, chains can easily adapt along the direction of strain and crystallize,

whereas in the presence of carbon black, the stress field is complex and crystallites may grow

along complex stress contours [124, 251]. An effect of the filler surfacewas also postulated as a

factor that could affect the orientation of the crystallites, due to a possible nucleating activity of

the immobilized rubber-filler interface, and some chain ordering at the surface originated by

the adsorption interactions [124].

Another parameter that comes out of WAXD traces is the crystallite size. Employing the

Scherrer equation, Poompradub et al. [123] and Trabelsi et al. [124] followed the variations of

crystallite sizes versus strain in the case of CB filled NR, finding that the crystallites’

dimensions perpendicular (L200 and L120) and parallel (L002) to the stretching direction

decrease as filler is added. Chenal and colleagues [251] studied the interplay between crosslink

density and filler content, and showed that, regardless of the matrix crosslink density, their CB

filled samples had the same crystallites’ sizes, close to that obtained for a highly crosslinked

unfilled sample (higher crosslink density determined smaller crystallite dimensions).

The assessment of lattice constants is of great importance to study the deformation of the

crystalline cell as a consequence of stress or filler addition. Poompradub and colleagues

estimated such parameters from WAXD patterns by using the least-square regression meth-

od [123, 256]. They assumed that the unit cellwas a rectangular parallelepiped, according to the

structure analysis by Nyburg [257]. They saw that the lattice was less deformed with the

increase in filler content. This trendwas stronger for the carbon black-filled samples, and hardly

recognizable for the calcium carbonate-filled ones. The smaller degree of lattice deformation in

the filled systems indicates that smaller stress is applied to the crystallites due to the presence of

filler particles [158, 256], since some local stress is transferred to carbon black, due to the

formation of a bound rubber layer and to the aggregate structure of carbon black particles. Both

these phenomena are not likely to occur in calcium carbonate [123].

The study of strain-induced crystallization of clay containing rubber-based nanocomposites

is definitely underrepresented in the literature. To the knowledge of the author just one study, by

Zhang and colleagues, tackled this issue investigating the behavior of nanocomposites based on

NR and chloroprene rubber upon stretching [258]. XRD was used in this case to characterize

the dispersion of clay in the matrix, finding that the single layers exhibited a mixed exfoliated/

unintercalated morphology. Although the presence of clay layers inhibited the crystallization

of the matrix on stretching, the modulus of these nanocomposites was higher compared to that

of carbon black- or silica-filled rubber, due to the large aspect ratio of clay layers. Clay with

Wide-Angle X-ray Diffraction and Small-Angle X-ray Scattering Studies 471



high aspect ratio is more efficient in restricting the rubber chains and in resisting the

development of cracks than spherical fillers [258].

17.6.2 Thermoplastic Elastomers

Block copolymers, usually {AB} or {ABA} block sequences, can be prepared if one wishes to

widen the gap between themelting temperature Tm and the glass transition temperature Tg, thus

covering a property region not easily satisfied by homopolymers or random or statistical

copolymers. By synthesizing sequences that are long enough to crystallize independently,

composed by a high-melting block A combined with a low-melting block B, one can obtain a

material with a high Tm derived from A and a low Tg descending from B. The change in Tg can

actually be rather variable, and in a number of cases two Tg’s can also appear. The arrangement

of blocks is very important. In order to obtain high-tensile-strength materials with elastomeric

properties typical of filler-reinforced vulcanizates, it is necessary to accurately calibrate the

nature and length of the blocks. Styrenic-based thermoplastic elastomers (TPE) make up

approximately 50% of the multibillion dollar TPE industry [259, 260], a rapidly growing

market (8%/year), since TPE are viable options to replace conventional vulcanizates. Styrenic

TPE are typically based on linear styrene-diene-styrene triblock copolymers with styrene

contents ranging from 10 to 90% depending on application. In order to obtain a satisfactory

performance, it is necessary that the copolymer contains two or more polystyrene blocks per

molecule. In other words, if the structure is {SB} or {BSB} (where S is a styrene block and B a

butadiene block) the material is as brittle as polystyrene, while if the structure is {SBS} or

{SBSB}, the toughness is much increased and the product behaves as a normal crosslinked

rubber. Glassy polystyrene blocks tend to aggregate in domains, that have the double role of

crosslink points and of filler particles. The central elastomericmoiety is in fact held fixed by the

glassy regions, thereby avoiding the necessity of vulcanization. Keller and coworkers studied

highly oriented TPE mechanically and have shown that these systems can be treated as nearly

perfect composite materials [261, 262].

When the blocks in such copolymers are not mutually soluble, the system has a natural

tendency towards phase segregation. The presence of covalent bonds between the chemically

different parts of themolecules, though, prevents amacroscopic phase separation like that seen

in polymer–polymer heterogeneous mixtures. The incompatibility between the covalently

bonded blocks in such polymers results in self-organized nanostructured materials with

peculiar morphologies. The fundamental parameters governing the nature and quality of

self-aggregation are the composition and the temperature [263].

At high temperature the entropic contribution is dominant and the blocks mix in a

homogenous and disordered state. When temperature is lowered, self-organization can take

place in a variety of possible morphologies, the most common of which are a body-centered

cubic (bcc) lattice of spheres (S), hexagonally packed cylinders (H), and lamellae (L). More

complex morphologies have been identified, such as the bicontinuous structure denominated

gyroid phase (G).

For example, in the case of styrenic TPE, with increasing styrene content, one can

obtain styrene spheres in a bcc arrangement, followed by hexagonally packed styrene

cylinders, a tricontinuous structure, and lamellae. The morphologies invert at high (>50%)

styrene content.
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Figure 17.23 schematizes these phases.

SAXS is, along with TEM, the most suitable technique to study the phase behavior of these

materials. Typical SAXS patterns of these kind of copolymers consist of an intense principal

peak followed by several higher order reflections.

In the case of a lamellar morphology, the higher order signals appear at positions that are

integer multiples of the first order reflection. The principal peak is indexed as (001), while the

higher order ones as (002), (003). Patterns relative to the H or S morphology are more

complicated, as exemplified in Figure 17.24.

Figure 17.23 Possible morphologies obtained by self-organization of block copolymers

Figure 17.24 SAXSpatterns of a SEBSfilm taken at the following temperatures: (a) 25, (b) 120, (c) 150,

(d) 160, (e) 170, (f) 180, (g) 185, (h) 190, (i) 195, (j) 205, (k) 215, (l) 240, and (m) 250 �C. Arrows mark

calculated peak positions (Reprintedwith permission fromC.H.Lee et al., “OrderingBehavior of Layered

Silicate Nanocomposites with a Cylindrical Triblock Copolymer,” Macromolecular Chemistry and

Physics, 207, 444–455, � 2006, Copyright Wiley-VCH Verlag GmbH & Co. KgaA.)
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In this figure, 1D SAXS curves obtained at different temperatures on a sample of styrene-

(ethylene-co-butylene)-styrene (SEBS) block copolymer are displayed. For the lower tempera-

ture patterns, up to 180 �C, the positions of the secondarymaxima, relative to the principal peak

followthescaling1,3½,4½,7½, . . .Theseratios indicate that thePScylindersarepacked ina two-
dimensional hexagonal lattice [23, 264, 265]. The most intense peak is indexed as a (100)

hexagonal peak, and the additional peaks are assigned the (110), (200) and (210) indices [23].

Curves relative to the higher temperatures show that the additional higher order peaks are

located approximately according to the ratios 2½:4½:6½:10½:12½:14½ with respect to the first

order peak. This sequence is characteristic of a bcc packing of spherical microdomains [23].

The most intense peak is indexed as a (110) peak and the additional peaks are assigned the

(200), (211), (310), (222) and (321) indices.

Another interesting aspect of the data shown in Figure 17.24 is that by temperature-

dependent SAXS experiments it is possible to follow the development of the microstructure of

the copolymer. The determination of the temperatures of the order-disorder and order-order

transition is aided by plotting I�(q)�1 versus T�1, that is, the reciprocal of the absolute

temperature, where I�(q) is the intensity of the main peak such as the (100) peak (cylindrical

phase) or (110) peak (spherical phase) in the SAXS pattern. Abrupt decreases of I�(q)�1 with

T�1 reveal the onset of an order-order or order-disorder transition [23, 266].

SAXS patterns yield additional quantitative results on the morphology of microphase-

separated block copolymers. The interdomain distance D is the domain identity period in the

case of lamellae, or the nearest neighbor distance between the microdomains for the cylinders

and spheres. D can be determined on the basis of the Bragg spacing of the principal peak,

according to the following equations:

Dlamellae ¼ d001 ð17:65Þ

Dcylinders ¼ ð4=3Þ1=2d100 ð17:66Þ

Dspheres ¼ ð3=2Þ1=2d110 ð17:67Þ
The indicated Dspheres is valid for spherical microdomains in a body centered cubic lattice,

while in the case of a simple cubic symmetry D¼ d100.

The radius R of the cylinders or of the spheres can be determined on the basis of space filling

considerations, based on the geometry of the microphase, that is, hexagonal cylindrical or

cubic, and the volume fraction of the minor phase FB:

Rcylinders ¼ ½d100ð3
1=
2FB=2pÞ

1=
2 � ð17:68Þ

Rspheres ¼ ½ðd110=2
1=
2Þð3FB=8pÞ1=3� ð17:69Þ

The study of the evolution of the structure of the matrix as a function of the application of

mechanical stress is very important for evaluating the performance of these materials and for

developing structure-property relationships.

The deformation response of several diblock and triblock copolymer TPE can be studied by

various techniques, including SAXS, TEM, AFM, birefringence and rheo-optical techniques.

For example, Thomas and coworkers [264] studied the deformation of cylindrical PS domains
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of a near single crystal styrene–isoprene–styrene (SIS) triblock copolymer. They carried out

deformation experiments normal to the cylinder axis by synchrotron SAXSwith the beam both

parallel and perpendicular to the cylinder axis. They found that in a first deformation stage the

rubber matrix extends along the stretching direction (SD) while contraction occurs almost

exclusively along the neutral direction due to the constraint imposed by the aligned PS

cylinders. At the onset of a subsequent deformation stage (dependent on the degree of cylinder

misorientation, the shear resistance of the rubber matrix, and the bending resistance of the PS

cylinders), the initial hexagonal pattern undergoes a continuous distortion through a kinking

into a chevron pattern.

The mechanical behavior of elastomeric triblocks with classical microdomain morpholo-

gies, that is, H, S and L, has been reported and extensively reviewed [267–269]. An example of

a deformation study on a less common morphology, such as the double gyroid phase (G), is

shown in Figure 17.25, that shows a typical stress-strain curve of G, with accompanying SAXS

patterns recorded at different points along the deformation [143].

Figure 17.25b displays the SAXS pattern of the undeformed sample and consists of an

isotropic ring patternwith the characteristic (211) and (220) reflections of the double gyroid.As

stress is applied, a fading of the higher-order Bragg rings occurs and the internal diffraction

rings lose their isotropy, passing from a circular to an elliptical shape.When necking occurs, in

this case at 20% strain, the scattering pattern changes drastically (Figure 17.25c shows

the SAXS trace for the X-ray beam directly incident on the necking area). The fading of

the isotropic rings is enhanced, the intensity of diffuse low angle scattering increases, and two

horizontal streaks appear along the normal to the stretching direction.

A further elongation determines the complete disappearance of the ring,with only the diffuse

scatter and streaks remaining (Figure 17.25d). From then on, only the intensity of the streaks

changes, while the nature of the pattern remains unaltered.When stress is relieved, that is, upon

unloading, the elliptic rings gradually reappear. It is interesting to note that at zero load some

degree of anisotropy still remains. Only annealing allows to obtain the same pattern as in the

unstretched case, but it is remarkable that any structural consequence of strain deformation is

totally recoverable.

A very similar SAXS pattern was also reported for a POSS filled polyurethane [197]. The

meridional peaks were attributed in that case to the oriented morphology of the microphase-

separated hard and soft segments and the equatorial streak mainly to the extended crystal

morphology of the strain-induced soft segment crystals polyurethane [197].

Strain-induced crystallization is observed also in TPE, and a thorough knowledge of this

phenomenon is necessary to exploit at their fullest extent the physical mechanical potential of

thesematerials. Strain-induced crystallization, in fact, allows a reduction of flow at high strains

and accounts for the retention of the highly elastic behavior of TPE. Among the relatively few

studies that were published on this topic a particularly interesting one under the aspect of XRD

characterization was presented by Indukuri and Lesser [270]. They studied three SEBS TPE,

comparing them to crosslinked natural rubber. The three samples differed by PS content and for

the nature of the midblock, that could contain either more ethylene or butylene segments. They

showed that especially the nature of the midblock of the TPE had the most important effects on

their mechanical properties. On the basis of the internal energy changes from deformation

calorimetry and on simultaneous WAXD/SAXD measurements, it was found that strain-

induced crystallization occurred only in certain SEBS systems. Figures 17.26 and 17.27

provide examples of the obtained XRD patterns.
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The SAXS patterns of Figure 17.26 allow to follow the deformation of the PS cylinders with

strain in the sample containing 20% PS and with a midblock mainly composed of ethylene

moieties. The circularly symmetric pattern, showing the characteristic spacings of an hexago-

nal lattice, was observed before strain is applied. With distortion, the SAXS signal turned into

an ellipsoid and then, as strain further increased, into a four-point pattern [271–278].

Figure 17.27 shows the WAXD pattern of the same sample. As strain was increased, bright

arches were superimposed to the preexistent amorphous halo, coherently with the formation of

crystallites as a consequence of strain. No higher order peaks were observed, not evenwhen the

sample underwent further strain, due to the very small dimensions and poor degree of order of

Figure 17.25 (a) Stress-strain curve of a SIS sample in the gyroid morphology, with accompanying

SAXS patterns. (b) Pattern before deformation. (c) Pattern at yield, 20% strain. (d) Pattern at 600% strain.

(e) Pattern unloaded to 130% strain. (f) Pattern fully unloaded, with 70% residual strain. (g) Pattern upon

annealing at 120 �C for 2weeks (Reprinted with permission from B.J. Dair, C.C. Honeker, D.B. Alward,

A.Avgeropoulos, N. Hadjichristidis, L.J. Fetters,M.Capel and E.L. Thomas, “Mechanical Properties and

Deformation Behavior of the Double Gyroid Phase in Unoriented Thermoplastic Elastomers,” Macro-

molecules, 32, 8145–8152, 1999. � 1999 American Chemical Society.)
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the crystallites [270]. The same behavior was observed when the PS content was increased to

40%, maintaining the same midblock. When the nature of the midblock was changed, to

include predominantly butylene moieties, strain-induced crystallization did not take place, as

shown by the persistence in the WAXD diffraction patterns of only the amorphous halo.

It has already been said that TPE can be considered, per se, as nanocomposites. The glassy

domains, in fact, act as filler particles and, together with the elastomeric microdomains, retain

some of the character of their respective homopolymers. Nevertheless, reports have been

published in the literature of TPE reinforced with a variety of nanofillers, in particular

nanoclays. Under the aspect of XRD characterization of these composite materials, no

particular difficulties arise, provided that the contributions to theXRD signal can be adequately

singled out. For example, Yamauchi and colleagues investigated the structure of a TPE

prepared by blending natural rubber (NR) and high density polyethylene (HDPE) [279]. In this

case, the HDPE glassy domains crystallized forming polymeric lamellar stacks, producing a

scattering peak in the SAXSpattern that was partially overlapped to the one produced by phase-

separated structures between NR and HDPE. When carbon black was added to this polymeric

base, scattering by the filler structure was further overlapped on the scattering curve for the

Figure 17.26 SAXS patterns at different strains of a SEBS sample containing 20% PS and with a

midblock mainly composed of ethylene moieties (Reprinted from Polymer, 46, K.K. Indukuri and A.J.

Lesser, “Comparative deformational characteristics of poly(styrene-b-ethylene-co-butylene-b-styrene)

thermoplastic elastomers and cross-linked natural rubber,” 7218–7229, 2005. � 2005 with permission

from Elsevier.)

Figure 17.27 WAXD patterns at different strains of a SEBS sample containing 20% PS and with a

midblock mainly composed of ethylene moieties (Reprinted from Polymer, 46, K.K. Indukuri and A.J.

Lesser, “Comparative deformational characteristics of poly(styrene-b-ethylene-co-butylene-b-styrene)

thermoplastic elastomers and cross-linked natural rubber,” 7218–7229, � 2005, with permission from

Elsevier.)
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matrix, but the inability to separate the contributions from the different origins, prevented

further analysis of the SAXSdata [279]. The authors had to complement SAXSdatawith Small

Angle Neutron Scattering. Scattering contrast depends on electron density for X-rays, and on

neutron scattering length density for neutrons. The X-ray contrast factors for polyethylene/NR

and amorphous/crystalline polyethylene pairs are on the same order whereas the contrast factor

of carbon black/NR pair is two orders of magnitudes higher than them. Therefore, both phase-

separated structures and crystalline lamellar structures contributed to the SAXS intensity of

unfilled samples, while when the filler was added, scattering from carbon black was domi-

nant [279]. On the opposite, the neutron contrast factor for amorphous/crystalline polyethylene

pair is negligibly small compared with that for polyethylene/NR pair. In other words, SANS is

sensitive just to the phase separated structure and is not influenced by the crystalline structure of

HDPE in unfilled samples. Similarly to SAXS, though, due to the very high neutron contrast

factor of carbon black/NR pair, the SANSpattern of the filled samplemostly reflects the carbon

black structure [279].

The effect of the filler on the structure of the TPEmatrix is obviously of interest in the case of

nanocomposites. Krishnamoorti and coworkers reported that spherical microdomains of a

styrene-isoprene block copolymer arranged on a body-centered cubic (bcc) lattice are

templated by the layered silicate, and the kinetics of their growth is accelerated by the

presence of a small amount of the filler, whereas the ordering behavior of cylindrical

microdomains is essentially unaffected by the addition of layered silicates and the development

of three-dimensional mesoscopic order is even disrupted [280].

An effect typically brought about by layered silicate nanofillers is that of influencing the

orientation of the matrix. Figure 17.28 shows the SAXS patterns of a SIS triblock copolymer,

that show the typically equally spaced signals of a lamellar morphology. The lamellar spacing

is in this case approximately d001¼ 28 nm. Knowing the volume fraction of one of the

components (in this case it was FPS¼ 0.43), the thickness of the layers of each phase can

be calculated as d001FPS and d001(1�FPS) and in this case this approximately corresponded to

PS layers of 12 nm and PI layers of 16 nm [281]. Preferential orientation of the lamellae can

be deduced by the differences in the patterns taken orienting the beam along the flow

direction and along its normal. Perpendicularly to the flow direction (beam directed along

the x axis), isotropic rings were observed, while if the beam was directed along the y direction

the signals were concentrated along the z axis. This anisotropy was attenuated when clay was

added, as reflected by thewidening of the arches that seem to show a tendency towards circular

simmetry. In Figure 17.28e the signal due to silicate layers is displayed: it is oriented and

parallel to the lamellar morphology of the block copolymer. Mutual orientation of the

silicate and of the block copolymer lamellar microdomains occurs with a uniaxial symmetry

in the flow direction.

A similar example of studies on the orientation of TPE-clay nanocomposites was reported by

Kim and colleagues [282]. In this case, the microdomains of a SIS block copolymer were

organized as hexagonally packed cylinders, preferentially aligned along the flow direction.

Also in this work, clay exerted a disrupting role on the orientation of the domains. Clay tactoids

in the nanocomposites were mostly oriented along the flow direction, but misaligned tactoids

displaced the cylinders nearby, decreasing the Hermans orientation factor in SIS/clay

nanocomposites. If the H morphology was attained by a transition from a S morphology, the

decrease in the orientational factor from original well aligned H was smaller compared with

neat SIS, showing the existence of a memory effect [282].
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The orientation of the polymeric matrix in a poly(butylene terephthalate) (PBT)-block-poly

(tetramethylene oxide) (PTMO) TPE filled with carbon nanotubes (CNT) has been also

reported [283]. In this study, the structure and morphology of the filled and unfilled material

were studied as a function of deformation. For what concerns the pristine polymer, the initial

WAXD pattern is an isotropic collection of circular diffraction signals corresponding to the

a form of PBT. As strain increased, isotropy was gradually lost and the signal accumulated in

the equatorial area (perpendicular to the stretching direction). The structural features that

determine the observedWAXD/SAXS signals have been clearly schematized by the authors in

Figure 17.29.

The initial isotropic SAXS pattern of the copolymer (patternA, left in Figure 17.29) is due to

a random orientation of the semicrystalline PBT domains in the sample, while the initial SAXS

pattern taken from the nanocomposite (pattern A, right in Figure 17.29) reflects their partial

orientation due to the templating effect of CNT. Following application of stress in the elastic

region, the SAXS signal becomes gradually anisotropic showing an arc on the meridian

(patternB in Figure 17.29), as a consequence of the rotation of the crystal lamellae in order to be

aligned along the stretching direction.

At higher strains an irreversible breakage of the PBT crystalline lamellae produces a four

point diagram for the copolymer case (Figure 17.29, patternC, left). The samepattern is present

in the nanocomposite (Figure 17.29, pattern C, right), althoughmuch less defined, because of a

higher degree of disorder, due to the disturbing role of CNT. Later on during the deformation,

the fragmented lamellae tend to reassemble themselves along the stretching direction forming

Figure 17.28 Roll-cast samples of (a) 0, (b) 2.5 and (c) 10wt% SIS block copolymer filled with clay,

showing the orientation of the SIS lamellae in SAXS. Note some loss of orientation with increasing

amount of the layered-silicate. The lamellar spacing is constant at approximately 28 nm. (d) SAXS pattern

of the sample containing 2.5wt% clay viewed along the roll-cast direction. Note the near isotropic nature

of the block copolymer domains. (e) WAXS pattern of the sample containing 10 wt % clay showing

preferential orientation of the layered silicates (Reprintedwith permission fromY.H.Ha and E.L. Thomas,

“Deformationbehavior of a roll-cast layered-silicate/lamellar triblockcopolymer nanocomposite,”Macro-

molecules, 35, 4419–4428, 2002. � 2002 American Chemical Society.)
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Figure 17.29 2D SAXS patterns together with the schemes of the correspondingmicrostructure, for the

copolymer (left) and for the nanocomposite (right). The patterns have been taken at following strains:

(a) 0%, (b) 15%, (c) 35%, (d) 100%, (e) 135%, (f) 300% (Reprinted from Polymer, 46, K.K. Indukuri and

A.J. Lesser, “Comparative deformational characteristics of poly(styrene-b-ethylene-co-butylene-b-

styrene) thermoplastic elastomers and cross-linked natural rubber,” 7218–7229,� 2005, with permission

from Elsevier.)
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microfibrils through the interconnection by tie molecules, thereby originating an equatorial

streakwith an intensitymaximum in the SAXS patterns that is related to the long period (Leq) in

the transverse direction (perpendicular to the applied stress), that is, the average lateral distance

between microfibrils.

The appearance of such equatorial maxima upon stretching has been previously reported for

PBT-b-PTMO copolymers [284, 285] and the evolution with strain can be explained by the

progressive destruction of the semicrystalline domains with increasing strain. This destruction

is more efficient in the nanocomposite than in the copolymer, because stress is more efficiently

transferred through the nanotubes anchored to the semicrystalline blocks [283]. Last, a further

increase in strain smooths the equatorial maxima into an equatorial streak, due to the formation

of an elongated soft phase, referred to as soft needles [285], formed by the resulting material of

the hard block destruction. CNT favor the appearance of such needles at lower strains than the

pristine matrix.

Along with these results, CNTwere found to act as nucleating agents in the nanocomposite.

Many nanofillers are known to be efficient nucleants. Thus, while the degree of crystallinity

was somewhat larger for the nanocomposite, the PBT crystallite size, measured by the Scherrer

equation, was considerably reduced by the presence of SWCNT.

The influence of clay on the self-organization of the microphases can be seen by furtherly

analyzing the data already shown in Figure 17.24. Analogous experiments done on a clay-

containing sample of the same SEBS copolymer, revealed that the observed Bragg peaks

became weaker and broader as filler is added. Therefore, clay was found to hinder the regular

ordering of the phase-separated domain structure. As seen from the examples above and as

clear from the literature, nanofillers are very often associated to a disturbing effect on the

crystallization of the matrix. The characteristic peaks of the spherical phase were sharper than

those relative to the cylindrical phase. The increase in temperature favored the growth of the

grain, and thus the structural perfection of the domain structure. Further heating determined a

broadening and weakening of the peak, coherent with an order-disorder transition. It has been

observed that in nanocomposites having a strong attractive interaction between the organoclay

and block copolymer, the TODT is increased with respect to the neat matrix [286].

Another possible route for preparing thermoplastic elastomers is by employing polyurethane

(PU). PU properties can be adjusted by two approaches: the first is to change the molecular

structure of polyurethane by modification of its three basic building blocks: polyether or

polyester, diisocyanate, and chain extender. The second is to introduce inorganic fillers into the

polyurethane matrix. With the advent of nanocomposite approach, PU/clay hybrids have

attracted increasing interest. The XRD characterization of layered fillers has already been

discussed elsewhere in this chapter, but in the case of PU-based composites it is of great interest

to examine the effect of the filler on the structure of the matrix.

Thermoplastic polyurethanes (TPU) consist of alternating hard and soft segments.

The hard segment is composed of alternating diisocyanate and short chain extender molecules

(that is, diol or diamine), while the soft segment is a high molecular weight polyester or

polyether macrodiol. Phase separation occurs in TPU because of the thermodynamic incom-

patibility of the hard and soft segments. The segments aggregate intomicrodomains resulting in

a structure consisting of glassy or semicrystalline hard domains and rubbery soft domains that

are below or above, respectively, their glass transition temperatures at room temperature.

Mechanical properties forPU/claynanocomposites areclosely related to thephase structures,

however, it is not yet clear how the introduction of clay affects the phase morphology of PU.
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Through SAXS analysis one can obtain important morphological data such as interdomain

spacings, domain size and interfacial thickness [287, 288].

Avery common approach for this kind of analysis is that based on the use of the correlation

function. As it has already been said, SAXS intensity is a consequence of local heterogeneities

in the electron density of the material. For a two-phase system, the invariant quantity Q of

overall mean-square electron density fluctuation is obtained by integrating q2I(q) over the

range of scattering angles:

Q ¼
ð1
0

q2IðqÞdq ð17:70Þ

The value of invariant Q describes the electron density fluctuation of polymer and is a

good approximation to estimate the overall degree of phase separation in segmented poly-

urethanes. The inter-domain spacing L, defined as the average distance between two hard

domains, can be estimated from the qm corresponding to themaximumof I(q)q2 versus q curves

using Bragg’s equation.

For systems with a lamellar structure, the one-dimensional correlation function g1(r) will

have a primary local maximum at a position r which corresponds to the inter-lamellar repeat

distance L1D. The one-dimensional correlation function (Figure 17.30) is:

g1ðrÞ ¼ 1

Q

ð1
0

q2IðqÞcosðqrÞdq ð17:71Þ
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Figure 17.30 Correlation functions g1(r) obtained from the SAXS profiles of a series of polyurethanes

(Reprinted fromPolymer, 39, S.L. Chang et al., “Effect of polyester side-chains on the phase segregation of

polyurethanes using small-angle X-ray scattering,” 3479–3489, � 1998, with permission from Elsevier.)
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The domain size can be obtained by interpreting the 1D correlation function [289]. This

interpretation assumes that the sample has an ideal lamellar morphology, that is, that it

consists of an ensemble of isotropically distributed stacks of alternating crystalline and

amorphous lamellae. In the case of PU-clay nanocomposites, the lamellar structure of

clay itself can be considered a minor component with respect to the PU matrix and can

therefore be neglected.

The inter-domain repeat distance (L or L1D) depends on the molecular length of the

polyester soft segment, the number and size of hard segment lamellar crystalline particles and

those of polyester crystalline particles. L (or L1D) increases with increasing polyester

molecular chain length, and also with decreasing degree of polyester crystallinity. The

range of inhomogeneity lp is a measure of the average size or distance for which all the

inhomogeneities in a material exist. According to Debye-Bueche theory [290], the lp value

can be obtained by the slope and intercept of a plot of the left-hand side of Equation 17.72

against q2 as q ! 0 (Figure 17.31):

ðIðqÞ�IbÞ�1=2 ¼ 8p Z2
� �

l3p

� ��1=2

ð1þ l2pq
2Þ ð17:72Þ

where hZ2i is the mean-square electron density fluctuation ðZ ¼ r��rÞ and Ib the

background intensity.
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Figure 17.31 Plots of IðqÞ�Ibð Þ�1=2
versus q2 at q ! 0 for a series of polyurethanes; full lines are

simulated results (Reprinted from Polymer, 39, S.L. Chang et al., “Effect of polyester side-chains on the

phase segregation of polyurethanes using small-angle X-ray scattering,” 3479–3489, � 1998, with

permission from Elsevier.)
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Thevalues of the interfacial boundary thickness parameters and the Porod’s law constantKp

can be obtained from the slope and intercept respectively of a plot of the left-hand side of

Equation 17.73 against q2 as q ! 1 (Figure 17.32):

lnf½IðqÞ�Ib�q4g ¼ lnKp�s2q2 ð17:73Þ

Porod’s law constantKp is related to the interface surface-to-volume ratio S/V by the relation:

Kp ¼ 2pie Z2
� �ðS=VÞ ð17:74Þ

where ie is the Thompson scattering factor for a single electron. An equivalent thickness E for

an inter-phase gradient is given by E¼ 12½s.
A furtherly detailed analysis of SAXS data from TPU can be obtained by a method

analogous to that described in the case of clay tactoids [56, 88–91]. By this approach,

Equations 17.10–17.12 can be used to reproduce experimental SAXS patterns, considering

Y and Z as the thicknesses of the hard and soft phase, respectively. This technique was

successfully employed by Marigo and Marega [291] to characterize fluorinated PU. These

authors also estimated the electron density difference between the two phases (rh� rs) and the
inner surface S/V [6]:

2p
ð1
0

sIðsÞds ¼ FhFs�E

6

S

V


 �
ðrh�rsÞ ð17:75Þ
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Figure 17.32 Plots of ln ½IðqÞ�Ib�q4
� 

versus q2 as q ! 1 for a series of polyurethanes; full lines are

simulated results (Reprinted from Polymer, 39, S.L. Chang et al., “Effect of polyester side-chains on the

phase segregation of polyurethanes using small-angle X-ray scattering,” 3479–3489, � 1998, with

permission from Elsevier.)
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4

p
lim
s!1

s3IðsÞ
Q

¼ S

V

� �
rh�rs

2p2FhFs

ð17:76Þ

WhereE is the thickness of the transition layer between the hard and the soft regions, evaluated

according to the procedure described byVonk [292],Q is the invariant (Equation 17.70) andFh

and Fs are the volume fractions of the hard and soft phases.

The inhomogeneity length lp was evaluated as [293]:

lp ¼ 4FhFs

S=V
ð17:77Þ

and the average length of the segments lying within the hard and soft phases, lh and ls,

respectively, were obtained from lh¼ lp/Fs and ls¼ lp/Fh.

The evaluation of such parameters yielded information about the average thickness of

the phases.

In the case of the samples examined by the authors [291], the average length of the hard phase

lh and the transition layer thickness did not remarkably change. In contrast, a decreasing trend

of the electron density was observed with increasing molecular weight of the fluorinated

building blocks, probably because of an increase of melt viscosity of the system, which slows

down the expected phase separation. The SAXS patterns obtained for the considered samples

showed two partially overlapped peaks, due to the presence of a bimodal distribution of the long

period thicknesses. The advantage of the fitting procedure outlined by Equations 17.10–17.12

was that of allowing an independent evaluation of the two overlapped peaks in the SAXS

patterns. It was found that the morphological parameters of the first family of structures were

dependent on themolecularweight of the fluorinated building block,while the other family had

a morphology independent from this parameter. By crossing SAXS and TEM data, it was

shown that the studied polymers had a heterogeneous structure, not only at the molecular level,

but also at a macroscopic scale. The presence of two families of structures was probably

attributable to the synthetic process [291].

The fitting method is moreover preferable because its results are solely based on SAXS. In

the correlation function data treatment, in fact, WAXD crystallinity is employed for the

estimation of the lamellar thickness, while the fitting technique yields lamellar parameters only

on the basis of the SAXS profile.Moreover, the fittingmethod allows to obtain a larger number

of morphological parameters, like the distribution of the thicknesses and of the crystallinity

associated to the lamellar stacks, that can not be evaluated by the analysis of the correlation

function [76, 294–296]. The reliability of the fitting method was also successfully checked by

comparison with transmission electron microscopy measurements [56, 90].

Another alternative approach is that of fitting the data according to other scattering models.

Laity et al. [297] assessed the ability of a number of scattering models based on different

morphologies to reproduce the scattering features observed for TPU with various composi-

tions. Spherical models based on a Zernike-Prins type lattice or a Percus-Yevick liquid type

structure were found to most accurately fit the data. The Zernike-Prins model was used by

Laity et al. to successfully fit SAXS data from TPU subjected to uniaxial deformation [298].

The Zernike-Prins model can also provide a direct estimate of the interdomain distance. The

scattering from two-phase systems is represented as the product of the form factor,P(q), and the

structure factor, S(q) (Equation 17.16).
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In the case of sphericalmicrodomains, the form factor of a sphere is given byEquation 17.52.

The Zernike-Prins model [297] assumes that the positions of the scattering bodies in a

medium can be described in any direction by a distorted one-dimensional statistical lattice:

SðqÞ ¼ 1�A2

1�2A cosðqdÞþA2
ð17:78Þ

where:

A ¼ exp � q2s2

2

� �
ð17:79Þ

for the case of a Gaussian distribution of nearest-neighbor distances (d) on the lattice, with

standard deviation s.
The effect of clay on the phase morphology of TPU is still open for questions. On one hand

there are studies, for example the work of Martin and colleagues [79], that do not report

observable effects on the microphase separation due the layered silicates and that do not

individuate a role of clay in the morphological response of the TPU to deformation. The

improved tensile properties of the nanocomposites containing the smaller nanofillers is

ascribed by these authors to the filler particles oriented along the direction of strain, that

interact with the TPU sequences via secondary bonding. Large tactoids, that are unable to align

in the strain direction, lead to concentrated tensile stresses between the polymer and filler,

instead of desirable shear stresses, resulting in void formation and reduced tensile properties.

On the other hand, there are instances where the phase morphology of PU is significantly

altered by the presence of clay. Song et al. [299] for instance reported that the main interaction

sites between polymer and clay are the soft segments and clay appears to influence mostly the

inter-domain repeat distance at high soft segment contents, while the hard domain size remains

unaltered as filler is added. The addition of clay, moreover, resulted in the decrease in the inter-

domain distance as well as the size of the aggregates of the hard domains. The increase in hard

segment content leads to the increase in both the inter-domain distance and domain size.
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18.1 Introduction

The transport behavior of organic solvents and gases through polymers is of great technological

importance, since polymer membranes are increasingly used in applications in biomedical,

environmental and agricultural engineering. Themigration of gases throughmaterials has been

a critical factor in the ability of food packagers to increase the shelf life of products. The

migration of carbon dioxide (CO2) out of soda bottles can reduce shelf life by allowing the soda

to become “flat.” Oxygenmigrating into beer bottles reacts with the beer tomake it “stale.” The

migration of oxygen through auto and truck tires causes the steel to rust, reducing the tire’s life.

This is particularly important in large industrial truck tires that may be retreaded many times

before the “carcass” is discarded. Superior barrier properties of polymer nanocomposites have

resulted in applications for barrier liners in storage tanks and fuel lines for cryogenic fuels in

aerospace systems, air springs, cure bladders and so on [1]. The selection of a barrier polymer

for a particular application typically involves trade offs between permeation, mechanical and

esthetic properties as well as economic and recycling considerations.

Excellent air retention properties of butyl/halo butyl is very well known in the tire industries

and these rubbers are extensively used in the inner tube (IIR) of tube-type tires and in the inner

liner (XIIR) in tubeless tires [2]. The tire industries use approximately $1 billion of butyl rubber

just to retain air. There are also some other elastomers, which are not used in the tire industries,

but have very good and even better air retention properties, for example, epichlorohydrin
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rubber (ECO), polysulfide rubber (TM) and polyurethane rubber (AU). Other elastomers like

nitrile rubber (NBR) and ethylene/acrylate copolymers (EAM) provide moderate air retention

properties. Barrier properties are important for sports balls for feel and bounce due to air

retention. Barrier properties are also utilized in chemical protective gloves to protect against

chemical warfare agents.

In flexible polymer like elastomers the polymer chains above the glass transition temperature

allowmicroBrownianmovement of chain links through various degrees of freedom.Under this

condition, the penetrant can diffuse easily through the polymer. Crystalline polymers show

impermeability to many liquids and gases due to orderly arrangement of molecular chain and

thus prevent the penetration of small molecules. Increased molecular orientation also reduces

permeability bymaking the transportation of permeant more difficult. Improved packing order

and increased crystallinity of the barrier material increases its density and, again, decreases

permeability. Similarly, crosslinking also prevents the free flow of permeant through the

network structure. Physical interaction between penetrant and barrier material such as the

formation of hydrogen bonds or the interaction between polar and functional groups may slow

down the permeation [3].

It is well known that the barrier properties of a polymer can be improved by the addition of

impermeable plate-like structures [4]. When the plates are oriented perpendicular to the

diffusion (permeation) direction, the diffusing molecules must go around the plates. This leads

to significant reductions in the permeability of the polymer inner tube. The nanocomposite

technology can penetrate the automobile sectors especially pneumatic tire, as barrier enhance-

ment is important for air retention in tires. Using butyl as elastomer and clay as filler with high

aspect ratio, the air retention properties can be improved to a level 50 times better than that of

normal butyl compound.

Improving the performance of polymer products by incorporation inorganic fillers has long

been practiced. Elastomers are often reinforced with particulate fillers such as carbon blacks,

clays, talc and silica to obtain the desired mechanical, thermal and chemical properties [5].

However, there aremanydisadvantageous side effects of conventionalfillers as thesefillers bring

downimportantpropertiesathigher loadings. It iswellknownthat thereinforcingabilityoffiller is

depended on its shape, particle size, particle size distribution and interfacial adhesion [6].

Generally, thepresenceofactivefunctionalgroups,surfacefreeenergyandenergeticallydifferent

crystallite faces of the filler surfaces influences the interaction between polymer and filler [7].

Recently, themodification of polymer composites using nanosize fillers having a high surface to

volumetric ratio has become an attractive method for the development of many industrial

products. The use of nanoparticles to alter permeation properties extends beyond reducing

permeabilitywith increasingfiller content.Nanocomposite improvesbarrier togases, such as air,

oxygen, carbon dioxide and so on [8]. It also helps to protect migration of moisture and odour.

Greater barrier also impedes absorption of flavors and vitamins by the plastic packaging itself.

Outstanding properties of nanocomposites system may arise from large interfacial area per

unit volume between the constituent materials at the interface [9]. The interface controls the

degree of interaction between different phases thus controlling the overall properties. If the

nanocomposites are produced fromorganic polymers and nanoscale fillers having a high aspect

ratio, the increase in the surface area of nanoscale fillers results in a high degree of interfacial

interaction, leading to overall improvement in the properties. Thus the greatest challenge in

developing polymer nanocomposites lies in managing the interfacial interaction. The interfa-

cial regionmay be characterized by chemical, structural andmolecular environments. The size
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of the interface has been reported in the range of 2–50 nm. Additionally the property

enhancement is influenced by processing methods that lead to the control of dispersion and

distribution of particles of nanoscale dimensions [10].

Many types of nanofiller are currently available and, among these, carbon nanotubes are the

most promising, in terms of high performance [11–13], while layered silicates are the most

common and established [14–16]. Siliceous filler having a particle size in the range 10–20 nm is

a reinforcing particulate filler which finds applications in the polymer industry as dental filling,

electronic packaging, thickener for paints and coatings and as a reinforcement for silicones,

PVC and many other rubbers [17]. Similarly rod-shaped nanofillers with a high aspect ratio

such as cellulose whisker with 18� 9 lateral dimensions and an aspect ratio of around 100 nm

has been used as reinforcing filler in PP, epoxy and plasticized PVC [18–20].

The focus of this chapter is on the barrier properties of rubber nanocomposites. Recent

advances in theoretical and experimental works for the barrier properties are reviewed along

with their potential applications.

18.2 Theoretical Consideration

18.2.1 Fundamental Permeation Theories

The barrier properties of a polymeric material refer to its abilities to impede the transporta-

tion of small molecules through it. When a polymer is subjected to a high concentration

gradient of permeant, the permeant passes through the polymer by several processes, as

illustrated in Figure 18.1.

The diffusion of small molecules into polymers is a function of nature of both the

polymer and the permeant. There are many factors which influence diffusion process such

as the molecular size [21] and physical state of the permeant [22], the morphology of the

High concentration Low concentration

Net transport

Diffusion

Sorption

Desorption

Permeable material

Diffusion

Figure 18.1 Permeation of a substance through a polymeric material
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polymer [23], the compatibility or solubility limit of the solute within the polymer matrix [24],

and the surface or interfacial energies of the monolayer films [21–24]. Additionally, external

forces (temperature, pressure, concentration, relative humidity, and so on) also contribute to

the diffusion process. In most diffusion processes, permeants plasticize the polymer during the

permeation, thereby increasing the chain mobility, leading to stress relaxation, shrinkage,

phase ripening and so on [25].

The description of gas/liquid transport across nonporous polymers under the influence of the

applied driving force is based on a variety of solution–diffusion models which contain a large

number of equilibrium and diffusive parameters [26, 27]. The relative sorption and diffusion

rates of gases then lead to separation of the gas mixture. The diffusion of lowmolecular weight

penetrant of varying sizes through the polymeric film or membrane has been extensively

studied [27]. A knowledge of thermodynamics and kinetic properties of the gas/liquid-polymer

system and experimental study of gas transport through various polymers is an essential

requirement for developing suitable models to describe the transport phenomena. The

evaluation of the model parameters and discrimination between the various models of

membrane transport requires a substantial amount of experimental data, which is not normally

available. The model parameters are also often highly system-specific and small changes in

the polymer material can cause radical changes in the solubility and/or diffusivity of the

permeating species.

Two important parameters used to describe the permeation process, namely the solubility S,

which gives the total amount of gas trapped in the membrane, and the diffusion coefficient D

of a gas molecule inside the network. For steady-state permeation of simple gases into

a homogeneous polymer film, the permeability coefficient (P), a direct measure of the

efficiency of the permeation process, is obtained from the product of the solubility and

diffusion coefficient [28]

P ¼ DS ð18:1Þ

The permeation of small molecules through rubbery polymer becomes easier due to higher

segmental mobility of the polymer chains and presence of more free volume. The diffusion

behavior in the rubbery polymers, represented by permeation, migration and sorption

processes, can be described by Fick’s laws as given by the equation [29]:

J ¼ �D
qf
qx

ð18:2Þ

where J is the flux density of the solute molecules through the membrane, D is the gas

diffusion coefficient, qf=qx is the concentration gradient applied across the membrane and

f is the concentration of the dissolved gas given as the amount of gas per cubic centimeter

of membrane.

In nonsteady or continually changing state diffusion, that is, when the concentration within

the diffusion volume changes with respect to time in one direction, Fick’s second law of

diffusion is given as:

qf
qt

¼ �D
q2f
qx2

ð18:3Þ
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18.2.2 Diffusion through Polymer Membrane Filled
with Particulate and Layered Fillers

Polymer film containing aligned flakes or layered fillers show less permeability. The perme-

ability changes with the volume fraction of flakes f and the aspect ratio of the flakes a. This
aspect ratio is defined as the intermediate dimension divided by the smallest dimension.

Considering the case where the volume fraction of filler is much less than one, often called the

dilute limit, the product of concentration and shape, fa is also less than one. So, the

permeability does not change much. However if the volume fraction of flakes are considerably

high (semi-dilute limit), f is much less than one but fa is much greater than one. In this case,

the permeability of the barrier is dramatically changed. Changes in diffusivity and permeability

of nanocomposites with clay content are conventionally explained within the concept of

tortuous paths [30]. According to this approach, the path that a small molecule of a penetrant

must travel in a polymeric matrix substantially increases in the presence of intercalated and/or

exfoliated clay layers (that possess aspect ratios of order of 103). This results in a noticeable

decrease in the coefficient of diffusion. According to the Nielsen equation [30], the tortuosity

factor, defined as the ratio of diffusivity of a composite to that of the pristine polymer, is

inversely proportional to a linear function of the volume fraction of filler. The industrial and

scientific prospects of using layered mineral filler in polymeric composites is well appreciated

and has received much attention recently [31, 32]. Polymer-layered silicate clay nanocompo-

sites containing a small fraction of organically modified layered silicate exhibited reduction in

the permeability of small gases, for example, O2, H2O, He, CO and ethyl acetate vapors [13].

The clay layers confine the polymer chains around their surrounding through clay-polymer

interaction, thus hindering the relaxation of polymer chains, which in turn, reduces the

diffusion of small molecules through the nanocomposite. The spherical inorganic particulate

fillers such as fumed silica are also considered impenetrable by gas molecules. Hence, the

addition of inorganic fillers in the polymermatrix can enhance the barrier properties by forcing

the permeant molecules to follow a more tortuous path as they diffuse through the material,

slowing down the progress of the phenomenon.

Gasbarrier inpolymerclaynanocompositeswasconventionallyexplainedbythemostpopular

theoryoriginallyproposedbyNielsen todescribe the tortuosityeffectofplate-likeparticulateson

the gas permeability of filled polymer composite structures [30]. In this model, the particles are

assumed to be spherical impermeable to a diffusing gas or liquid and are homogeneously

dispersed in the polymermatrix.The impermeable natureoffiller particles creates a longpath for

the diffusing molecule by directing them around the particle, leading to an increase in barrier

properties. The Nielsen model can be used to determine the effect of filler composition on gas

permeability in themodel systemconsistingofuniformplatelets homogeneouslydispersed in the

polymermatrix and oriented parallel to the polymer film surface. A schematic representation of

diffusion of permeant is given in Figure 18.2. Parallel platelet orientation presumably gives a

better gas barrier performance as compared to random platelet orientation. The general

relationship correlating the particle nature and impermeability is given as:

Pf ¼
fp

t
Pu ¼

1�ff

t
Pu ð18:4Þ

wherePf andPu are the permeabilities of filled and unfilled polymer, respectively,fp andff are

volume fraction of polymer and filler respectively and t is the tortuosity factor.
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The tortuosity factor is defined as the distance that the molecule must travel through the

film divided by the thickness of the film. The tortuosity factor, t, also related to the ratio of

diffusivity of a composite to that of the pristine polymer, is inversely proportional to a linear

function of the volume fraction of filler. The tortuosity factor is further defined by two other

conditions. The first condition requires that the particles are parallel with the surface of the

film, while the second condition requires that the particles are perpendicular to the film

surface. The tortuosity factor, t, defined as the ratio of actual distance d 0 to shortest distance
d, is given by:

t ¼ d 0

d
¼ 1þ L

2W

� �
ff ð18:5Þ

Thus, the relative permeability k, with and without the addition of clay fillers in a polymeric

matrix, can be expressed as:

k ¼ kc

kp
¼ 1�f

t
¼ 1þ L

2W
f

� ��1

ð18:6Þ

where kc is the permeability coefficient of gas/liquidmolecules in a filled composite and kp is

the permeability coefficient of a polymeric matrix.

However, in the nanocomposite, the clay platelets are randomly oriented and those plates,

which are oriented at 90� offer no barrier to the permeant. Thus, the relative permeability may

be modified by including the orientation parameter, S:

S ¼ 1

2
ð3 cos2 y�1Þ ð18:7Þ

where y is a range of relative orientations of the plate like filler with respect to each other. Thus
the relative permeabilities for nanocomposite is given by:

k ¼ 1þ 2Sþ 1

6

L

W
f

� ��1

ð18:8Þ

where L and W are the length and width of a particle, respectively (Figure 18.2). The aspect

ratio, a, represented as the ratio of width to length ðW=LÞ. The effective permeability due to the

increased tortuous path length that a molecule must traverse depends on two variables: The

W

L

W

L

W

L

Figure 18.2 Schematic representation of permeant path diffusing through a plate-like particle-filled

polymer
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volume fraction of the flakes and the aspect ratio. As the aspect ratio for a flake increases, a

permeant such as oxygen experiences a large increase in effective path length. This greatly

reduces the rate of movement across the barrier layer. The Nielsen model was recently

used to fit experimental data for polyimide–clay [33–36], polyester–clay [37] and nitrile

rubber–clay nanocomposites [38].

Xu et al. [39] compared the experimental and theoretical values of relative water vapor

permeability of poly(urethane urea)/organically modified layered silicate(PUU/OMS) nano-

composites having aspect ratios of 300 and 1000 at different volume fractions of clay

(Figure 18.3). It is obvious that the predictions based on thesemodels indicate that Equation 18.6

fits the data somewhat better than Equation 18.8, which as expected, overestimates the barrier

properties of nanocomposites. There seems to be a transition of effective aspect ratios from

exfoliated platelets (L=W ¼ 1000) to intercalated multilayer stacks (L=W ¼ 300).

Under the condition of partial solubility of diffusing molecules in the polymer matrix

due to sorption, Nielsen modified the above equation to calculate permeability for the

system in which there will be a concentration fluctuation of diffusing species in the matrix

and at the polymer filler interface. The difference in the properties of bulk polymer saturated

with sorbed molecules and the interfacial layer formed at the filler–polymer interface

is given in the form of an equation explaining the total permeability at the bulk and at

the interface:

Pf

Pu

¼ P

Puf
n þPið1�fnÞ

fi

t0

� �
þ fp þfl

t

� �
ð18:9Þ

Pf ,Pu,Pi are the permeabilities of permeant through the filled polymer, the unfilled polymer

and the interfacial region, respectively.ff ,fi,fp andfl are the volume fraction of the filler, the

liquid collected in the interfacial region in the dry polymer and the liquid dissolved in the bulk

Figure 18.3 Relative water permeability in poly(urethane urea)/organically modified layered silicates

(PUU/OMS) nanocomposites (Reprinted with permission fromR. Xu, E. Manis, A.J. Snyder and J. Runt,

“New Biomedical Poly(urethane urea)-Layered Silicate,”Macromolecules, 34, no. 2337, 2001. � 2001

American Chemical Society.)
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polymer, respectively. t and t0 represent the tortuosity factor for the bulk and the interfacial part,
respectively. The constant, n denotes the fractional length of the average diffusional path that

crosses the polymer depended upon particle shape and orientation, aggregation of filler particles

and so on. Beall [40] proposed a simplified model considering the confinement of polymer

chains around the nanoparticles in the interfacial region.The characteristics of confinedpolymer

region depend upon many factors including the nature and shape of nanoparticles and the

polymer characteristics. Beall model can explain the relative permeability of different permeant

through nanocomposite containing different organic modifier as the model envisage the

presence of three different regions at the polymer–filler interface which help in stabilizing the

interface through compatibilization.

Bharadwaj [41] proposed amodel to explain the permeability of nanocomposites containing

randomly oriented plate-like filler. Themodel is developed by including orientation parameter,

S in the Nielsen model:

Pf

Pu

¼ 1�ff

1þ 2t
3

Sþ 1

2

� � ð18:10Þ

In the case of random platelet orientation ðS ¼ 0Þ, the tortuosity decreases with orientation
and diffusion is facilitated as opposed to parallel orientation (S ¼ 1 or Nielsen model). If the

majority of the clay layers appear to be oriented in the same direction (parallel to themembrane

surface and perpendicular to the gas flow), rather than randomly oriented, this model fails to

describe gas transport thorough the nanocomposites as it does not consider the influence of

tortuosity (Figure 18.4).

Cussler et al. developed a model [33, 42, 43] with focus on the diffusion of a small gas

molecule through a matrix filled with impermeable flakes oriented perpendicular to the

direction of diffusion and having high aspect ratio. This condition leads essentially two-

dimensional diffusion. The diffusion is mainly related to three factors: (i) the tortuous wiggles

Figure 18.4 Effect of sheet orientation on the relative permeability in exfoliated nanocomposites (n) of

the silicate sheet normals (Reprinted with permission from R.K. Bharadwaj, “Modelling the Barrier

Properties of Polymer-Layered Silicate Nanocomposites,” Macromolecules, 34, no. 26, 2289, 2001.

� 2001 American Chemical Society.)
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to get around the flakes, (ii) the tight slits between the flakes and (iii) the resistance of going

from the wiggle to the slit.

Dc

D0

¼ 1�ff

ð1�ff Þþ ðt�1Þ2 ¼ 1þ a2f2
f

1�ff

 !�1

ð18:11Þ

where Dc and D0 are the diffusion coefficients of the composites and pure polymer,

respectively. a is the particle aspect ratio. It was found that the calculated aspect ratio of

filler ðaÞ by substituting the experimental permeability values in the above model is lower than

the one obtained from the transmission electronmicroscope. Therefore, Cussler et al.modified

the model by incorporating a geometric factor ðmÞ in the previous equation to obtain an actual
aspect ratio for the filler:

Dc

Do

¼ 1þ m
a2f2

f

1�ff

 !�1

ð18:12Þ

m depends on the distribution of the plate-likematerial. In either case, the higher the aspect ratio

of the filler, the larger is the decrease in permeability. A permeability model can be obtained by

multiplying the diffusion by the appropriate solubility. Since the model assumes linear

relationship between solubility of filled composites and volume fraction, S ¼ S0ð1�ff Þ,
where S is the solubility of the filled composites and S0 is the solubility of pure polymer. The

permeability is expressed as:

Pf

Pu

¼ ð1�ff Þ2
ð1�ff Þþ a2f2

f

ð18:13Þ

Aries [45] proposed another model by taking into account the resistance to diffusion in the

slits between adjacent flakes in the same horizontal plane:

Df

Du

¼ 1þ f2
f a

2

ð1�ff Þ
þ ff a

s
þ 4ff a

pð1�ff Þ
ln

pff a
2

sð1�ff Þ

 !
ð18:14Þ

where s is the slit shape factor (the ratio between slit width and slit thickness). The first two

terms on the right hand side equation are similar to Equation 18.7 and the remaining third and

fourth terms are new.The second term, involvinga2, is the resistance to diffusion of the tortuous
path around the flakes. It is called “wiggle.” This wiggling is the chief contribution to the

increased resistance in flake-filled barrier membranes. The third term represents the resistance

to diffusion of the slits between adjacent flakes in the same horizontal plane. The fourth term

represents the constriction of the solute to pass into and out of the narrow slits. This constriction

would represent an additional resistance to diffusion, even when the slit length was extremely

short. The result for flakes given by Cussel and Aries models is supported by some

experimental results from membrane studies [45–47] and some analytical simulation studies

using Monte Carlo simulation [48]. However, a comparison of simulation results with the

predictions using Equation 18.6 shows that theAriesmodel overpredicts the effective diffusion

coefficient, especially if compared to the 3D simulation.

Yano et al. [36] compared filler aspect ratio with the permeability on clay-filled polyimide

containing four different sizes of clayminerals such as hectorite, saponite,montmorillonite and
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synthetic mica. The influence of length of clay platelets on permeability is represented in

Figure 18.5. They found at constant clay content (2wt%) that the relative permeability

coefficient decreases on increasing the length (related to aspect ratio) of the clay.

Gusev and Lusti [49] developed another model by performing a series of finite-element

analyses of a random dispersion of nonoverlapping impermeable round platelets for a number

of values of a andf. They found that the results in the form ofP0=P could be represented by the

stretched exponential function:

Pf

Pu

¼
1þ aff

3

� �2

ð1�ff Þ
ð18:15Þ

Fredrickson [50] developed permeability model for transport properties of dilute and semi-

dilute particle dispersions having disk-shaped particles based onmultiple scattering expansion.

The dilute regime resembles Nielsen model and accounts for low filler content. Fredrickson

modified Nielsen model by adding a geometric factor, K ¼ p=ln a, into the equation and

expressed relationship with diffusion coefficient, D:

Df

Du

¼ 1

1þKaff

ð18:16Þ

Since the volume fraction of filler applied is small (less than 0.1) and thus the solubility can

be assumed constant. For the semi-dilute regime, the filler content has increased from the dilute

regime, and the system resembles Cussler model. However, Fredrickson model calculates the

filler’s aspect ratio higher than one predicted by Cussler model.

Figure 18.5 Dependency of clay length on relative permeability coefficient. Aspect ratios: hectorite¼
50, saponite¼ 170, montmorillonite¼ 220, synthetic mica¼ 1230 (Reprinted from K. Yano, A. Uski

and A. Okada, “Synthesis and properties of polyimide-clay hybrid films,” Journal of Polymer Science:

Part A, Polymer Chemistry, 35, no. 11, 2289, � 1997, with the permission of John Wiley & Sons, Inc.)
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Meneghetti et al. [44] compared the suitability of different models in predicting the aspect

ratio of the clay filler from the permeability measurement of SBR/O-MMT nanocomposites at

different volume fraction ofO-MMT. They used two organicmodifiers, viz. octadecyldimethyl-

betaine (C18DMB) and vinylbenzyl-octadecyldimethylammonium chloride (VODAC) in their

study. Figure 18.6 shows the comparison of aspect ratios of O-MMT obtained from various

models. The modified Cussler model gives a much higher aspect ratio than the original Cussler

model. Fredrickson model curves appear very similar to Nielsen model, and they give the same

aspect ratio. The originalNielsen and themodifiedNielsenmodels arevery similar to each other,

except that the aspect ratio is slightly higher for themodifiedmodel. The original Nielsenmodel

gives the closest value of aspect ratio as observed with TEM.

A constitutive equation for the moisture diffusion for an intercalated vinyl ester resin-

montmorillonite clay nanocomposite was developed by Drozdov et al. [51]. The observed

diffusion tests showed that the moisture diffusion in the neat resin is Fickian, whereas it

becomes noticeably anomalous (nonFickian) with increasing clay content. This transition is

attributed to immobilization of the penetrant molecules on hydrophilic surfaces of clay layers.

Fair agreement is demonstrated between the observations and the results obtained from

numerical simulation. The moisture uptake by the host matrix increases on increasing the

clay content. With reference to the free-volume concept, this observation is explained by the

clustering of water molecules in the close vicinity of stacks of platelets, where diffusivity

dramatically falls down.

Recently, a model for predicting effective diffusivity in heterogeneous systems with

dispersed impermeable domains of variable orientation and distribution was developed

by Sorrentino et al. [52]. The model is taking into account the formation of an interface

region between the polymer bulk and the clay sheets that can influence the barrier properties.

Figure 18.6 Permeability data at different volume fraction of filler and comparison of model fitting

(Reprinted with permission from P.C. Meneghetti, “Synthesis and properties of rubber-clay nanocom-

posites (Figure 4.5),” in PhD Thesis, Case Western Reserve University, 107, � 2005.)
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The model also considers the tortuous path way of permeant. The relative diffusivity is

given by:

Df

Du

¼ ð1�bff Þ

ð1�ff Þþff 1þ Lþ 2t

L sin yþ 2t cos y

� �2
ð18:17Þ

where y represents the orientation angle and b is a fitting parameter representing the ratio

between the interface diffusivity and the bulk polymer diffusivity.

18.3 Experimental Studies

Research on new materials technology is attracting the attention of studies all over the world.

Developments are being made to improve the properties of the materials and also to find

alternative precursors that can bestow desirable properties on materials. Great interest has

recently been developed in the area of nanostructured reinforcing materials. Reinforcement is

especially important for the application of elastomeric materials because the mechanical

strength of unfilled elastomers is generally poor. Commonly, isometric fillers like carbon black

or fumed silica are used for reinforcing elastomers. New kinds of fillers such as nanoparticles

and nanofibers have also been studied and were found to improve the properties of the

composites. Commonly used nanoparticles are multiwalled carbon nanotubes (MWNTs),

single-walled carbon nanotubes (SWNTs), buckminsterfullerene, carbon nanofibers (CNFs),

montmorillonite (MMT) nanoclays, polyhedral oligomeric silsesquioxanes (POSS), nano

silica, Al2O3, TiO2 and so on. Rapid advancement in the polymer/nanoparticle nanocomposite

technology in the past 15 years have demonstrated a doubling of the tensile modulus and

strength without sacrificing impact resistance for numerous thermoplastic (nylon and thermo-

plastic olefin TPO) and thermosets (urethane, siloxane and epoxy) resins through the addition

of as little as 2 vol% nanoparticles. Additionally, reduced thermal expansivity, matrix swell-

ability, gaseous permeability and flammability upon 1–5 vol% addition of nanoparticle will

provide new opportunities for various resin systems. Recently, a more efficient approach for

reducing the permeability of elastomers has receivedwidespread attention. The permeability of

rubber-like substances to gases stands in relation to the solubility and rate of diffusion of the

gases in those materials. The differences in permeability of the same elastomer to different

gases are caused not only by differences in rate of diffusion but also by differences in solubility.

As soon as a fluid is in contact with the surface of an elastomer for a sufficient time, gases and

liquids can dissolve into the elastomer and move further by diffusion. These solution and

transport processes may cause modifications of the physical properties of the elastomer, which

often leads to a decrease in barrier properties. The presence of polar groups in an elastomer

reduces the solubility of nonpolar penetrant and increases the solubility of polar gases in the

elastomers [53]. It was shown that the chemical structure of the rubber molecules affects the

rate of diffusion of gas passing through a series of rubbermaterials.Moreover, the strain induced

crystallization of rubber reduces the rate of diffusion. It is also found that the gas diffusion

is related to its molecular size; that is, the bigger the gas molecule, the slower the diffusion.

The solubility of the gas in the rubber is determined by its tendency to condense and by the

interaction between the rubber and the gas molecules. In the case of permeant gases such as

nitrogen, oxygen and hydrogen, the permeability depends on the nature of gas, the membrane
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material, temperature and pressure. Inclusion of filler in the elastomeric matrix hinders the

transport of fluid by directing the permeant to follow tortuous path. Fillers in general and carbon

black in particular aremuch less permeable than even relatively impermeable elastomers such as

the halo butyls currently used in most tire inner liners. Therefore, higher filler loadings in

elastomeric components designed tominimize permeability ofmoisture andgases should lead to

a reduction in permeability. However, high loading offillersmay reduce the processability of the

rubber compounds and cause the end products to weigh significantly more than the neat rubber,

and thus limit their application in some industries. It is expected that dispersing nanoparticles in

rubber matrix should effectively reduce the gas permeability.

Engineering products such as tire inner tubes, air springs, cure bladders and so on demand

a high barrier to gas permeation. Isobutylene-isoprene rubber (IIR, butyl rubber) has the

outstanding gas barrier property among hydrocarbon elastomers. Similarly, the air permeability

of styrene-butadiene rubber (SBR) at 65 �C is about 80% that of natural rubber (NR)while butyl

rubber shows only 10% permeability on the same scale. Isobutylene-based polymers; particu-

larly halogenated isobutylenes such as chloro- and bromobutyl rubber are the preferredmaterial

for tire liners, heat resistant tubes, bladders and pharmaceutical ware due to very

high impermeability to gases. Isobutylene have also been blended with numerous compositions

such as NR in order to increase its various properties, such as elasticity, strength, air imperme-

ability and so on. Moreover, these elastomers have been functionalized in order to improve

compatibility or crosslinkability with other polymers to achieve improved air barrier properties.

A review on selective transport of gases through polymeric membranes has been carried out

by Aithel et al. [53]. Further extensive studies on permeability of various gases through

different elastomers are reported by vanAmerogen [54, 55]. Johnson et al. [56] investigated the

nitrogen and oxygen gas transport properties of natural rubber, epoxidized natural rubber

(ENR) and their blends. The permeability of the pure polymers and blends was determined and

correlated for oxygen-to-nitrogen selectivity with glass transition temperature. They reported

that NR ismore permeable to nitrogen and oxygen. In contrast, ENR showsmaximum oxygen-

to-nitrogen selectivity. In NR/ENR blends, permeability of the penetrant decreases with

increasing the volume fraction of ENR in the blend, whereas selectivity increases with volume

fraction of ENR

Several studies were realized on the gas barrier properties on rubber–inorganic filler

nanocomposites.Manyof themare specificallydevoted to layeredclay-filled rubber systems [38,

57–70]. The variation in gas barrier properties was studied with respect to type and amount of

filler, type of polymer matrix and other preparation conditions. The influence of filler particle

shape, their aspect ratio, extent of intercalation and/or exfoliation on permeability of gases or

liquids was extensively studied. A few others reported the suitability of barrier models for

nanocomposites by comparing the experimentally obtained data with the values obtained from

models. In many cases there is a broad agreement between the two data validating the models.

Wang et al. [57] reported the permeability of the nitrogen gas through pristine NR and its

nanocomposites filled with different rectorite contents and measured the nitrogen flux for

different time periods (Figure 18.7). According to them, the rectorite content in NR exerted

a strong effect on both non-steady state and steady state fluxes of N2 through the nanocompo-

sites. With the increase of rectorite content, the non-steady state region of flux curve broadens

(slower diffusion) and steady-state flux decreases (lower permeability). Further, the perme-

ability of the nanocomposites rapidly decreasedwith the increase of rectorite content with 50%

reduction in permeability for the nanocomposite with 7% rectorite.
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Varghese et al. [58] reported the swelling behavior of NR nanocomposite obtained from

different clay materials in toluene. A plot was drawn by plotting the sorption verses time for

different nanocomposite vulcanizates. The amount of toluene absorption at equilibrium

swelling is less for the composites containing layered silicate, especially fluorohectorite,

compared to that containing commercial clay. The sorption curves of the composites also show

the difference in the initial rates of diffusion which is the fastest for gum followed by

commercial clay-filled rubber, as shown in Figure 18.8. The relatively lower rates of diffusion

at the beginning of the sorption curve for the compounds with layered silicates are due to the

strong interface and also due to the orientation of the layers. The authors compared the relative

permeability of gum and filled NR. The relative permeability decreases in the order commer-

cial clay (55%) > bentonite (35%) > fluorohectorite (5%).

Stephen et al. [59] described the transport properties of nanocomposites derived from the

latex blending of natural rubber, carboxylated styrene butadiene rubber and their 70/30 blends

with sodium bentonite clay. These layered silicates reinforced rubbers were investigated for

permeability using benzene, toluene and p-xylene. The nanocomposites displays reduced

absorption rate due to increased polymer/filler interaction, which in turn increased the

tortuosity of path of the permeant. The diffusion coefficient of layered clay filled rubber

decreases as a function of clay loading. The calculated activation energy of diffusion of

permeant is found to be higher than that of pristine rubbers. The correlation between the size

of penetrant and the permeability shows the inverse relation with increasing the size of the

permeant molecule increased, the solvent uptake of nanocomposites decreases in the order

benzene > toluene > p-xylene. The O2 and N2 gas transport properties of nano- and

microcomposites latex membranes of NR, XSBR and their blend were investigated [60]. The

nanocomposites exhibited lower permeability to oxygen and nitrogen gases due to the

enhanced polymer/filler interaction. The gas permeability coefficients have been correlated

with type of filler, penetrant gases, filler loading and gas pressure. A comparison between the

permeability of layered silicate clays such as sodium bentonite and sodium fluorohectorite and
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Figure 18.7 Variation of nitrogen gas flux with time for pure NR and its nanocomposites containing

different rectorite loading (Reprinted from European Polymer Journal, 41, no. 11, Y.Wang, H. Zhang, Y.

Wu, J. Yang and L. Zhang, “Preparation and properties of natural rubber/rectorite composites,” 2776,

� 2005, with permission from Elsevier.)
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conventional microfillers such as commercial clay and silica shows the improvement in barrier

properties of the nanocomposites. The improvement in gas barrier properties is explained based

on the free volume theory. The effect of free volume on the gas barrier properties was

investigated by positron annihilation lifetime spectroscopy. It is observed that, due to the

presence of platelet-like morphology and high aspect ratio of layered silicates, the gas barrier

properties of nanofiller-reinforced latex membranes are remarkably high. The correlation of

crosslink density and extent of reinforcement with the gas barrier properties shows an

enhancement in barrier properties.

Knite et al. [61] discussed the influence of carbon nanotube on the sensing capabilities of

polyisoprene rubber for various organic solvent vapors through electrical resistance. They put

forward the explanation of the vapors sensing effect. The matrix of polymer soaks up the

solvent molecules (solvent molecules are absorbed) and carbon nanoparticles are separated

from each other. As a result, the tunneling current between nanoparticles in thin layers of the

matrix decreases. During relaxation in air, the change of the sample resistance is thought to

follow three processes: (i) diffusion of solvent molecules from internal layers of the matrix

to the surface, (ii) relaxation of cross-section connections of the polymer and (iii) relaxation of

a volumetric lattice of the electroconductive carbon nanoparticles.

Lu et al. [62] prepared various rubber/organoclay nanocomposites from ethylene-propylene

diene rubber (EPDM), styrene butadiene rubber (SBR) and epichlorohydrin rubber (ECO).

They compared the relative N2 gas permeability as a function of organo-modified clay content.

The gas permeability of the nanocomposites steadily reduces with increasing clay content. The

highly filled nanocomposites (with 60wt% nanoclay) exhibits excellent gas barrier properties
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Figure 18.8 Sorption curves for gum and clay-filled NR nanocomposites (Reprinted from Polymer, 44,

no. 17, S. Varghese and J. Karger-Kocsis, “Natural rubber based nanocomposites by latex compounding

with layered silicates,” 4921, � 2003, with permission from Elsevier.)
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with a reduction of 72�88% in gas permeability compared to pristine rubbers. They also

correlated the experimental values with the models developed by Nielsen, Lu and Mai and

Bharadwaj. It is seen from comparison that the filler aspect ratio in rubber nanocomposites

increases with organoclay content. However, they were unable to find the real percolation

threshold due the presence of interaction between intercalated silicate particles to form

a flocculated–intercalated structure with increased aspect ratios at a high clay loading. On

the other hand at low clay content the gas molecules mostly prefer to travel through the gap

between intercalated structures rather than the intra-galleries between silicate layers. They also

observed that ECO nanocomposite showed the most reduced gas permeability.

The gas permeabilities of NBR, NBR/clay nanocomposites and NBR/silica composite

showed the reduction in nitrogen permeability with an increase in the amount of filler [63].

Among all filledNBRs, theNBR/clay nanocomposites showed a better gas barrier property than

did the NBR filled with the same amounts of silica. This can be attributed to the impermeable

filler phase and the large aspect ratio of the silicate layers. Compared with the gum NBR

vulcanizate, the nitrogen permeability of the NBR–clay nanocomposites with 10, 20 and 30 phr

of clay was reduced by 29%, 41% and 48%, respectively. Similarly, the permeabilities of

hydrogen and water vapor through NBR nanocomposite are about 70% those in NBR [64].

Silicone elastomers are important materials for many application areas such as automotive,

electric and electronics, gaskets, domestic appliances, fabric coatings (for example, airbags),

baby bottle teats, medical devices and in cosmetic applications. Silicone rubbers are one of the

most permeable elastomers and have up to 400 times the permeability of butyl rubber at room

temperature due to low intermolecular forces and relatively unhindered single bonds. It results

in a higher than normal amount of freevolume and ahigh degree of chainmobility. Lebaron [65]

reported that insignificant improvement in the barrier properties of silicone/clay nanocompo-

site even though the tensile and solvent resistance properties of a silicone rubber are greatly

enhanced through clay nanolayer reinforcement. Even at an organoclay loading of 8.0wt%, the

oxygen permeability is only reduced by 25%. A thick constrained polymer region can also

reduce the permeability by decreasing both the diffusion rate and the solubility of the permeant.

Although synthetic fluorohectorite has one of highest nanolayer aspect ratios among smectite

clays, it has not been effective in providing substantial reduction in gas permeability of silicone

elastomers. This suggests that the nanolayers are not well aligned or that the constrained

polymer region is relatively thin. Under the conditions used to form sufficiently thick samples

for the permeability measurements, the surface tension forces are too weak to facilitate

nanolayer ordering parallel to the sample surface.

Using butyl rubber as matrix and clay as filler with high aspect ratio, the air retention

properties could be improved to the level of 50 times better than that of normal butyl compound.

Using such filler, therefore, the inner gage of a tubeless tire or the gage of an inner tube could be

reduced for identical conditions of service. With carbon black as filler, the passage of air is

faster because of spherical nature of the filler.With needle-shaped filler in a nanocomposite, the

same air will take a longer time to travel due to the flat shape of the filler. Takahashi et al. [66]

reported the gas permeation properties of butyl rubber based nanocomposites with 20 and

30wt% loadings of vermiculite filler. The gas permeability is reduced 20 to 30-fold by the

incorporation of vermiculite. The experimental data on diffusion coefficients computed from

time lag data for various models for composites containing flake-like fillers were reduced by

two orders of magnitude. Liang et al. [67] compared the gas barrier properties of butyl rubber/

layered clay nanocomposites prepared through melt and solution intercalation process. Both
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these methods of preparation showed considerable improvement in impermeability of nano-

composites. The solution method was comparatively effective in improving the nitrogen gas

barrier, as shown in Figure 18.9.

Chang et al. [68] showed that the oxygen barrier properties of EPDM/MMT clay nano-

composites are better than that of pristine EPDM. The oxygen permeability of 10 phr layered

clay filled EPDM nanocomposite was reduced to 60% as compared with the pristine

EPDM compound. The gas permeability was ascribed due to uniform dispersion of the

impermeable clay layerwith the planar orientation in theEPDMmatrix. Comparison of various

types of clays with and without organic modification is shown in Table 18.1.

The nitrogen gas permeability of gum SBR vulcanizate, SBR–clay nanocomposites

(SBR–clay NC), conventional SBR–clay composites (SBR–clay MC) and SBR-carbon black

conventional composites (SBR-N330) are presented in Figure 18.10. It is understood from the
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Figure 18.9 Influence of relative permeability of butyl rubber/clay nanocomposite prepared by solution

(S-IIRCN) and melt (M-IIRCN) intercalation methods (Reprinted from Polymer Testing, 24, no. 1, Y.

Lianga, Y. Wang, Y. Wu, Y. Lu, H. Zhang and L. Zhang, “Preparation and properties of isobutylene-

isoprene rubber (IIR)/clay nanocomposites,” 12, � 2005, with permission from Elsevier.)

Table 18.1 Oxygen gas permeabilities of EPDM/MMT hybrids containing

10 phr clay

Sample Permeability of oxygen (cc/m2 d atm)

EPDM 773

EPDM/Na/MMT 691

EPDM/C-18-MMT 608

EPDM/LEP-C18-MMT 468

(Reprinted from Y.W. Chang, Y. Sang, S. Ryu and C. Nah, “Preparation

and properties of EPDM/organomonmorillonite hybrid nanocomposites,”

Polymer International, 51, no. 4, 319, � 2002, with the permission of John

Wiley & Sons, Inc.)
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figure that the nitrogen permeability reduced with the increase in the amount of filler, and

SBR–clay nanocomposites showed the best gas barrier property. Compared with the gum SBR

vulcanizate, the nitrogen permeability of SBR/clay nanocomposites with 1.96, 7.40 and 13.8

(v/v) clay reduced by 27.3%, 54.1% and 61%, respectively [69]. It can be concluded that the

silicate layers having the large aspect ratio and the planar orientation lead to the great increase

of the diffusion distance by creating a much more tortuous path for the diffusing gas.

Wu et al. [63] also reported the preparation and the gas permeability of nanocomposites

prepared bymixing of dispersion ofmontmorillonite inwaterwithNR, SBRandNBR latex and

coagulating the dispersion by dilute triethylenetetrammonium chloride solution. The nitrogen

gas permeability of these nanocomposites is given in Table 18.2.When the rubbers were added

with 20wt% clay, the permeability of composites were reduced almost to 50%.
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Figure 18.10 The nitrogen gas permeability of gum, clay-filled and carbon black-filledSBRcomposites

(Reprinted from Composite Science and Technology, 65, no. 7-8, Y.P. Wu, Y. Wang, H. Zhang, Y. Wang,

D. Yu, L. Zhang and J. Yang, “Rubber-pristine clay nanocomposites prepared by co-coagulating rubber

latex and clay aqueous suspension,” 1195, � 2005, with permission from Elsevier.)

Table 18.2 Nitrogen gas permeability of nanocomposites (clay content:

20wt%)

Material Gas permeability

(10�17m2 Pa�1 s�1)

% reduction in permeability

Pristine NR 13.7 —

NR-clay 7.3 54.1

Pristine NBR 2.3 —

NBR-clay 1.3 47.8

Pristine SBR 7.4 —

SBR-clay 3.4 54.1

(Reprinted from Y.P. Wu, Q.X. Jia, D.S. Yu and L.Q. Zhang, “Structure and

properties of nitrile rubber (NBR)/clay nanocomposites by co-coagulating

NBR latex and clay aqueous suspension,” Journal of Applied Polymer Science,

89, no. 14, 3855, � 2003, with the permission of John Wiley & Sons, Inc.)
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The gas permeability of particulate and layered silicate filled composites prepared by

blending of NBR latex and with fumed silica and montmorillonite clay with various filler

loading decreased with an increase in the amount of filler and that the NBR–clay nanocompo-

sites had a better gas barrier property than did the NBR filled with the same amounts of

silica [63]. This was attributed to the impermeable filler phase and the large aspect ratio of the

silicate layers. A sheet-like morphology is particularly efficient at maximizing the path length

due to the large length-to-width ratio, when compared to other filler shapes such as spheres or

cubes. Compared with the gum NBR vulcanizate, the nitrogen permeability of the NBR–clay

nanocompositeswith 10, 20 and 30 phr of claywas reduced by29%, 41%and48%, respectively.

The effect of loading of clay and silane coupling agent on water vapor permeability of NBR/

organo-montmorillonite (O-MMT) nanocomposites prepared by a melt intercalation process

was determined under steady-state condition at 40 �C and 90% relative humidity (RH). The

permeability of all nanocomposites went down slightly with an increase in clay and silane

coupling agent content. It was inferred that the dispersion of organic modifier (C18-MMT)

decreases the rate of transport by increasing the average path length required to transport the

specimen [70]. Figure 18.11 shows the dependence of the permeability of water vapor on clay

loading and coupling agent content of NBR/C18-MMT nanocomposites on clay content. The

presence of polar or methyl groups in the polymer molecules generally reduces the perme-

ability of polymers while the presence of double bonds has the opposite effect. The coupling

agent enhances the clay dispersion and the inter-chain attraction, leading to lower permeability

for water vapor.

Kojima et al. [64] compared the hydrogen permeability of nitrile rubber (NBR) composite

containingATBN (liquid copolymer of butadiene and acrylonitrile) modifiedMMTand carbon

filler. They found that the hydrogen permeability decreased with increasing MMT content
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Figure 18.11 Variation of water vapor permeability of NBR/O-MMT nanocomposites with clay

content and coupling agent (With kind permission fromSpringer ScienceþBusinessMedia: Journal of

Materials Science Letters, “Gas permeabilities in rubber-clay hybrid,” vol. 12, no. 12, 889, � 1993,

Y. Kojima, K. Fukumori, A. Usuki, A. Okada and T. Kurauchi.)
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which is lower than that of carbon filler composite of higher filler loading. Further, the

resistance to air permeation was investigated by Nah et al. [38] for the NBR/organo-treated

montmorillonite nanocomposite prepared by melt mixing and crosslinked with peroxide

curative. The air permeability decreases considerably with increase in clay content. Consider-

able increase in barrier performance was reported with even small amount of clay. A

comparison of experimental and theoretical values of relative gas permeability of NBR/clay

indicated that the Nielson theory overestimated the gas permeation performance of the

nanocomposite. The observed discrepancy between experimental and theoretical values might

be due to lack of alignment of clay layers parallel to the direction of rubber sheet.

Brooklite (TiO2) nanoparticles filled 1,2-polybutadiene nanocomposite prepared via solu-

tion processing is reported for negative behavior for gas permeability due to an increase in gas

solubility in nanocomposite film and the presence of more voids [71]. These nanocomposites

shows large amount of free volumes due to the formation of voids as evidenced from the lower

density of filled polymer composites compared to pristine rubber. Figure 18.12 represents the

influence of TiO2 particle loading on the relative permeability of nanocomposites to CO2, CH4,

N2 and H2. The permeability increases with increasing particle content.

The permeability of all gases increases with increasing void volume, the authors also

compared the experimental values with the Bruggeman’s permeability model [72] and found

deviations as the model does not account for any changes in the continuous phase permeability

due to changes in solubility. Deviations are due to many assumption made while formulating

the model.

Figure 18.12 Influence of TiO2 loading on relative permeability of 1,2-BR nanocomposite (Reprinted

from Polymer, 49, no. 3, S. Matteucci, V.A. Kusuma, S. Swinnea and B.D. Freemn, “Gas permeability,

solubility and diffusivity in 1,2-polybutadiene containing brookite nanoparticles,” 757, � 2008, with

permission from Elsevier.)
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Thermoplastic elastomers (TPEs) combine the benefits of elastomeric properties of ther-

moset polymers, such as vulcanized rubber, with the processing properties of thermoplastic

polymers. Therefore, TPEs are preferred because they can be made into articles such as seals,

closures and other articles previously made from butyl rubber using injection molding

equipment. But often, TPEs lack gas barrier properties. Styrene-ethylene-butylene-styrene

(SEBS) triblock copolymer is extensively used as a thermoplastic elastomer. Sulfonated SEBS-

montmorillonite clay-based nanocomposite can be used as a membrane for controlling the

proton transfer in the field proton exchange fuel cell due to substitution of polar group in the

structure [73]. Water–methanol (80/20) uptake and permeation measurements of sulfonated

SEBS and its nanocomposite reveals much improved barrier to the solvent mixture owing to

torturous path provided by the finely dispersed clay platelets in the entire matrices. Comparing

the water–methanol diffusion through sulfonated SEBS and their nanocomposite film,

the nanocomposites show great improvements in permeation of water–methanol under

controlled condition due to the proper dispersion of nanoclays in the resulting nanocomposite.

Polyethyleneoxide rubbers (PEO) crosslinked with multifunctional acrylates such as poly

(ethylene glycol) diacrylate (PEGDA), poly(ethylene glycol) methyl ether acrylate (PEG-

MEA), PEGDA and poly(ethylene glycol) acrylate (PEGA) were studied to figure out the

influence of acrylates on H2, N2, CH4 and CO2 transport properties [74]. Increasing the

PEGMEAcontent increases CO2 permeability andCO2/H2 selectivity and decreases CO2/CH4

and CO2/N2 selectivity. The pure gas separation performance for CO2/light gas pairs in

crosslinked poly(ethylene oxide) polymers is illustrated by comparison to a nonpolar rubbery

polymer (that is, polyethylene) and two rigid glassy polyimides.As the separationsmoved from

those demanding high diffusivity selectivity (for example, H2/CH4) to ones benefiting from

high solubility selectivity (for example, CO2/H2), the performance of the polar rubbers

improved dramatically, relative to that of conventional glassy polymers.

Polyurethane (PU) is becoming increasingly important as an engineering material in the

form of foams, coatings, adhesives, fibers, rubbers or thermoplastic elastomers because it has

excellent abrasion resistance. The gas permeability of a thermoplastic polyurethanes (TPU) is

dependent on the chemical structures not only of the soft segments but also of the hard

segments. Chang et al. [75] compared the influence of type of organic modifiers in the

organoclay used to prepare the polyurethane nanocomposite against oxygen gas-barrier

properties. The organic modifier C16-MMT shows higher gas barrier than that of DTA-MMT

or Cloisite 25A. With the addition of a 0�4wt% clay loading, the permeability values

decrease from 7214 to 3587 cc for C16-MMT, from 7214 to 6136 cc for DTA-MMTand from

7214 to 4725 cc for Cloisite 25A. The permeability value in the C16–MMT hybrid was about

half that of the corresponding pure polyurethane. It is also reported that, with an increase in

clay loading from 0 to 4wt%, regardless of the type of organoclay, the values of the

permeability decreased linearly due to the increase in the tortuous paths for gas molecules and

also due to increase in rigidity of nanocomposite films containing higher amounts of clay. In a

similar study, Osman et al. [76] reported the relative permeability of ethylene propylene

rubber and polyurethane rubber nanocomposites to oxygen as a function of the volume

fraction of filler. In both EP and PU, the transmission rate decreases exponentially with

increasing filler volume fraction to level off or slightly increase above 3%, probably due to

a decrease in exfoliation or collapse of the layers as the interparticle distance diminish at high

concentrations. However, the decrease in transmission rate was larger in PU than in EP, in

accordance with the increase in d-spacing, pointing to stronger particle matrix interactions in
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PU. In a water vapor permeation study, Osman et al. [77] observed that the PU nanocom-

posites adhesive reduced the water vapor transmission to 50%, even at 3 vol% silicate

fraction, which is comparatively higher than oxygen transmission at the same filler loading.

This is attributed to stronger interactions and hydrogen bonding of the water molecules with

the PU matrix as well as to their clustering. Differences in the hydrophobicity of the clay

coating influenced the water transmission rate.

The barrier properties of many polymer can be improved by just making laminates of higher

barrier polymers and with conventional polymers such as poly(vinylidene chloride) (PVDC),

ethylene vinyl alcohol (EVOH), poly(vinyl alcohol) (PVAL) or polyamide (PA) through co-

extrusion with a high-barrier polymer. Many of these polymers (for example, PVAL, EVOH,

most polyamides) are good oxygen barriers only in the dry state, which means that they have to

be sandwiched between water vapor barrier films in order to maintain their oxygen barrier

function [78]. In contrast, nanocomposite technology can be used to eliminate the additional

step of co-extrusion for such barrier film.

Ethylene-vinyl alcohol (EVOH) copolymers are widely used in the food packaging sector

due to their outstanding gas barrier properties to oxygen and organic compounds (solvents,

food aromas). It has been reported byCabedo et al. [79] that the barrier property of EVOHcan

be improved by incorporating the organoclay. The oxygen permeability of EVOH/O-MMT

nanocomposites filmwas too low, that is, below 10�5 (cm3m)/(m2 day atm) compared to neat

EVOHwith a permeability value of 3.6� 10�5 (cm3 m)/(m2 day atm). The authors indicated

that they could not measure the permeability due to instruments limitation for detection of

very low permeability. The addition of platelet fillers distributed in the polymer film can

greatly increase the diffusion pathway; permeating molecules are forced to go around

impermeable flakes creating a tortuous path for the diffusing species. The use of mica in

ethylene vinyl alcohol (EVOH) copolymers was reported to show a threefold increase in

oxygen barrier properties [80]. Oxygen transmission rate of EVOH-kaolinite nanocompo-

sites prepared bymelt intercalation process tested at 45 �C under dry conditions showed very

low values even at this high temperature. The permeability of all nanocomposites having a

different organic modifier showed a considerable decrease in the oxygen permeability

compared to pristine EVOH.

Doppers et al. [81] showed that ATR-FTIR can be readily applied to monitor the sorption

of small molecules into polymeric membranes. Themode of diffusion depends significantly on

the chemical interactions between the solvent and the polymermatrix. In the systems examined

the diffusion of liquid water into PVOH–nanocomposite is accompanied by polymer salvation

which is a dominant process making the diffusion rate determined by the ATR-FTIR method

independent of clay loading. Conversely, the rate of diffusion of acetone into the same system

reveals a significant dependence on the clay loading, due to the increased path length that an

average acetone molecule has to take to reach the evanescent field where it is then detected.

18.4 Applications

Nanocomposite improves the barrier to many gases like air, oxygen, nitrogen, carbon dioxide,

helium and so on. It also helps to protect the migration of moisture and odour. Greater barrier

also impedes the absorption of flavors and vitamins by plastic packaging itself. Barrier

enhancement is important for longer product shelf life where barrier is a limiting factor in
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existing packages, where its improvement can lead to lower weight packages and reduced

packaging cost. Improved shelf life and lower package cost dominate the uses of nanotech-

nology in consumer packaging.

The excellent air retention properties of butyl/halo butyl and chemically modified rubbers

are very well known in the tire industries as these rubbers are widely used in the inner tube

and inner liner in automotive tires. There are also some other elastomers, which are not used

in the tire industries, but have very good and even better air retention properties, like,

epichlorohydrin rubber (ECO), polysulfide rubber (TM) and polyurethane rubber (AU). There

are also some elastomers, like nitrile rubber (NBR) and ethylene/acrylate copolymers (EAM),

which provide moderate air retention properties. These polymers can be used for automotive

components by incorporating nanofillers. Such fillers, when used in rubbers (NBR, EAM)

having moderate air retention properties, can provide a substantial increase in air retention

properties. It is known that nanocomposite technology is already commercialized in sports

goods (tennis balls) for better durability of the product. It is not surprising that all future tire

components may be made with a nanocomposite type of filler, which can produce: (i) low

weight tires, (ii) low rolling loss tires, (iii) colored or transparent tires (although a transparent

tire is very much for the bicycle and motor cycle categories) and (iv) tubeless tires without a

conventional inner liner.

The automotive sector is a heavy user of performance polymers. An average car has over

350 pounds (approx. 160 kg) of polymeric components. Performance polymers are mostly

incorporated with reinforcements, thermal stabilizers, chemical resistors and flame resistant

additives, each of which increases weight and therefore decreases fuel efficiency. Since

nanocomposites contain low nanoclay addition levels, they offer the automotive engineer an

opportunity to minimize this weight penalty. The barrier enhancement property of

nanocomposites plays a role in transportation by improving fuel vapor emissions in fuel

tanks and distribution components. It also contributes greater resistance to common

corrosive agents such as gasoline, antifreeze and road salt. Fit-and-finish depends on

strength and stability under changing temperature conditions. Nanocomposites resist

dimensional changes by reinforcing plastics in all directions and at a submicron level.

Barrier is also important for air retention in tires. The initial customer problem is that

general purpose rubbers are too permeable for many of its applications. Barrier is important

for sports balls for feel and bounce due to air retention. Barrier properties are utilized in

chemical protective gloves (which are thick with poor dexterity) in order to protect against

chemical warfare agents.

The nanocomposite approach is to target and develop coatings with unique combination of

barrier properties and flexibility. At least tenfold improvements in barrier can lead to improved

performance at reduced cost. Nanocomposite approach improves air retention properties

without weight, rolling resistance and cost penalties. Themajor driving force of tire companies

is reduction of materials and processing costs. Other immediate potential benefits are reduced

fuel usage, less generation of solid waste, improved tire safety with reduced maintenance

requirement and so on. It is also not surprising that in future, in place of the conventional inner

liner of today, only water-based inner paint, based on nanocomposite, may take care of both

mold release and the air retention properties of future tires. In the elastomers, when such

systems are used they may give rise to distinct improved properties. Nanotechnology creates

safer tires and longer-lasting consumer products. The breakthrough can be applied to other

elastomers too.
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Biomedical applications hold high promise for nanotechnology, which may provide us with

a nanopharmacological strategy for the treatment of myriad diseases. Perhaps the only limit of

nanotechnology to biomedicine is our imagination. However it is now time to expand the new

frontier from imagination and hypotheses to functional reality. Such a change will require

relentless work of crossfunctional and multidisciplinary teams focusing on the engineering of

nanoparticles to meet biomedical applications and testing potential biomedical applications in

controlled environments. It has the unique ability tomove the nanotechnology frontier ahead to

uninvestigated territory, closer to the ultimate goal of ending disease.

Current sensing in the space-shuttle main engine compartment for hydrogen and oxygen

leaks is done using an elaborate and weight-intensive gas-capture mechanism. This space-

related system could be replaced with a real-time system at a small fraction of the weight or

system cost. The proposed nanoparticle sensor technology extends its usage and investigation

in shuttle engine monitoring, on orbit maneuvering systems (OMS) and the reaction control

system (RCS) monitoring of hypergolic fuels and oxidizers (MMH and N2O4) to the preflight

loading of various cryogenics which can be monitored based on their gaseous emissions in

order to enhance safety and system reliability. Additionally a serious need exists for personnel

monitoring systems of small size and very lowpower usage that can detect extremely low levels

of various gases. If an astronaut’s suit was to become contaminated by hypergolic or ammonia-

based contaminants during a space walk, readmission through the air locks would spread

the contamination, compounding the impact of the situation. However, as re-pressurization of

the airlock occurs, these nanoparticle sensors could warn of the problem before the astronaut’s

egress from their suits. The sensors would also point to the intensity of contamination at

a pressure, which conserves the valuable station atmosphere.

Conventional sensors cannot tolerate extreme cold or the vacuum of space. Nanoparticle

sensors can be virtually impervious to either of these extremes. The role of sol-gel process

parameters and dopants is being identified in establishing a mechanism of nanoparticle

formation and finally, the fabrication, testing and evaluation of gas sensors in various gas

environments will be carried out.

Nanocomposite technology can replace conventional materials in food and drink container

seals, printer cartridge seals, medical container seals, medical container seals for blood

collection tubes, stoppers for medical containers, stoppers for blood collection tubes, baby

pacifiers and other products needing both flexibility and barrier properties. Carbon nanotube-

filled polymer nanocomposites find useful application in defense. The porous nature of

nanotubes allows the rapid diffusion of gases to be detected. The chemical sensors consisting

of different type of polymers containing carbon nanotube can be used to detect unknown

substances, solvents and so on, through swelling. The detection and identification of gases,

pollutants, toxic substances and solvent vapors can be achieved by the use of selective

nanocomposites. Polymer nanocomposites find important applications in corrosion protection.

A barrier coating with scratch and tear resistance can effectively prevent the diffusion of

corrosive gases and liquids. These nanocomposite protective coatings can be applied to the

electronic circuits and other components in aerospace.

18.5 Conclusions

Rubber compounds with good barrier properties against gases, vapor and organic solvents are

used in wide variety of applications, including tire industries, packagings for foods and
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beverages, various sealing products, as air springs for cars, buses/trucks trains and aerospace

shuttles and so on. Over the past few years, there have been a lot of developments in the area of

barrier technologies. Among them, the use of nanocomposite technologiesmight give themost

significant improvement in the barrier properties. The presence of a nanofiller with a high

surface area combined with a large aspect ratio in rubber nanocomposites improves the gas

barrier properties by creating a tortuous path for the diffusing species. The degree of dispersion,

orientation of filler particle, volume fraction of filler, type of filler modifier and so on greatly

influence the permeability of barrier materials. Interestingly, the selective diffusion of

permeant through rubbers compels the development of newer barrier materials suitable for

particular applications.

The prediction of gas transport behavior through barrier materials can be made by means of

various models. The mechanism of sorption and diffusion of permeant depends on the

geometry and nature of the barrier material, the solubility of the diffusant, the concentration

gradient of the diffusant in bulk and in the interfacial region, the presence of filler modifier and

so on. The change in gas barrier properties can be explained based on free volume theory, hole

vacancy theory or dual sorption theory.

Various experimental studies are reported in the literature on the barrier properties of

different types of barrier material having a flexible and rigid structure. The barrier properties of

elastomeric nanocomposites comprising of butyl rubber, NBR, EPDM, PU and so on are found

more useful for diversified applications. Possible applications of such excellent barrier

performance are suggested at end of this chapter.
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19.1 Introduction and Background

Of all the polymeric materials, rubbers are unique. Their characteristics of high reversible

extensibility have been fascinating the enquiring mind of people. Rubber materials have

been studied extensively in both fundamental and applied research field owing to their

advantages of easy processing, remarkable flexibility, corrosion resistant and excellent thermal

properties [1–6].

Rubbermaterials are commonly used in formof composite. Rubber in pure state is extremely

nervy (short ofmastication) and lack in functions. It is, therefore, usually reinforcedwith fillers

either white or black to help its processability, andwith some ingredients with certain functions

to confer special properties of physics to rubber matrices. Shiro et al. developed a kind of

graphitic friction material based on acrylonitrile-butadiene rubber (NBR) with high friction

coefficient, high capacity of energy absorption and low wear, which contains aromatic

polyamide fiber, carbon fiber, granulated pulp fiber, graphite, rubber-coated exfoliated

graphite, CaF2, SiO2 and polyimide resin using powder metallurgy [7]. Li et al. investigated

the influence of graphite particle size and shape on the tribological properties of NBR [8]. The

formulation of rubber-based frictionmaterial can be optimized using optimization formulation

technique on the basis of the golden section principle coupled with relational grade analysis [9,

10]. Themostly used rubber materials under friction research now include NBR, hydrogenated

nitrile rubber, acrylic rubber, silicon rubber and fluorocarbon rubber. Solid lubricant-filled

rubber composites of good tribological properties (high wear resistance and low friction

coefficient) have been extensively used as sealing materials in radial lip seals of shafts, valve

shaft seals, reciprocating piston and piston rod seals [8, 11, 12]. Except for the rubber friction

materials, flexible conductive rubbers have been of research focus for a long time [13–20].

Conductive rubber composites are frequently manufactured with various conductive fillers
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incorporated as a second phase into nonconducting rubbers, including metallic particles

(Al, Au, Ag, Cu), stainless steel, conductive carbon blacks, carbon and graphite fibers,

graphite powders, metal-coated and inorganic oxide particles [21, 22]. By changing the

volume fraction of these conductive fillers, not only the mechanical property but also the

conductivity of rubber matrix can be easily modified. The electrical conductivity of rubber

composites can be varied in a very broad range between the conductivities of rubber matrix and

conductive fillers. Conductive rubber composites with good flexibility and processabilily are

identified promising candidates for a wide range of industrial applications. Depending on the

magnitude of volume electrical resistivity, conductive rubbers can find their applications in

electromagnetic interference shielding [23, 24], thermoelectric material [25, 26], electrostatic

dissipation [27, 28], lightning-protected aircraft composite panels [29], load or deformation

transducers [30, 31], pressure or gas sensitive sensors [32–34], rubber contact switches [35] and

other functional applications.

Among the various electrically conducting additives blended with rubbers, graphite has a

significant role in imparting functions. Compared with metals which have a high density and

tend to oxidize to form an insulating layer on its surface, graphite flake is light weight, oxygen

resistance and naturally abundant. Graphite is also well known for its stiffness, excellent

thermal/electrical conductivity and lubricant properties, arising from its typical layered

structure with anisotropy. These novel properties make graphite a leader conducting filler in

composite realm.Graphite has been typically employed in the production of rubber composites

to convey conductivity and lubricant to the mix [36–42].

In the past 20 years, tremendous developments have been achieved in many aspects of

composites research and technology. Material designers have laid a strong emphasis on

producing nanostructured materials with novel properties by designing structures at the

nanometer scale. Motivated by the remarkably distinct properties of nanomaterials compared

with the bulk ones and recent enthusiasm in nanotechnology, a surge in the development of

polymeric nanocomposites is rapidly evolving a significant part in the field of nanotechnology

and is greatly facilitated by the development of scanningmicroscopy alongwith a rapid growth

of computer technology. The polymer nanocomposites can be defined as polymer-based

materials in which at least one of the filler dimensions is of nanoscale order although the final

product does not have to be in the nanometer size range (<100 nm, generally). Polymer/

inorganic nanocomposites have enhanced functions without mechanical compromising.

The adhesion at the filler/rubber interface play crucial roles in determining the performances

of the rubbermix [34, 43]. Both the surface area and surface properties offillers have significant

effects on the interface interaction. Compared with fillers of larger dimension, nanoscale

additives aremore efficient in reinforcement because they have a larger surface area for a given

volume. The surface area-to-volume ratio of the reinforcement nanomaterials is a key factor in

determining their reinforcing efficiency, and it is of fundamental importance in understanding

the structure–property relationship. The ratios of surface area to volume for three kinds of

common fillers with different geometries are shown in Figure 19.1 [44]. For graphite of a

layered structure, its surface area/volume is dominated by the first term 2/t in the equation. The

second termwhich is inversely proportional to the breadth is often omitted compared to the first

term. Logically, the transition of graphite thickness from micro to nano scale will yield

dramatic increase in the surface area/volume ratio by three orders of magnitude. The high

aspect ratio of the resulted graphite nanoplatelets contributes a lot for improvement in

reinforcing enhancement for polymer/graphite nanocomposites.
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In aword, graphite/rubber nanocomposites with remarkable potentials hold great promise as

a particular class of nanocomposites. The focus of this chapter is to highlight the state of

knowledge in graphite nanostructures and the processing, characterization,material properties,

challenges and potential applications for rubber/graphite nanocomposites.

19.2 Graphite and its Nanostructure

Graphite nanostructuresmainly refer to graphite nanoplatelets which have amuch larger aspect

ratio compared with conventional graphite flakes. The key point to utilizing graphite as a

nanoreinforcement is the ability to create graphite nanoplatelets. To maximize the reinforcing

efficiency, graphite is favored to be as thin as possible.

Two routes are available for the preparation of nanostructured graphite, one is from acid

intercalated graphite, and the other one is from graphite oxide. Graphite has a layered

structure similar with the geometry of silicate clay minerals allowing atoms and molecules

known as intercalate to reside between its layered galleries. By applying rapid heating, the

vaporization of intercalates makes the graphite expand resulting in expanded graphite which

comprises graphite sheets with a thickness in nanometer scales. Graphite oxide can readily

exfoliate to form graphene oxides in water. After chemical reducement, oxidized carbon

atoms are reconverted to the original sp2 hybridization state in graphite giving birth to

conductive graphene.

19.2.1 Basic Issues on Graphite

Graphite is an allotrope of carbon with a lamellar structure. In each carbon layer, the carbon

atoms are arranged in a hexagonal pattern through covalence bonding involves sp2 (trigonal)

hybridization. For an isolated carbon atom, the electronic configuration is 1s22s2p2 where

the1s2 electrons belong to the ion core and the other four electrons are valence electrons.

Figure 19.1 Surface area: volume relations for varying reinforcement geometries [44] (Reprinted from

Composites Science and Technology, 65, no. 3-4, E.T. Thostenson, C. Li and T-W. Chou,

“Nanocomposites in context,” 491–516, � 2005, with permission from Elsevier.)
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In graphite, the valence electrons positioning 2s, 2px and 2py form three hybridized orbitals,

leading to the formation of C��C s-bond directed 120� apart on a layer plane.Whereas, the 2pz
electron forms a delocalized orbital ofp-symmetry, givingweak van derWaals forces bywhich

the carbon layers are held together. The loosely bound p-electrons of high mobility play a

dominant role in the electronic properties of graphite.

The primitive unit cell of graphite crystal contains three carbon layers. As shown schemati-

cally in Figure 19.2, the layers in graphite are stacked along the c-axis in a staggered array

denoted as an . . .ABAB. . . sequence with dimensions a¼ 0.246 and c¼ 0.671 nm [45]; the

distance between two neighbor atomsmarkedB in adjacent layer planes is 0.335 nm and atoms

A are 0.671 nm away from their neighbors directly above and below in carbon planes.

Corresponding to the layered structure, graphite is anisotropic, showing different properties

for in-plane and c-axis crystallographic directions. It displays a good electrical and thermal

conductivitywithin the layers and a poor electrical and thermal conduction perpendicular to the

layers. Moreover, the carbon layers can slide with respect to one another quite easily, making

graphite a good lubricant material.

19.2.2 Graphite Intercalation Compounds

Graphite reacts with many chemical substances to form intercalated compounds which are

start materials for graphite nanostructures. Due to the layered structure, graphite is able to

undergo chemical reactions by allowing the guest chemical species called intercalate to

reside between the interlayer spaces of the graphite lattice [46–48]. Such chemical reactions

are known as intercalation, and the products are called graphite intercalation compounds

(GICs). Depending on the particular intercalate, the kind of interaction between the carbon

= 0.246 nm

0.
14

12
 n

m
A

B

Figure 19.2 The in-plane structure of graphite. The layer plane shown with open circles is adjacent to

the layer plane shown with full circles
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atoms and intercalate can be covalent or partially ionic, according to which GICs can be

classified into two groups: covalent intercalation compounds and ionic intercalation com-

pounds. There are only two kinds of covalent intercalation compounds – graphite oxide and

graphite fluoride. Both of them are electrical insulators and receive less attention than the

ionic ones. Thus, generally, GICs mainly refer to the ionic type such as graphite–acid

compounds where the bonding between the intercalate and carbon has a certain degree of

ionic or polar character.

Graphite can be intercalated by a large number of acids to form intercalation called “acid

salts of graphite.” These compounds have received much attention because of their high

electrical conductivities [47]. The best known graphite–acid salt is graphite bisulfate (graphite-

H2SO4) which can be obtained by the spontaneous chemical interaction of graphite with a

mixture of concentrated sulfuric acid and an oxidizing agent or by electrolysis [49–55], which

can be expressed as follows [56, 57]:

nðgraphiteÞþ nH2SO4þ n=2½O�! n ðgraphite �HSO4Þþ n=2H2O

ðOÞ: Oxidant; ðgraphite �HSO4Þ: GIC:
The oxidizing agents include nitric acid, chromic oxide, potassium permanganate, ammo-

nium persulfate, manganese dioxide, lead dioxide, arsenic pentoxide, iodic acid, periodic acid

and manganese salts. These auxiliary agents induce the intercalate reaction of graphite and

sulfuric acid without themselves entering into the final compound, and therefore the oxidation

can be performed electrolytically where an external electric battery acting as the oxidizing

agent. Therefore graphite bisulfate can also be prepared by electrolysis when concentrated

sulfate acid is electrolyzed with graphite as the reference electrode.

It is recognized that the ionic intercalation is accompanied by a charge transfer between the

intercalate and graphene layers. The graphite p-bonds can gain electrons from or lose electrons

to the intercalate, shifting the position of the Fermi energy from that in pure graphite. That

means the intercalates can act as donors or acceptors transferring electrons or holes,

respectively, to the graphite sublattice [58]. The bonding in these compounds has some ionic

character [59]. Thus, GIC tends to bemore conductive electrically than graphite. Depending on

the direction of electron transfer, the intercalation compounds of graphite can be classified into

donor-GIC and acceptor-GIC. Graphite compounds intercalated by electron donors such as

alkali metals which donate electrons to the graphene layer during processing of intercalation

are sorted to donor-type GICs whereas compounds formed by the intercalation of molecular

species acting as electron acceptors such as halogens, halide and acids, are viewed as acceptor-

type GICs. It is important to recognize that although electron transfers really exist between the

carbon atoms and the intercalates, it do not mean the interaction between them is scientifically

true ionic bonding as same as that in the totally ionic solids. In fact, the degree of the ionicity in

GICs is very low, andmanyof the intercalates retain theirmolecular form in the graphite lattice.

In GIC, the carbon and intercalate layers always stack on top of one another in a periodic

sequence as shown in Figures 19.3 and 19.4 with two different models [60, 61]. This

characteristic of GIC is called staging phenomenon. The definite carbon layers number

between two intercalate layers is defined as the stage of GIC which can be varied from 1

to n depending on the particular intercalate and intercalation situations as shown in Figure 19.5.

The stage can be identified by XRD and by the intercalation isotherms, and it usually decreases

with an increasing concentration of the intercalate [60].
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Stage 1d1

d0
Stage 2

Stage 3

Figure 19.4 Stage ordering of GICs in the pleated layer model. Lines indicate graphene layers; dots

indicate intercalated layers (Reprinted from SyntheticMetals, 114, H. Shioyama, “The interactions of two

chemical species in the interlayer spacing of graphite,” 1–15, � 2000, with permission from Elsevier.)

Stage 1 Stage 2 Stage 3

Figure 19.3 Interlayer ordering in lamellar compounds of stages 1, 2, and 3. Lines indicate graphene

layers; dots indicate intercalated layers [61] (Reprinted from European Polymer Journal, 39, G-H. Chen,

W-G. Weng, D-J. Wu and C-L. Wu, “PMMA/graphite nanosheets composite and its conducting

properties,” 2329–2335, � 2003, with permission from Elsevier.)
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Figure 19.5 Schematic illustration of the stage 1(a), 2(b) and n(n) of graphite bisulfate
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19.2.3 Expanded Graphite

GICs are expandablematerialswhich tend to exfoliate upon heating [62]. The exfoliations arise

from thevaporization of the intercalate leading to a large expansion of graphite parallel to the c-

axis. The shear of the graphite layers with respect to another make it possible for the expansion

of the gas pockets. The exfoliation is negligible when the graphite particle size is less than

75mm and when the c-axis stack height Lc no more than 75 nm [63, 64].

Depending on the heating temperature, the exfoliation can be either reversible or irrevers-

ible [65, 66]. At a low temperature, the gas cells do not burst and the heating is not excessive, the

exfoliation is reversible upon subsequent cooling. When the gas bubbles burst at a high

temperature and the heating is excessive, the exfoliation becomes irreversible. In order

to obtain a nanostructure, irreversible exfoliation taking place at a higher temperature is

required because irreversibly exfoliated graphite is much more expanded than reversibly

exfoliated graphite.

In principle, any intercalate can be used for graphite exfoliation.However, the surface area of

exfoliated graphite varies from intercalate to intercalate. The most common choice of GIC is

graphite bisulfate obtained through the HNO3–H2SO4 route, as mentioned earlier. In the

exfoliation process of graphite bisulfatewhen suffering an extensive thermal shock at 1050 �C,
the graphite expands irreversibly by up to hundreds of times along the c-axis (Figure 19.6) [67].

The domestic microwave oven is also a crackajack heating source for the exfoliation. The

productwith a vermicular orwormlike shape is known as exfoliated or expanded graphite (EG),

as shown in Figure 19.7. The expansion ratio, defined as the reciprocal of the apparent density,

can yield as high as 300. The typical structure of EG is incompact and porous wormlike shape

with many pores of different sizes 10 nm to 10mm structured with parallel boards, which

desultorily collapsed and deformed, possessing an apparent density of about 0.004 g/cm3 [52].

The surface structure of EG is shown in Figure 19.8 which reveals that the thickness of the

graphite sheets on the EG surface ranges from 100 to 400 nm,whereas there are plenty of sheets

thinner than 10 nm inside the EG, as revealed by TEM (Figure 19.9). The differences in

H2SO4

HNO3

Rapid
heating

Graphite
flake

GIC Expanded
graphite

Figure 19.6 Schematic illustration making expanded graphite through the HNO3–H2SO4 route [67]

(“Preparation of polystyrene-graphite conducting nanocomposites via intercalation polymerization,”

G-H. Chen, D-J. Wu,W-G.Weng et al., Polymer International, 50, 980–985,� 2001, Copyright Society

of Chemical Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on

behalf of the SCI.)
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graphite sheet thickness observed surfacely and interiorly could largely due to an easier

intercalate loss at the GIC surface when GIC is exposed to air.

EG consists of a large number of delaminated graphite sheetsmost of which have a thickness

in nanometer, and it has been identified as conductive nanofillers to develop polymer/graphite

nanocomposite. As EG has a high expansion ratio, the galleries of EG can be easily intercalated

bymonomers or polymer in solution. The EGof nanostructure can be blendedwith polymer via

either the in situ polymerization or the solution compounding to achieve nanocomposite of

Figure 19.8 SEM of irregular honeycomb network of graphite sheets in expanded graphite [61] (Reprinted

from European Polymer Journal, 39, G-H. Chen, W-G. Weng, D-J. Wu and C-L. Wu, “PMMA/graphite

nanosheets composite and its conducting properties,” 2329–2335, � 2003, with permission from Elsevier.)

Figure 19.7 Scanning electron micrographs of graphite and expanded graphite [67] (“Preparation of

polystyrene-graphite conducting nanocomposites via intercalation polymerization,”G-H.Chen,D-J.Wu,

W-G.Weng et al.,Polymer International, 50, 980–985,� 2001, Copyright Society of Chemical Industry.

Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of the SCI.)
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polymer with graphite. Many works have been conducted on polymer/EG nanocomposites

such as PMMA/EG [68],Nylon6/EG [69], PS/EG [70], PS-PMMA/EG [71] and so on, however

studies on rubber-based EG nanocomposite are really much rare now.

19.2.4 Graphite Nanosheets

A crucial aspect in the production of polymer nanocomposites is the filler dispersion, which

should be as homogeneously as possible. Aggregates of nanomaterial are proved to degrade the

mechanical properties. Although polymer/graphite nanocomposites can be obtained via

blending the EG with polymer directly, aggregates of graphite sheets may still exist in the

composites, because the graphite sheets on EG interlock with each other firmly. The aggregates

may also caused by the closed pores which hinder the penetration of monomers or polymer

solution into the EG. As a result, the graphite sheets around such pores cannot be separated by

polymer resin and they overlap each other, forming aggregates during processing.

In an attempt to enhance the nanodispersion of graphite in polymer matrix, Chen et al.

sonicated the EG in an alcohol solution to make isolated graphite nanosheets (GNs) with a

thickness range from 30 to 80 nm and a diameter of 5�20 mm. [72, 73], whose SEM images are

shown in Figure 19.10. Their apparent density is 0.015 g/cm3, much smaller than the density of

graphite flakes 2.25 g/cm3 [52].

TEM observation of Figure 19.11 confirms that the GNs are composed of some thinner

sheets with thickness of about 2–5 nm. This is in agreement with the thickness of thinner sheets

inside EG. According to the mechanism for the formation of the GIC and EG, the thickness of

GN was supposed to be as thin as a single carbon layer if the GNs precursor is GIC of stage 1.

When the GIC were in stage 2 to stage 5, the thickness of the sheets in the vermicular graphite

Figure 19.9 TEM of EG embedded in epoxy resin showing the inner nanostructure of EG [67]

(“Preparation of polystyrene-graphite conducting nanocomposites via intercalation polymerization,”

G-H. Chen, D-J. Wu,W-G.Weng et al., Polymer International, 50, 980–985,� 2001, Copyright Society

of Chemical Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on

behalf of the SCI.)
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should be 0.5–2.5 nm, assuming the thickness of a single carbon layer was 0.5nm. Actually,

When the equilibrium with excess external intercalate is removed, the GIC decomposes in a

stepwise manner into a residue compound of higher stage [75–77]. During the process of

washing thoroughly the fresh treated GIC with deionized water to remove excess acid, partial

desorption of the intercalate was inevitable, strongly depending on the washing condition.

The decomposition also occurs by exposing the graphite bisulfate to air [78]. Moreover, when

the following thermal shock was brought to bear, there is competition between desorption of

Figure 19.11 TEM of a sample of PMMA/GNs composites showing the thinner sheets inside EG

(Reprinted from Carbon, 41, no. 3, G-H. Chen, D-J. Wu, W-G. Weng and C-L. Wu, “Exfoliation of

graphite flake and its nanocomposites,” 619–621, � 2003, with permission from Elsevier.)

Figure 19.10 SEM of GNs: (a) lower magnification and (b) higher magnification (Reprinted from L.

Chen, L. Lu, D-J. Wu et al., “Silicone rubber/graphite nanosheet electrically conducting nanocomposite

with a low percolation threshold,” Polymer Composites, 28, 493–498, � 2007, with the permission of

John Wiley & Sons, Inc.)
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intercalate out of the graphene layers and particle exfoliation [79]. Therefore, only part of the

intercalates vaporized during exfoliation, and it must be extremely difficult to expand every

graphite sheet from the intercalated layers. This may explain why only a fraction of the GNs

have thicknesses ranging from 2 to 5 nm.

Selected area diffraction (SAD) conducted on a graphite nanosheet is very different from the

SADpatterns of conventional graphite (Figure 19.12), suggesting theGNs aremulticrystalline.

The graphite crystals have been broken down into smaller ones by the thermal shock

and sonication.

The high aspect ratio (width:thickness) of GNs around 100–500 gives much advantages in

forming the conducting network in a polymermatrix, leading to a higher conductivity at a given

loading level. This development offers people a new choice of conductive filler to fabricate

conducting polymer nanocomposite.

19.2.5 Graphene and Graphite Oxide

Graphene is the name given to a single carbon layer of graphite. This graphite nanostructure

with unique properties were originated newly by A.K. Geim of the University of Manchester,

UK, together with his Russian colleagues, in 2004 [80]. In addition to good thermal

conductivity, remarkable mechanical stiffness and high fracture strength, graphene has been

supposed to be a semiconductor with zero gap which is quite different from conventional

silicon semiconductors. In graphene, electrons shoot alongwithminimal resistancewhichmay

allow for low-power, faster-switching transistor and become a candidate to replace silicon in a

fresh area of microchip electronics. “But it is difficult to turn graphene off, which will make it

hard to use in an electrical switch,” says Philip Kim, a physicist from Columbia University in

New York [81].

Graphene is the basic structure formany carbon-basedmaterials. It iswell known that carbon

exists in many forms: fullerene, diamond, multi- or single-wall carbon nanotubes and graphite

to name a few. All of them are closely related to the graphene. Crystalline graphite, the most

Figure 19.12 SAD on (a) graphite nanosheet; and (b) conventional graphite (Reprinted from European

Polymer Journal, 39, G-H. Chen, W-G. Weng, D-J. Wu and C-L. Wu, “PMMA/graphite nanosheets

composite and its conducting properties,” 2329–2335, � 2003, with permission from Elsevier.)
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thermodynamically stable form of carbon, is composed of graphene sheets stacked in an

. . .ABAB. . . sequence; the carbon nanotube structure is described as scrolled graphene

with joining edges; both diamond and fullerene including five-membered rings can be derived

from graphenes.

Two main routes are available to prepare graphene, one is from highly oriented pyrolytic

graphite (HOPG) and the other one is from graphite oxide (GO). Heretofore, many material

scientists have attempted to create individual graphene sheets using the intercalation/exfolia-

tion method and have demonstrated several evolved procedures from expanded materials such

as ball milling and ultrasonic powering [82]. But it is a pity that the resulted products from

intercalated graphite typically contain hundreds of stacked graphene layers and yield tens

nanometers of an average thickness. Then people realize that graphene should be pulled from a

monolith of HOPG [83]. In 2004, A.K. Geim presented originally the micromechanical

cleavagemethod of peeling layers fromHOPG using “Scotch” adhesive tape and capturing the

monolayers released in acetone on a Si wafer with a SiO2 layer on its top [80]. However, this

approach is severely limited by its very low yield, and it remains difficult and time-consuming

to position a suitable single sheet for study, though a detecting technique has been improved

somewhat by a combination of optical and atomic force microscopy. Undoubtedly, bulk

quantities of product are desirable for industry applications. Starting from GO is a promising

methodology to achieve this. The first attempt to produce GO dates from the work of Brodie in

1859 [84]. He obtainedGOby treating graphite powderwith an oxidationmixture of potassium

chlorate and fuming nitric acid, repeatedly. Since then, many procedures have been developed.

In the beginning, all were characterized by the use of potassium chlorate and by constant

hazards. In 1958, Hummers cooperated with Offeman to present a rapid and relatively safe

method of accomplishing the oxidation by treating graphite with a mixture of concentrated

sulfuric acid, sodium nitrate and potassium permanganate, which are most commonly used at

the present time [85].

In contrast to the pristine graphite, GO is also a layered material but is heavily oxygenated,

leading to an enhanced interaction with water. Thus, GO is hydrophilic and water-dispersible

due to the presence of hydroxyl and epoxide on their basal planes, in addition to carbonyl and

carboxyl groups located on the edge atoms; it readily completely exfoliates into single

graphene oxide layers of low electrical conductivity in aqueous media upon sonication. In

order to increase its electrical conductivity, the chemical reduction of graphene oxide is usually

carried out with hydrazine or their derivatives such as dimethylhydrazine at 80 �C, presumably

owing to the restoration of graphitic network of sp2 bond during the reaction [82, 83, 86].

19.3 Rubber/Graphite Nanocomposites

In Section 19.1, it was mentioned that rubber composites are a particular class of materials and

can bewidely used inmany specialized fields. Although, for the real applications, a set of novel

properties, including high strength, good electric and thermal conductivities and improved

tribological properties are of interest, rubber/graphite nanocomposites certainly hold tremen-

dous potential inmany application fields. Due to the high aspect ratio and the increased relative

surface area, graphite nanostructures are idea nanofillers to impart either strength or functions

to rubbers. This section discusses the fabrication methodologies, characterization techniques,

novel properties and potential applications for rubber/graphite nanocomposites.
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19.3.1 Preparation, Processing and Characterization

For preparing rubber/graphite nanocomposites, it is crucial to ensure a fine dispersion of fillers,

in addition to a strong interfacial interaction between graphite and rubber which is also very

important. Rubber/graphite nanomaterials are mainly prepared by incorporating EG or GNs

into the rubber matrix by a proper blending methodology. Various techniques can be selected

purposely to determine the structure of rubber/graphite nanocomposites. Techniques including

wide-angle X-ray diffraction (WAXD), small-angle X-ray scattering (SAXS), scanning

electron microscopy (SEM) and transmission electron microscopy (TEM) are powerful

characterization means, and all of them are used extensively nowadays.

19.3.1.1 Rubber Nanocomposites Reinforced by EG

EG is the most intensely used filler for the preparation of polymer/graphite nanocomposites.

The EG/polymer systems are believed to be light weight and conductive. As EG is wormlike

with delaminated graphite nanosheets building frameworkwithmany pores in different size, by

proper processing methods, the pores can be readily inhabited by monomers or macromo-

lecules in a liquid state. During subsequent polymerization or solidification, the interlinked

nanosheets are separated platelet by platelet, and they reassemble to form a dispersed phase in a

matrix whose homogeneity strongly depends on the mixing technique. Moreover, by in situ

polymerization the galleries of graphite sheets in EG can also be intercalated simultaneously to

a certain extent. Li et al. investigated influence of graphite particle size and shape on the

properties of NBR containing 26wt% of acrylonitrile. They found that it was difficult to break

EG into very small particleswhen blendedwith rubber on a twin roller [8]. In fact, for preparing

rubber/graphite nanocomposites from EG, it is still a challenge to further exfoliate EG into

isolated nanoplatelets completely and ensure a satisfactory dispersion of EG in the rubber

matrix, even though a strong force is available during conventional blending processing.

This because graphite nanosheets composing EG are interlinked with each other forming a

very loose vermicular structure which is easily broken down or compressed to a dense

state during the mixing of EG and rubber and also due to the flexibility and high

viscosity of rubber materials. It seems not easy to let rubber macromolecules encroach the

void space of EG by direct mechanical blending such as melting mixing, not to mention

graphite gallery intercalation.

19.3.1.2 Rubber Nanocomposites Reinforced by GNs

As discussed previously, being different from porous EG, GNs are separated graphite platelets

with a thickness in the nanometer scale prepared from EG, and they can be more readily

dispersed into polymermatrix via in situ polymerization, melting bending, solutionmixing and

other techniques.

Silicon rubber with excellent elastic, thermal and mechanical properties in addition to very

good environmental stability has been chosen as a binder by Chen et al. to fabricate pressure-

sensitive nanocomposites, and a wet mixing method was used to achieve a homogenously

dispersion of GNs in the silicon rubber matrix [41]. Zhang’ group cooperated with Mai’s

obtained high-performance nitrile-butadiene rubber (NBR)/GN nanocomposites with im-

proved mechanical and functional properties via a latex compounding method [87].
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This method was deemed to contribute to not only a fine nanoscale dispersion of graphite in

rubber but also an improved interfacial adhesion between the graphite and the rubber matrix.

19.3.1.3 Characterization

The nanostructure of the final nanocomposites can be verified by a combination of

microscopic morphology investigation and XRD structural analysis. Morphologies of

freeze-fractured surfaces of NBR/graphite nanocomposites and image of sonicated EG

fillers are listed in Figure 19.13a–f; the corresponding XRD patterns at both wide and small

angles (Figure 19.13g,h) are also presented.

Observed from SEM images, the distribution states of fillers can be seen clearly. The SEM

imagesalsorevealtheconditionsofinterfacebetweenthegraphitenanosheetsandrubbermatrix.

Figure 19.13a displays the SEM images of the sonicated EG, which are identical with GNs

obtained by Chen’s group. In contrast to Figure 19.13b, Figure 19.13c–d show a much better

dispersionofGNsinrubbermatrixandafiner interfacial adhesionbetweenthem.Thedark line in

TEM images corresponds to the nanometer-scale graphite and strongly confirms the nanoscale

incorporation of graphite fillers into rubber. Chen et al. used SEM to show the state of GNs

dispersed in silicon rubber.Meng et al. reported theTEManalysis to indicate the separation and

delamination of EG within NBR matrix using an internal mixer [88]. In the XRD patterns,

compared with the neat rubber (curves of Figure 19.13b1 and c1), the characteristic peak

diffracted from the basal plane of graphite still remains at about 2y¼ 26.6� after compounding

(curves of Figure 19.13b2 and b3) via two different blending techniques; at small angle,

the several peaks in curves of Figure 19.13c2 and c3 before and after composition respectively

were assigned to exfoliation, intercalation and separation of graphite by Zhang et al. [87].

19.3.2 Properties and Applications

To satisfy practical application, composites that combine not only good mechanical properties

but also versatile functions are favored. By adding nanofillers into a polymer matrix, the

physical properties of polymer composites can be modified and changed dramatically due to

the nanomaterials’ unique characteristics arising from their much limited size, which can

hardly be achieved through conventional microcomposites. In contrast to insulating rubber

materials, graphite is rigid with a sound electrical conductivity and is naturally abundant, and

both the mechanical and the electrical properties of rubber/graphite nanocomposites are of

great interest to materials designers.

19.3.2.1 Mechanical Properties

Meng et al. reported their studies on NBR/EG nanocomposites by mixing NBR and EG in an

internal mixer. In their work, mechanical properties significant improvement at a loading of

only 5.0 wt%EG, the tensile strength increased by 78%with a slightly decrease in elongation at

break, and an remarkable enhancement on storage modulus was more than 90% below glass

transition temperature for the composite containing 5.0 wt% EG [88]. The mechanical

properties of polymer nanocomposites are strongly affected by the degree of filler dispersion.

Zhang and Mai [87] incorporated GNs into NBR matrix using a latex compounding method

(LCM), where the NBR rubber was used in latex form and the mixture was coagulated by a
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Figure 19.13 (a–f) SEM/TEM images and (g–h) WAXD/SAXD patterns of either GNs or their NBR

composites (Reprinted from Acta Materialia, 55, J. Yang, M. Tian, Q-X. Jia, J-H. Shi, L-Q. Zhang, S-H.

Lim, Z-Z. Yu and Y-W. Mai, “Improved mechanical and functional properties of elastomer/graphite

nanocomposites prepared by latex compounding,” 6372–6382,� 2007, with permission from Elsevier.)
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subsequent adding of CaCl2 aqueous solution. They demonstrated that LCM is facile to give a

fine dispersion of GNs and more interfacial interactions, resulting in greatly increased strength

and storage modulus (Figure 19.14). LCM and solution intercalation method display a better

effect than melt mixing in improving the mechanical properties of rubber/graphite nanocom-

posites, as shown in Figure 19.15 [87, 89], the storage modulus of composites prepared by

Figure 19.14 (a) Tensile stress–strain curves and (b) storage modulus of NBR/GNs composites

prepared by the latex compoundingmethodwith different filler content (Reprinted fromActaMaterialia,

55, J. Yang, M. Tian, Q-X. Jia, J-H. Shi, L-Q. Zhang, S-H. Lim, Z-Z. Yu and Y-W. Mai, “Improved

mechanical and functional properties of elastomer/graphite nanocomposites prepared by latex

compounding,” 6372–6382, � 2007, with permission from Elsevier.)

Figure 19.15 (a) Tensile stress–strain curves and (b) storage modulus of rubber/graphite nanocompo-

sites prepared by different compounding techniques. (a) (Reprinted fromActaMaterialia, 55, J. Yang,M.

Tian, Q-X. Jia, J-H. Shi, L-Q. Zhang, S-H. Lim, Z-Z. Yu and Y-W. Mai, “Improved mechanical and

functional properties of elastomer/graphite nanocomposites prepared by latex compounding,”

6372–6382, � 2007, with permission from Elsevier.) (b) (Reprinted from Thermochimica Acta, 462,

Q.Muand S. Feng, “Thermal conductivity of graphite/silicone rubber prepared by solution intercalation,”

70–75, � 2007, with permission from Elsevier.)
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solution intercalation are greater than that of composites fabricated by melt mixing method,

and the tensile strength is raised much more remarkably with increasing strain for LCM-

prepared composites when compared with the tensile of composites manufactured using

a directmelt blendingmethod.Chen et al. [74] investigated themechanical properties of silicon

rubber nanocomposites with various GNs content, and their results are presented in

Figure 19.16. The elastic modulus of the nanocomposite which is rather sensitive to the speed

of applied compression was rised apparently with increasing GNs and could be further

enhanced by the addition of Al2O3 nanoparticles.

19.3.2.2 Electrical Properties

Great improvement in electrical conductivity is achieved by the incorporation of graphite

nanoplatelets into rubber materials [87, 88, 90]. A sharp transition of the rubber from an

electrical insulator to electrical conductor with the addition ofGNs takes place at a certain filler

fraction, which is much lower than the filler content of rubber/conventional graphite compo-

sites, as shown in Figure 19.17 [90]. With just a low fillers concentration needed, not only can

material redundancy and detrimentalmechanical properties be effectively avoided, but also the

cost is reduced.

Apart from the high conductivity and low percolation threshold, due to the combination of

viscoelastic mechanical properties of rubber and the electrical conductivity from conducting

fillers, electrical conductive rubber composites always exhibit variable conductivity in

response to varying applied pressurewhich is known as the piezoresistive effect. Piezoresistive

behavior is another interesting property for rubber/graphite nanocomposites. Detailed studies

have been carried out on the pressure-sensing properties of silicon rubber/GNs nanocomposites

by Chen et al. [41]. They demonstrated that the silicon rubber/GNs nanocomposite with

1.36 vol% GNs near the percolation threshold exhibits a super positive pressure coefficient

(PPC) effect with good repeatability in the finger-pressure range, as shown in Figure 19.18. The
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Figure 19.16 (a) Elastic modulus at various GNs fraction and (b) pressure–strain curves under different

compression speed for silicon rubber/GNs nanocomposites (Reprinted from L. Chen, L. Lu, D-J. Wu

et al., “Silicone rubber/graphite nanosheet electrically conducting nanocomposite with a low percolation

threshold,” Polymer Composites, 28, 493–498,� 2007, with the permission of JohnWiley & Sons, Inc.)
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Figure 19.17 Electrical conductivities of rubber reinforced by graphite of different types (Reprinted

from L. Chen, L. Lu, D-J. Wu et al., “Silicone rubber/graphite nanosheet electrically conducting

nanocomposite with a low percolation threshold,” Polymer Composites, 28, 493–498, � 2007, with

the permission of John Wiley & Sons, Inc.)

Figure 19.18 (a) Relative resistance of silicon/GNs composite with 1.36 vol% GNs as a function of

applied pressure (b) and its repeatable piezoresistive behaviors under cyclic compression (Reproduced

with permission from L. Chen, G-H. Chen, L. Lu, “Piezoresistive behavior study on finger-sensing

silicone rubber/graphite nanosheet nanocomposites,” Advanced Functional Materials, 17, no. 6,

898–904, � 2007, Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)
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experimental results can be explained well using the tunneling conduction model, suggesting

that under external pressure the charge carrier transport in silicon rubber/GNs composites is

mainly controlled by the tunneling-conduction mechanism.

19.3.2.3 Other Properties

Graphite is multifunctional, its lubricant property and thermal conductivity are also well

known, except for its stiffness and excellent electrical conductivity. Feng et al. paid special

attentions on the thermal conductivity of silicon rubber/EG composites and found that the

thermal conductivities of silicon rubber/EG nanocomposites improved apparently with

increased EG content, and solution intercalation methods were more crackajack than the

conventional melt mixing method in improving the thermal conductivity of silicone/EG

composites [89]. Zhang and Mai et al. achieved NBR/sonicated EG nanocomposites with

improved wear resistance, better gas barrier properties and superior thermal conductivity

using a latex compounding method [87]. Shen et al. reinforced silicon rubber with modified

graphite oxides (GO) exfoliated into platelets of nanoscale thickness using a solution

intercalation method [90]. The silicon/GO nanocomposite was proved to be a novel antic-

oagulative biomaterial with good mechanical properties, biocompatibility and longtime

blood compatibility from graphite oxide and silicon rubber, which is expected to satisfy

wide applications in future medical treatment.

19.3.2.4 Potential Applications

As discussed earlier, graphite holds a significant role in improving the properties of rubber

materials. Much research has been conducted with graphite particles and rubbers, purposely

focusing on the mechanical, tribological, thermal, electrical and other properties of their

composites. Rubber materials containing graphite can find applications in sealing, electro-

magnetic radiation and electrostatic protection, electrodes, sensors and so on. For example,

Cavalheiro et al. reported that silicon rubber composite composed of 70wt%graphite showed a

good voltammetric response, making them a favorable material for preparing voltammetric

sensor devices. Additionally, they can be used as anodic electrode materials in neutral and

acidic medias widely related to their useful potential windows [91]. Ol’shevskij et al.

developed electric-conducting rubber containing carbon black and graphite with a 3 : 1 ratio

to prevent computer hardware being exposed to external electromagnetic waves [92]. Being

more advanced than conventional rubber/graphite composites, the nanocomposite materials

have great improvements both in performance and potential applications arising from their

high aspect ratio of graphite nanoplatelets. Rubber materials can be modified more effectively

by adding these graphite nanofillers. For rubber/graphite nanocomposites, both their mechani-

cal and functional properties can be improved remarkably with an addition of small amount of

graphite fillers, which seems hard to achieve by adding conventional graphite particles of

themicrometer order. Therefore their advantages and potential applications are obvious. There

is little doubt that rubber/graphite nanocomposites offer people a superexcellent alternative for

fabricating rubber materials of fascinating properties with a favored low filler concentration to

fulfill the special requirements of various practical applications. Many believe graphite

nanoplatelets will edge aside traditional graphite powders in composites of the future.
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19.4 Future Outlook

Realistically, up-to-the-minute, scant literature has been published on rubber/graphite nano-

composites, and the rubber nanomaterials are just underway. However, some of the initial

successes have demonstrated that graphite nanoplatelets are idea nanofillers to provide

dramatic reinforcement and multifunction to rubbers; the potential of rubber materials loaded

graphite nanoplatelets is undoubtedly tremendous and promising. However, people still face

many critical issues when creating versatile rubber/graphite compounding materials by

designing their structures at the nanometer scale. One of the biggest challenges in the research

of rubber/graphite nanocomposites is to develop composition technologies for improving the

exfoliation and dispersion of graphite fillers in matrix beside the enhancement of graphite

matrix interfacial adhesion, which is equally essential. Graphite is a layered material with

unique natural functions, so in order to achieve higher reinforcement efficiency graphite layers

should be intercalated, exfoliated and separated as widely as possible, except that a good

dispersion throughout the matrix phase is also indispensable. In fact, it seems not very easy to

ensure improvements in the separation and dispersion of graphite in ways starting with EG

using traditional methods of directly melt blending with rubber as reported by Li et al. [8].

Similar results were also noted in other studies using a twin roller or internal mixer for

compounding [88, 89]. Furthermore, from the intercalationmechanism viewpoint, the graphite

original gallery with 0.335 nm spacing cannot be intercalated by rubber macromolecules,

limiting the exfoliation and separation of graphite during direct mix processing. Fortunately,

it is hoped this limitation can be overcame by the emergence of graphene, the monolayer of

graphite at the atomic scale, which has a great deal of promise as a future conductive graphitic

nanofiller for exploiting high-performance rubber materials [86], although their production in

quantity has seemed decades away.

Clearly industry and a diverse range of other sectors related to rubber materials will benefit

significantly from the introduction of graphite nanofillers, provided excellent techniques for

their composition are available. To explore such rubber-based nanocomposite materials of

novel properties, deep investigations surrounding the complete exfoliation and dispersion of

graphite fillers into matrix, nicer compatibilities, the development of advanced functions,

strategy optimization for improved mechanical and functional properties and other funda-

mental researches will be strongly required in the future.
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20.1 Introduction

Nanocomposites are multiphase materials containing two or more distinctly dissimilar com-

ponents mixed at nanometer scale. They belong to inorganic–inorganic, inorganic–organic, or

organic–organic nanocomposites where the resulting materials may be amorphous, crystalline

or semicrystalline. These nanocomposites very often display new and improved mechanical,

catalytic, electronic, magnetic and optical properties not exhibited by the individual phases or

by their macrocomposite and microcomposite counterparts. This indeed influences materials

scientists to prepare tailor-made advanced materials. The basic reason for the synergistic

improvement in their properties is not completely understood to date. It is of particular interest

that polymer nanocomposites having inorganic particles of within nanoscale dimensions in the

family of organic–inorganic nanocomposites have received considerable attention because of

their much improved unique properties and numerous potential applications in automotive,

aerospace, construction, electronic purposes and soon [1–3]. Since thennanolevel dispersionof

inorganic materials especially clays in the polymer matrix has unfolded a new and interesting

chapter in the field of materials science [4]. As a result in recent years, increasing attention has

been paid to nanocomposites of rubbers, for example, natural rubber (NR) [5], EVA [6–10],

(ethylene-propylene diene monomer (EPDM) [11–13], nitrile-butadiene rubber (NBR) [14],

hydrogenated nitrile-butadiene rubber (HNBR) [15], styrene-butadiene rubber (SBR) [16],

silicone rubber (SR) [17] and 1,4 polybutadiene (BR) [18] prepared via solution intercalation,

melt intercalation and rubber latex compounding.
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The aging of a polymer is usually due to changes in its chemical structure caused by heat,

ultraviolet light, or chemical attack. Natural aging is one such example where polymers

exposed can degrade through the action of several agents, UV radiation, water; pollutants and

so on. The changes due to aging may also be reflected in the properties of a polymer. The most

common form of aging in polymers is physical aging, that is, aging that takes placewithout any

chemical reaction. This phenomenon is very common and is encountered in thermoplastic

elastomers at elevated temperature [19]. Thermal aging is the acceleration of physical aging

caused by the application of an elevated temperature.

Rubber nanocomposites constitute one of the very important classes of materials because of

their unusual improved properties normally unavailable with their pure form or conventional

composites. It is therefore necessary to evaluate the property changes of most of these

industrially and commercially viable materials, which when subjected to the degradation

due to heat could be studied through thermogravimetric analysis (TGA), differential thermal

analysis (DTA), and differential scanning calorimetry (DSC). Mechanical aging could be

studied after a particular performance life through the changes in the strength, elasticity,

toughness, and so on, at a given temperature. Such studies on the thermal stability and

degradation behavior of these rubber nanocomposites are extremely useful when they are

subjected to heating, allowing the selection of polymeric materials with superior properties for

specific applications [20, 21].

20.2 Types of Fillers Used in Rubber Nanocomposites

Fillers in the rubber industry are playing increasingly important roles in the reinforcement of

polymers. The filler content in a rubber product is usually more than 40% in total weight.

However, the presence of nanofillers in very small amount in the polymers not only

remarkably improve the mechanical, thermal properties but also endow polymers with

special properties such as electrical conductivity, flame resistance, antibacterial effective-

ness and so on [22–27]. The fillers used in the preparation of rubber-based nanocomposites

are of the following types.

20.2.1 Clay Minerals

Clay materials, because of their easy availability and well defined intercalation chemistry,

have widely been used to prepare polymer–nanocomposites. It is noted that a very small

amount of modified clay is enough to exhibit markedly improved mechanical, optical,

thermal and physicochemical properties when compared to the neat polymer of conventional

microscale composites.

20.2.1.1 Structure of Sodium Montmorillonite

The structure of sodiummontmorillonite (Na-MMT) is shown in Figure 20.1. It is composed of

units made up of two silica tetrahedral sheets with a central alumina octahedral sheet [28]. The

montmorillonite layers consist of negative charges resulting from the isomorphous substitution

of Si4þ in the tetrahedral lattice by Al3þ and of Al3þ in the octahedral sheet byMg2þ . These
negative charges are counterbalanced by cations such as Naþ (Liþ , Kþ , Ca2þ ), called
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interlayer cations and situated between the layers and remained hydrated. The interlayer

cations can be exchanged by organic cations like alkyl ammonium, aryl ammonium and so

on to make compatible with organic polymers. The free and surface-bound water molecules

are also present between the montmorillonite layers causing the lattice to expand in

the c-direction [26].

20.2.2 Layered Double Hydroxide

The majority of research work have been focused on cationic clays (montmorillonite; MMT),

while the layered double hydroxides (LDH), also known as anionic clays, have been relatively

less studied due to their stronger interaction among the hydroxide sheets, small gallery space

and the hydrophilic nature of LDH. But due to their highly tunable properties and wide

applications, such as catalysts,medicalmaterials and flame retardants, LDHs are considered an

emerging class of materials [28–30].

20.2.2.1 Structure of LDH

The general composition of LDHs can be represented by the ideal formula [MII
(1�x)M

III
x

(OH)2]
xþAx/m

m��nH2O, where M
2þ is a divalent cation such as Mg2þ , Zn2þ , Ni2þ , Co2þ ,

Fe2þ , Mn2þ , Cu2þ , Ti2þ , Cd2þ , Ca2þ and so on, M3þ is a trivalent cation such as Al3þ ,
Cr3þ , Fe3þ , Mn3þ , Ga3þ ,V3þ , In3þ , Y3þ , La3þ , Ru3þ and so on, and A is an anion with

valencym (for example, Cl�, Br�, F�, OH�, CO3
2�, SO4

2�, NO3
�). The structure of LDH is

closely related to brucite, Mg(OH)2, with the cations at the center of the octahedron, as shown

in Figure 20.2 [29]. In the brucite layer, eachMg2þ ion is octahedrally surrounded by six OH�

ions and the different octahedrons share the edge to form an infinite two-dimensional layer. The

partial replacement of divalent cations by trivalent cations gives the brucite like layer a positive

Figure 20.1 Structure of Naþ -montmorillonite
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charge which is counterbalanced by the anions in the interlayer region (gallery), resulting in

a hydrotalcite-like structure. The gallery also contains water molecules inside, which are

hydrogen-bonded in the layer OH and to the interlayer ions. LDH can be organomodified by

organic anions, such as dodececyl sulfate, whereby these ions replace the existing anions and in

the process increase the gallery space, making the insertion of polymer chains in the interlayer

space easier.

20.2.3 Carbon Nanotubes and Other Inorganic Nanofillers

Carbon nanotubes (CNTs), since their discovery in 1991 [31], have received a great deal of

interest due to their excellent properties, high strength, heat conductivity and so on. Recent

research has shownCNTs as an alternative reinforcing filler in polymer/nanocomposites due to

their excellent thermal stability, thermal and electrical conductivity and so on [32]. All present

research illustrates that the dispersion of CNTs in a polymer matrix and the interfacial

interaction between CNTs and polymer are two critical factors which affect the comprehensive

performances of composites. The preparation of CNT/rubber composites has recently received

more impetus to explore their extensive applications in many fields, just like conductive rubber

composites filled with carbon fiber and carbon black. Nanosized silica, calcium carbonate,

titanium dioxide and so on have also been used as another source of fillers for the preparation of

rubber nanocomposites.

20.3 Aging of Rubber Nanocomposites

The growing interest in applications of nanocomposite materials inmany industrial fields is the

driving force for the development of new polymer matrix–nanofiller formulations. However,

among the tremendous literature devoted to nanocomposite materials, only very limited work

deals with the long-term aging of polymer/clay nanocomposites andmore particularly with the

Figure 20.2 Structure of Mg/Al layered double hydroxide (Reprinted from Composites Science and

Technology, 67, H. Acharya, S.K. Srivastava and A.K. Bhowmick, “Synthesis of partially exfoliated

EPDM/LDH nanocomposites by solution intercalation: structural characterization and properties,”

2807–2811 (Figure 1), � 2007, with permission from Elsevier.)
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photodegradation of these materials in understanding the changes in appearance, morphology,

thermal stability, chemical structures,mechanical and other properties. The aging phenomenon

related to some important types of rubber nanocomposites is reviewed as follows:

20.3.1 Natural Rubber

Though many studies have been focused on preparation and investigation of the usual

properties of natural as well as synthetic rubber nanocomposites [33], more work on unfolding

their aging behavior is needed.Manroshan and Baharin [34] used nanosized calcium carbonate

as filler in natural rubber (NR) latex films by casting the prevulcanized latex onto glass

substrates. These films are aged in an oven at 70 �C for seven days and tested to examine the

effect of filler content on the modulus, tensile strength and elongation at break before and after

aging. Figures 20.3 and 20.4 shows the effect of filler loading on the modulus at 100 and 300%

elongation of prevulcanized NR latex films before and after aging. The increase in modulus is

observed with the increase in filler loading and is due to the stiffening effect caused by the

interaction between the filler and rubber particles. In addition, aged films show higher modulus

values than unaged filmsat 100% elongation and at 300% elongation. Such a phenomenon is

attributed to the heating of the films, which caused enhanced stiffening as a result of the

interaction of the curatives with the filler particles and the rubber molecules. Figure 20.5 show

the relationship between the filler loading and the tensile strength of the prevulcanized latex
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Figure 20.3 Effect of filler loading on the modulus at 100% elongation (M100) of prevulcanized natural

rubber latex films before and after aging (Reprinted from S. Manroshan and A. Baharin, “Effect of

nanosized calcium carbonate on the mechanical properties of latex films,” Journal of Applied Polymer

Science, 96, 1550–1556 (Figure 3), � 2005, with the permission of John Wiley & Sons, Inc.)
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Figure 20.4 Effect of filler loading on the modulus at 300% elongation (M300) of prevulcanized natural

rubber latex films before and after aging (Reprinted from S. Manroshan and A. Baharin, “Effect of

nanosized calcium carbonate on the mechanical properties of latex films,” Journal of Applied Polymer

Science, 96, 1550–1556 (Figure 4), � 2005, with the permission of John Wiley & Sons, Inc.)
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Figure 20.5 Relationship between filler loading and tensile strength of prevulcanized natural rubber

latex films before and after aging (Reprinted from S. Manroshan and A. Baharin, “Effect of nanosized

calcium carbonate on the mechanical properties of latex films,” Journal of Applied Polymer Science, 96,

1550–1556 (Figure 5), � 2005, with the permission of John Wiley & Sons, Inc.)
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films, before and after being subjected to aging. According to this, the tensile strength increased

with filler loading, reaching a maximum value at 10 phr, which then decreased again for both

aged and unaged films. The effect of filler loading on the elongation at break (Eb) of the

prevulcanized latex films before and after aging is also shown in Figure 20.6. A similar trend is

observed, with Eb reaching a maximum at 10 phr of filler loading and then decreasing with

further filler loading. The aged films also showa highermodulus at 100%elongation (M100) and

at 300% elongation (M300), higher tensile strength and higher Eb values than unaged films, due

to the enhanced interaction between the curatives with the fillers and the rubber molecules as

heat is applied to the films.

Alex et al. [35] determined the effect of thermal aging onNRnanocomposites. The results in

Tables 20.1 and 20.2 compare the changes in modulus, tensile strength and elongation at break

between the aged and unaged skim NR samples. A better dispersion of modified clay, together

with a higher level of crosslinking, resulted in enhanced mechanical properties and aging

characteristics. The resistance to thermal aging and the thermal stability of natural rubber/

nano-calcium carbonate (NR/CCR) modified with stearic acid and modified by solid-phase

(M-CCR) composites has also been studied [36]. The results showed that the distribution of

M-CCR particles in NR vulcanizates was more uniform than that of CCR. The micromor-

phology, mechanical properties, resistance to aging and thermal stability of NR/M-CCR

composites were improved markedly.

Bandyopadhyay and Bhowmick [37] studied low- and high-temperature degradation

behavior of epoxidized natural rubber (ENR)/silica and acrylic rubber (ACM)/silica nano-

composites. It was observed that ACM/silica and ENR/silica nanocomposites at 30wt%
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Figure 20.6 Effect offiller loading on the elongation at break of prevulcanized natural rubber latex fIlms

before and after aging (Reprinted from S. Manroshan and A. Baharin, “Effect of nanosized calcium

carbonate on the mechanical properties of latex films,” Journal of Applied Polymer Science, 96,

1550–1556 (Figure 6), � 2005, with the permission of John Wiley & Sons, Inc.)
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tetraethoxysilane (TEOS) showed more deterioration in strength on aging at 50, 70 and 90 �C
than poly(vinyl alcohol) (PVA)/silica nanocomposites, although in all cases, the control

samples showed more deterioration than the respective nanocomposites. It is also noted that

the ENR/silica was more resistant in lowering its strength compared with ACM/silica

nanocomposite, which is ascribed to a higher gel formation through a greater interaction of

silica with polar carbonyl groups in the former on aging than in the latter system.

The effect of ultrafine calcium carbonate (0–30%) to reinforce natural rubber latex film and

the physical properties of latex film (for example, tear strength, modulus, tensile strength)

before and after aging have been investigated [38]. It was observed that aging of the calcium

carbonate-filled reinforced natural rubber latex does not have a great effect on the aging

properties. Wang and others [39] studied the effect of air aging on the mechanical properties of

NR-montmorillonite nanocomposites prepared by co-coagulating the rubber latex and clay

aqueous suspension and compared its properties with carbon black-filled NR composites. It

was noted that the tensile strength and elongation at break for both the NR-clay nanocomposite

and theNRfilledwith carbon black decreasewith the increase in aging time. Nonetheless, after

7 days of aging, the tensile strength and elongation at break of the NR-clay nanocomposite are

14.7MPa and 452%, much higher than 9.0MPa and 388% for the NR filled with carbon black.

Table 20.1 Mechanical properties of skim NR

Parameter Loading of clay (phr)

0 3 5 10 15

Modulus, 100% (MPa) 1.62 1.98 2.11 2.79 2.98

Modulus, 200% (MPa) 2.24 2.59 2.73 3.63 3.67

Modulus, 300% (MPa) 2.78 3.23 3.30 4.5 4.63

Tensile strength (MPa) 22.54 24.57 25.79 24.8 24.18

Elongation at break (%) 770 730 780 710 700

Hardness (Shore A) 55 60 65 70 76

(Reprinted from R. Alex and C. Nah, “Preparation and characterization of organoclay–rubber nano-

composites via a new route with skim natural rubber latex,” Journal of Applied Polymer Science, 102,

3277–3285 (Table VI), � 2006, with the permission of John Wiley & Sons, Inc.)

Table 20.2 Mechanical properties of aged skim NR

Loading of clay (phr)

0 1 3 5 10

Modulus, 100% (MPa) 1.81 2.02 2.14 2.23 2.85

Modulus, 200% (MPa) 2.96 3.27 3.21 3.82 3.69

Modulus, 300% (MPa) 4.02 4.08 4.5 4.8 5.00

Tensile strength (MPa) 24.34 25.5 24.8 24 24.6

Elongation at break (%) 630 700 700 740 650

(Reprinted from R. Alex and C. Nah, “Preparation and characterization of organoclay–rubber nano-

composites via a new route with skim natural rubber latex,” Journal of Applied Polymer Science, 102,

3277–3285 (Table VII), � 2006, with the permission of John Wiley & Sons, Inc.)

558 Rubber Nanocomposites



20.3.2 Ethylene Propylene Diene Terpolymer

The UV-induced oxidation of ethylene propylene diene terpolymer (EPDM)/montmorillonite

nanocomposites has been reported. According to Sandrine Morlat-Therias et al. [40], the

EPDM/montmorillonite nanocomposites, one with intercalated montmorillonite and the other

with exfoliated montmorillonite, are obtained by melt compounding EPDM-g-MA (EPDM

grafted with maleic anhydride as compatibilizing agent) and organophilic synthetic clays. It is

observed that the photoproducts are the same for EPDM/montmorillonite nanocomposites.

Also the formation of these oxidation products occurs after an induction period, which is found

to be reduced in the presence of montmorillonite and the effect is enhanced in the case of the

exfoliated nanocomposite. After the induction period, oxidation starts with a rate that is

independent of the presence of montmorillonite. Gardette and coworkers [41] studied

the photooxidation of a vulcanized EPDM/montmorillonite nanocomposite with stabilizers

under accelerated UV irradiation (l� 300 nm, 60 �C) for different times and followed the

development of functional groups during oxidation by infrared spectroscopy. The investiga-

tions revealed that the photooxidation products are not changed in the presence of the

nanofiller. Lonker and others [42] discussed the relationship between the nanoclay reinforce-

ment and stabilizing efficiency in terms of photooxidation and surface morphology for

their applicability. However, the aging behavior of EPDM blend nanocomposites has yet to

be investigated [43].

20.3.3 Styrene Butadiene Rubber

Ming Tian et al. [44] reported for the first time the preparation of styrene butadiene rubber

(SBR) nanocomposites by direct blending, using fibrillar silicate (FS) as nanofiller; the

corresponding data of their mechanical properties is recorded in Table 20.3. It is noted that

FS/SBR nanocomposites possessed higher hardness, tensile stress at 100% strain, tensile

strength and very high tear strength, demonstrating the excellent reinforcing effects ofmodified

FS. It is also observed that increasing content of modified FS in SBR is accompanied by an

Table 20.3 Mechanical properties of SBR/fibrillar silicate (FS) nanocomposites

30 40 50 60

Unaged Aged Unaged Aged Unaged Aged Unaged Aged

Hardness (Shore A) 69 78 73 80 75 83 79 85

Tensile stress at 100%

strain (MPa)

7.3 8.4 7.6 10.4 7.8 12.2 10.2 13.7

Tensile strength (MPa) 14.1 14.3 14.7 16.0 14.4 17.5 18.8 20.5

Elongation at break (%) 350 260 344 238 336 233 309 233

Permanent set (%) 20 12 20 12 12 8 12 8

Tear strength (kN/m) 58.0 60.8 67.4 64.7

(Reprinted from M. Tian, L. Cheng, W. Liang and L. Zhang, “Overall properties of fibrillar silicate/

styrene-butadiene rubber nanocomposites,” Journal of Applied Polymer Science, 101, 2725–2731

(Table 1.3), � 2006, with the permission of John Wiley & Sons, Inc.)

Amount of modified FS
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increase in hardness and tear strength but a decrease in elongation at break and permanent set.

Table 20.3 also records the properties of FS/SBR composites after 48 h aging at 100 �C. In
addition, the composites had a visible increase in hardness, tensile stress and tensile strength,

but a small decrease in the elongation at break and permanent set, which indicated that the FS/

SBR composites had very good heat-aging resistance. Like unfilled SBR vulcanizate, the main

reason is that the crosslinking density of SBR after aging increased when sulfur was chosen as

the curing agent.

To understand the effect of aging on SBR/modified clay nanocomposites, Bhowmick and

Sandhu [45] made extensive investigations on three different aging conditions (36 h at 100 �C,
36 h at 120 �C, 72 h at 100 �C). The results are reported in Table 20.4. It shows that the aging

leads to a significant increase in tensile strength, while elongation at break decreased. The

increase in modulus with time or temperature is due to crosslinks through residual peroxide in

the initial stage. At higher temperatures or longer times of aging, the strength and modulus

improved because of resin formation and gelling. The incorporation of clay deteriorated the

aging properties of SBR [16–50% decrease in elongation at break, depending on the aging

conditions in SBR with styrene-butadiene (with 23% styrene content þ DCP: 1 phr) þ OC:

4 phr with respect to the control]. Although the modified clay could not improve the oxidative

aging properties significantly, a few aging properties are better in themodified clay system. The

extended aging of the samples also led to higher stiffness and higher tensile strength but

reduced elongation at break. They indicate that a higher temperature is more effective than

a longer aging time in changing the properties in this case.

Zhang and coworkers [46] studied the heat O2 aging property and O3 aging property of clay/

SBRnanocomposites. These investigations showed that both the heatO2 aging property and the

O3 aging property of clay/SBR nanocomposite were superior to those of carbon black/SBR

composites. The uniformly dispersed nanoclay could improve the heat stability and air

isolation of rubber, decrease the diffusion of O2 and O3 in rubber and reduce the probability

Table 20.4 Effect of aging conditions (36 h at 100 �C, 36 h at 120 �C, 72 h at 100 �C) on the mechanical

properties of SBR modified clay nanocomposites [23SBR¼ styrene-butadiene with 23% styrene

content, 23SBRN4¼ 23SBR þ DCP (1 phr) þ NC (4 phr), 23SBROC4¼ 23SBR þ DCP (1 phr) þ
OC (4 phr)]

Sample Conditions (h/�C) Tensile strength

(MPa)

Elongation at

break (%)

Modulus at 5%

elongation (MPa)

23SBR 36/100 1.2 84 0.11

23SBRN4 1.9 46 0.16

23SBROC4 2.2 70 0.18

23SBR 36/120 2.3 12 1.17

23SBRN4 5.2 5 5.20

23SBROC4 6.5 6 6.07

23SBR 72/100 2.3 10 1.70

23SBRN4 5.1 5 5.10

23SBROC4 5.6 7 5.20

(Reprinted from S. Sadhu and A.K. Bhowmick, “Preparation and properties of styrene-butadiene rubber

based nanocomposites: the influence of the structural and processing parameters,” Journal of Applied

Polymer Science, 92, 698–709 (Table VIII), � 2004, with the permission of John Wiley & Sons, Inc.)
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of an attack on the molecular chain of rubber, improving the heat O2 aging property and O3

aging proper of rubber.

The properties and applications ofMMT/SBR nanocomposites in the processing of tire tube

have also been experimentally investigated and the results showed that the air-tightness and

thermal aging properties were improved. [47].

20.3.4 Nitrile Butadiene Rubber

A thorough search of the literature survey reports no studies on the aging of nitrile butadiene

rubber (NBR) nanocomposites. However, Varghese et al. [48] reported the results of thermal

aging of NBR/EVA (ethylene vinyl acetate) blends as a function of blend composition,

crosslinking systems, filler type/loading and Young’s modulus on the tensile strength. The

sample aged at 100 �C also exhibits a lower Young’s modulus than those aged at 50 �C and

unaged samples. However, the property is not much affected by the mild aging condition. All

the systems except sulfur-cured system result in an increase in the property for aged samples at

50 �C. This is due to the additional crosslinks formed during thermal aging.While in the sulfur

system the S–S crosslinks are more flexible with the lowest bond energy and can be easily

dissociated by thermal energy. Therefore, in the sulfur-cured system, the property decreased

because of aging. The property decrease for all the samples after aging at 100 �C is due to the

disintegration of crosslinks at an elevated temperature. The crosslink density also decreases

after aging at 100 �C. After severe aging condition at 100 �C, the sulfur-cured system retains

only 80% of the property. For the peroxide and mixed cure systems, the property retention was

97 and 85%, respectively, implying thereby the peroxide-cured system exhibits the best

property retention even after severe aging condition. This is due to the thermal stability of the

peroxide-cured system, as evident from the TGA.

Nano-titanium dioxide-filled rubber composites of NBR have been prepared by direct

blending and their antimicrobial properties before and after aging have been reported [49].

These results showed that the antimicrobial properties of TiO2-filled rubber composites are

greatly improved compared with those of the unfilled composites. However, thermal aging has

no influence on the antimicrobial properties.

ZDMA (zinc methacrylate)/NBR nanocomposite have also been studied and compared to

those of a carbon black (CB)/NBR system [50]. The better hot air aging property and hot

oil resistance of ZDMA/NBR vulcanizate were obtained when compared to those of the

CB/NBR vulcanizate.

20.3.5 Hydrogenated Nitrile Butadiene Rubber

H. Anmin et al. [51] studied the aging performance of hydrogenated nitrile butadiene rubber

(HNBR)/clay nanocomposites at 178 �C in air, water and oil, respectively. At this temperature,

the aging process is accelerated and HNBR/clay nanocomposites can perform better under

these severe conditions. Tables 20.5–20.7 summarizes the change of material properties after

aging in different media for extended hours. The addition of organoclay significantly improves

material performance at high temperature in both air and oil. HNBR/nanocomposites maintain

about 80% of tensile strength after aging in air and 50% of tensile strength after aging in oil.

Aging performance of HNBR nanocomposites is similar to that of the carbon black filler of
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Table 20.5 Material properties of HNBR vulcanizates after air aging at 178 �C for 96 hours

Organoclay (phr) 0 2.5 5 7.5 10 15

Carbon black (phr) 30

Change in hardness þ 15 þ 4 þ 7 þ 7 þ 8 þ 8 þ 9

Tensile strength (MPa) 13.5 4.4 9.5 15.0 15.7 16.5 16.4

Retention of tensile strength (%) 48.2 58.8 88.0 89.3 86.7 80.8 79.2

Elongation at break (%) 130 230 300 375 370 380 370

Retention of elongation at break (%) 30.9 46.5 61.2 75.0 71.2 71.7 70.5

Permanent set (%) 6 2 8 12 14 16 36

(Reproduced from A. Huang, X. Wang, D. Jia and Y. Li, “Thermal stability and aging characteristics

of hnbr/clay nanocomposites in air, water and oil at elevated temperature,” e-Polymers, 051 (Table 2),

� 2007, with permission from e-Polymers (http://www.e-polymers.org).)

Table 20.6 Material properties of HNBR vulcanizates after water aging at 178 �C for 96 hours

Organoclay (phr) 0 2.5 5 7.5 10 15

Carbon black (phr) 30

Change in hardness þ 7 �1 þ 1 þ 1 þ 2 þ 2 þ 3

Tensile strength (MPa) 24.8 5.3 9.6 14.7 15.4 17.1 16.6

Retention of tensile strength (%) 88.6 71.6 88.9 87.5 84.9 83.6 80.4

Elongation at break (%) 360 470 545 540 530 520 515

Retention of elongation at break (%) 85.7 94.9 111.2 108.0 101.9 98.1 98.1

Permanent set (%) 8 8 16 18 20 24 40

(Reproduced from A. Huang, X. Wang, D. Jia and Y. Li, “Thermal stability and aging characteristics

of hnbr/clay nanocomposites in air, water and oil at elevated temperature,” e-Polymers, 051 (Table 3),

� 2007, with permission from e-Polymers (http://www.e-polymers.org).)

Table 20.7 Material properties of HNBR vulcanizates after oil aging at 178 �C for 72 hours

Organoclay (phr) 0 2.5 5 7.5 10 15

Carbon black (phr) 30

Change in hardness þ 19 �1 �2 þ 1 þ 3 þ 2 þ 1

Tensile strength (MPa) 7.4 3.8 5.5 8.6 10.6 12.1 11.0

Retention of tensile strength (%) 26.4 51.3 50.9 51.2 58.6 59.0 53.1

Elongation at break (%) 135 115 190 255 270 250 235

Retention of elongation at break (%) 32.1 23.2 38.8 50.8 51.9 47.2 44.8

Permanent set (%) 2 4 4 2 4 4 4

Change in mass (%) 12.6 16.5 14.4 13.1 12.9 12.3 11.2

(Reproduced from A. Huang, X. Wang, D. Jia and Y. Li, “Thermal stability and aging characteristics

of hnbr/clay nanocomposites in air, water and oil at elevated temperature,” e-Polymers, 051 (Table 4),

� 2007, with permission from e-Polymers (http://www.e-polymers.org).)
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HNBR. This may be due to the swelling of the material with the presence of organoclay, which

counter-interacts with its reinforcing effect. It is also noted that the retention of material

properties is not affected much by clay content when it is greater than 2.5 phr.

20.3.6 Silicone Rubber

Room temperature vulcanized (RTV) silicone rubber (SR) has been used in the form of external

coatings to insulate transmission and substation equipment in polluted areas in order to

improve their pollution performance, due to water repellency and transferring the water

repellency of the silicone rubber materials [52]. Corona is a most important factor that leads to

the loss of water repellency in silicone rubber materials, which in the end leads to the further

aging of the material, such as cracking and erosion [53]. In order to extend the service life of

RTV coatings, the corona aging performance needs to be improved. With the recent advent of

organic polymer/inorganic material nanocomposites, it is anticipated that a high and superior

performance, for example, better thermal stabilities and endurance to the weather could be

achieved [54]. Lei and coworkers [52] have very recently used nanosilica and nanolayered

silicate to modify the properties of RTV silicone rubber under corona conditions. According to

this, RTV/layered silicate nanocomposites provide special barrier abilities, which can prevent

UVand oxygen from going deep inside the material. As a result, these composites have better

corona aging properties. In addition, the thermal stabilities of RTV nanocomposites have

a much better corona aging performance than the virgin RTV and hence can have a longer

service life under the conditions of applied voltage.

20.4 Degradation of Rubber Nanocomposites

20.4.1 Natural Rubber

Earlywork on the nanolevel dispersion of clay in the natural rubbermatrix has been reported by

very few workers [55–57]. These studies have shown significant improvements in the

mechanical properties of the corresponding nanocomposites, due to the marked reinforcing

effect of the nanolayered silicate layers. Varghese and Karger-Kocsis [57] synthesized natural

rubber (NR)/layered silicate nanocomposite by latex compounding. It shows that the storage

modulus is increased by 400% for fluorohectorite-filled natural rubber and by 450% for

bentonite-filled polymer nanocomposites below the glass transition temperature compared to

commercially clay-filled polymer composite. The thermal decomposition behavior of NR

nanocomposites indicates that, at 400 �C, the percentage of weight retained is higher for the

nanocomposites. An improvement in the thermal stability of these nanocomposites is also

observed. Such an increase in the thermal stability of the hybrid may result from the dispersion

of the clay and from a strong interaction between the clay platelets and rubber molecules. The

important feature of this work is related to the thermal property improvement which occurs at

a very low filler content, often making the obtained material cheaper, lighter and easier to

process than conventional composites.

Sharif et al. [58] carried out radiation crosslinking of natural rubber (NR)/clay nanocom-

posites prepared bymelt mixing from natural rubber with sodiummontmorillonite (Na-MMT)

and Na-MMT modified with cationic surfactants, dodecyl ammonium chloride (DDA) and
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octadecylamine ammonium chloride (ODA) to produce NR/Na-MMT, NR/DDA-MMT and

NR/ODA-MMT composites. TGA studies showed that NR/DDA-MMT and NR/ODA-MMT

nanocomposites have higher decomposition temperatures than NR/Na-MMT. According to

Bolland and Orr [59], in the temperature range 200–270 �C of the NR/DDA-MMT thermo-

gram, both scission and crosslinking occur, though no loss of unsaturation of the bulk rubber.

The decomposition of natural rubber is accompanied by the volatilization of 39% isoprene,

13.2% dipentene and small amounts of p-menthene, as reported by other workers [60, 61]. It is

attributed that the presence of silicate layers dispersed homogeneously in natural rubber sheet

hinders the permeability of volatile degradation products out from thematerial and helps delay

the degradation of the nanocomposites. Recently, Viet and coworkers [62] prepared organoclay

(loading up to 10 phr) filled natural rubber nanocomposites using a laboratory two-roll mill and

investigated the thermal behavior. They observed that the thermal degradation shifted to a

higher temperature and the weight loss decreased with the incorporation of organoclay.

Alex and Nah [35] provided a simple and environmentally friendly procedure for the

production of NR nanocomposites from skim latex produced as a byproduct during the

centrifugation of NR latex. The thermal characteristics of NR nanocomposites in Table 20.8

show the maximum degradation temperature to be independent of the presence and concen-

tration of organoclay (OC). However, at 400 �C the percentage retained is higher for the

nanocomposites. Higher residue is also retained for all the nanocomposites and this increases in

proportionwith the clay. The enhanced thermal resistance is attributed to the good dispersion of

OC in the rubber matrix as in the rubber matrix, as reported by [63].

Nanosilica has also been used as a nanofiller in studying the thermal stability and degradation

of natural rubber by Li et al. [64]. According to this, SiO2 nanoparticles are distributed as

spherical nanoclusters homogeneously in a NR matrix. The thermal resistance of the

nanocomposites is significantly improved in comparision to neat NR. The degradation

temperatures of the nanocomposites are markedly higher than those of pure NR due to the

significant retardant effect of SiO2 nanoparticles.

Sui and coworkers [65] fabricated carbon nanotube/natural rubber (CNT/NR) composites

based on a CNT treatment using an acid bath followed by ball-milling with hydrated silica-

resorcinol-hexamethylenetetramine (HRH, at a weight ratio of 15 : 10 : 6) bonding systems.

After acid treatment and ball-milling, the dispersion of CNTs in the rubber matrix and the

Table 20.8 TGA data of NR nanocomposites

Clay loading

(phr)

Max. degradation

temperature (�C)
200 �C 300 �C 400 �C 500 �C

0 374.5 98.66 91.84 32.29 10.58

2 375.0 98.57 90.34 33.05 11.30

3 375.0 98.79 91.35 33.28 11.65

5 375.0 98.54 90.79 34.89 12.25

10 375.0 98.61 90.47 36.65 14.95

(Reprinted from R. Alex and C. Nah, “Preparation and characterization of organoclay-rubber nano-

composites via a new route with skim natural rubber latex,” Journal of Applied Polymer Science, 102,

3277–3285 (Table VIII), � 2006, with the permission of John Wiley & Sons, Inc.)

Percent weight retained
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interaction betweenCNTs and thematrix is improved. In addition, the thermal properties of the

CNT/reinforced NR composites are enhanced by the incorporation of the treated CNTs as

compared to neat NR and CB/NR composites.

Natural rubber/ethylene vinyl acetate (NR/EVA) blends are very attractive because of the

excellent properties of both constituents. Sharif et al. [66] prepared a NR/EVA blend (in a ratio

of 40 : 60) with dimethyl dihydrogenated tallow ammonium-modified montmorillonite nano-

composites throughmeltmixingwith various amounts of organoclay and described its effect on

the degradation steps of NR/EVAblends. Figure 20.7 represents the effect of the organoclay on

the degradation steps of theNR/EVAblends. TheNR/EVAblend is accompanied by a two-step

degradation similar to EVA. The first is due to the NR phase, but the corresponding onset

temperature is higher than that observed for pure NR. This behavior suggests the presence of

EVA increases the thermal stability of pure NR. In addition, no degradation related to the

acetate groups of EVA has been observed, and this indicates that EVA is also stabilized via

blendingwith NR, as reported by Jansen and Soares [67]. The thermal stability of this NR/EVA

blends is improvedwith an increase in the organoclay content from3 to 5 phr.A further increase

in the tallow ammonium-modified montmorillonite content (10 phr) does not further improve

the thermal stability of the blends. The thermal degradation behavior with filler content could

account for the change in the relative proportions of exfoliated and intercalated species with

filler content. At low filler content, exfoliation dominates, but the concentration of exfoliated

particles is not high enough to promote thermal stability through char formation. With an

increase in filler content, relatively more exfoliated particles are formed and chars form easily

and increase the thermal stability of the nanocomposites.At higher levels of clay concentration,

the equilibrium between exfoliation and intercalation is drawn toward intercalation, and even

if char is still formed in a high quantity, the morphology of the nanocomposites does not allow

a good thermal stability to be maintained.

Figure 20.7 TGA results of NR/EVA/C20A nanocomposites (Reprinted from J. Sharif, W.M.Z.W.

Yunus, K.H. Dahlan, M.H. Ahmad, “Natural rubber/poly(ethylene-co-vinyl acetate)-blend-based

nanocomposites,” Journal of Applied Polymer Science, 100, 353–362 (Figure 13), � 2006, with the

permission of John Wiley & Sons, Inc.)
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20.4.2 Ethylene Vinyl Acetate

Ethylene vinyl acetate polymer is a copolymer and is available with various vinyl acetate

contents. Depending on the vinyl acetate content, ethylene vinyl acetate (EVA) copolymers are

available as rubbers, thermoplastic elastomers and plastics. Wide applications in electrical

insulation, cable jacketing and repair, component encapsulation and water-proofing, corrosion

protection, packaging of components and the shoe industry dictate the extent of the industrial

importance of these polymers [68]. It is now expected that the nanocomposites of these

polymers find applications in the same fields with a better performance.

Thermogravimetric analysis of EVA-45 (vinyl acetate content 45%) and its nanocomposites

are depicted in Figure 20.8 and the weight losses at different stages of decomposition are

tabulated in Table 20.9 [69]. It is clearly seen that EVA undergoes two-step decomposition [70,

71]. The first step is due to the deacetylation reaction and second step is associated with the

formation of transvinylenes accompanied bymain-chain scission. The mechanism of this two-

step decomposition is represented elsewhere [70, 72] It is also evident from Table 20.9 that the

overall weight loss decreases with the filler loading, that is, char formation of the hybrids

increases linearly because of the high heat resistance exerted by the clay. It is evident from the

TG curves that theweight losses for both the first step and second step decompositions decrease

with increasing filler content in the polymer matrix. In the second step decomposition, TG

curves for 6 and 8wt% hybrids run above the pure EVA-45. This is due to the formation of

constrained regions originating from the interaction between silicate layers and polymer

chains. Additionally, it is also found that the nanocomposites degrade at a faster rate than the

pristine polymer. It may be that the previous decomposition of dodecyl ammonium ions

induces the deacetylation [49, 73].

Kuila, Srivastava and others reported the formation of nanocomposites of EVA [74]

with varying amounts of DS-LDH; and findings are displayed in Figure 20.9. Similar to

12Me-MMTas nanofiller in EVA-45 [69, 75], two-step degradation of EVA is observed. The

first and second steps take place in the ranges 214–422 �C and 415–525 �C, respectively.
It is evident that the temperature range for the first step is more or less the same as in 12 Me-

MMT/EVA-45 nanocomposites, while in the second stage degradation extends to much

higher temperature (about 525 �C). It is also seen noted that the decrease in initial

decomposition temperature for the nanocomposites is accompanied by a simultaneous

increase in initial weight loss. This is possibly due to the early degradation of DS anion

present in organo-LDH [76]. Such an initial weight loss in the nanocomposites is anticipated

to reinforce the charring process and may be more useful for the fire safety of the

nanocomposites. According to Qu et al. [77] an efficient charring process in a flame

retardant polymer occurs at a temperature higher than its processing temperature but much

lower than its decomposition temperature. It is also evident in Figure 20.9 that the final

decomposition temperature is�10 �C higher for the nanocomposites compared to neat EVA

and the weight loss at this stage of degradation significantly decreases with the addition of

DS-LDH. This is possibly due to the good dispersion of LDH in these nanocomposites and

the degradation perhaps only occurs at the surface of the nanocomposites to form a char

between the sheets of LDH, which can effectively prevent the emission of thermally

degraded small gaseous molecules, which ultimately enhance the thermal decomposition

temperature of the nanocomposites.

Very recently, ethylenevinyl acetate/expanded graphite nanocomposites have been prepared

by solution intercalation technique followed by compression molding, and thermal stability
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Figure 20.8 TGA of (a) EVA-45, (b) EVA-45 and 2wt% 12Me-MMT, (c) EVA-45 and 4wt% 12Me-

MMT, (d) EVA-45 and 6wt% 12Me-MMT, in air atmosphere (Reproduced from M. Pramanik, S.K.

Srivastava, B.K. Samantaray and A.K. Bhowmick, “Preparation and properties of ethylene vinyl acetate-

clay hybrids,” Journal of Materials Science Letters, 20, 1377–1380 (Figure 3), � 2001, with kind

permission of Springer Science and Business Media.)
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behavior of the resulting nanocomposites havebeencomparedwith those of natural graphite-filled

EVAcomposite [78]. It is noted that the incorporationof expandedgraphite provides a tremendous

improvement in thermal conductivity and thermal degradation resistance. A maximum shift of

14 �C in the maximum rate of degradation was observed for 4 phr expanded graphite addition.

This work probably paves the path for preparing stronger, lightweight EVA-based nanocompo-

sites which are cheaper than those based on carbon nanotubes, for use as advanced composites.

20.4.3 Ethylene Propylene Diene Terpolymer

Ethylene propylene diene terpolymer (EPDM) is an unsaturated polyolefin rubber with wide

applications. Due to its good mechanical properties, very low unsaturation and associated

resistance to aging and ozone deterioration [79], it has become extensively used in making

automotive tire sidewalls, cover stripes, wires, cables, hoses, belting, footwear, roofing barriers

and sporting goods. EPDM filled with many types of nanofillers often exhibit remarkable

improvements in mechanical, thermal and physicochemical properties when compared with

neat polymer and their conventional microcomposites, even at very low filler concentration,

due to nanolevel interactions with the polymer matrix. The early work on preparation and

characterization of EPDM nanocomposites included that of Usuki et al. [80], Chang and

coworkers [12] and Acharya and Srivastava [81]. Figure 20.10 shows TEM images of EPDM/

MMTcomposites containing 3wt% (Figure 20.10a) and 8wt% (Figure 20.10b) of 16Me-MMT

(hexadecyl ammonium ion intercalated montmorillonite) [13]. The TEM images clearly

indicate the presence of well separated silicate layers in an EPDM matrix, which was also

suggested earlier by the X-ray diffraction profiles. The original aggregates of the primary

particles are disrupted, resulting in a fine dispersion of silicate layers in the EPDM matrix.

Within the primary particles, many of the silicate layers of crystallites are intercalated by

EPDM chains to stack with layer expansion, preserving the parallel alignment of layers with

nanoscale separation. Additionally, individual layers are also observed outside the crystallites

with much finer dispersion. From the figure, it is also observed that the extent of intercalation

level increases with increasing 16Me-MMT content from 3 to 8wt% in EPDM matrix. The

average size of the silicate layers dispersed in EPDM matrix is in the range 15–20 nm. These

observations on the increasing level of intercalation with increasing 16Me-MMT polymers is

nothing unusual and has been observed by other workers. According to Jeon et al. [82] the

Table 20.9 Thermal properties of EVA and its nanocomposites [68]

Sample1 Step-1 weight loss (%)

(Ti
��Tf

�C)
Step-2 weight loss (%)

(Ti
��Tf

�C)

EVA-45 þ OPC(0) (227.7–422.7) 38.22 (422.7–501.0) 60.80

EVA-45 þ OPC(2) (219.8–421.7) 37.45 (421.7–502.0) 58.70

EVA-45 þ OPC(4) (215.8–424.5) 36.50 (424.5–501.0) 58.20

EVA-45 þ OPC(6) (213.3–415.1) 33.52 (415.1–502.0) 57.59

EVA-45 þ OPC(8) (210.4–416.2) 32.10 (416.2–500.0) 56.50

1OPC¼ 12Me-MMT; numbers in first bracket in sample column represent respective percentage of

12Me-MMT in the respective EVA matrix.

(Reproduced with permission from M. Pramanik, “Studies on layered materials and polymer

nanocomposites,” Ph.D thesis, Indian Institute of Technology, Kharagpur, 2005.)
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distribution of platelets has an intrinsic tendency towards becoming ordered spontaneously

from a disordered statewith increasing filler contents, with a crossover at which equal amounts

of disordered and ordered phases are expected (Figure 20.10). Dimarzio et al. [83] also defined

a crossover volume fraction (Fc) at which equal amounts of the disordered and ordered phases
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Figure 20.9 TGA curves of (a) EVA-45, (b) EVA-45/DS-LDH (1wt%), (c) EVA-45/DS-LDH (3wt%),

(d) EVA-45/DS-LDH (5wt%), (e) EVA-45/DS-LDH (8wt%) (Reprinted fromT.Kuila, H. Acharya, S.K.

Srivastava and A.K. Bhowmick, “Rubber/LDH nanocomposites by solution blending,” Journal of

Applied Polymer Science, 108, 1329–1335, � 2008, with the permission of John Wiley & Sons, Inc.)
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are expected. At higher filler loading in polymers, the clay undergoes aggregation [84].

Therefore, it can be concluded that the intercalated as well as disordered silicate layers

coexist together [85–87].

Typical nonisothermal weight loss curves resulting from the thermal degradation of EPDM

and its 16Me-MMTnanocomposites in air are shown in Figure 20.11 [30]. It shows a very sharp

one-step weight loss in all the cases corresponding to the thermal degradation of unsaturated

organic backbone, accompanied by main-chain scission on oxidation [88]. The thermal

Figure 20.10 TEM images of EPDM nanocomposites containg (a) 3wt% and (b) 8wt% of 16Me-

MMT [30] (Reproduced from H. Acharya and S.K. Srivastava, “Influence of nanodispersed organoclay

on rheological and swelling properties of ethylene propylene diene terpolymer,” Macromolecular

Research, 14, 132–139 (Figure 2), with permission from the Polymer Society of Korea (2009).)
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Figure 20.11 TGA of EPDM nanocomposites containing 0, 2, 3, 4 and 8wt% of 16Me MMT [30]
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stability behavior corresponding to the thermal decomposition temperature for 10wt%loss (T10)

in mass improves from 377 to 397 �C for neat EPDM to EPDM/MMT (8wt%) nanocomposites

successively. This significant improvement in thermal stability ismore likely due to the presence

of silicate layers, which offers a great barrier effect to hinder the formation of small molecules

resulting from thermal decomposition and simultaneously resists their movement during

desorption from the surface [89]. The coexistence of intercalated and disordered silicate layers

in the EPDMmatrix increases the (Si-O-C) interfacial interaction to restrict the thermal motion

of EPDM chain segments. Furthermore, it is noteworthy that the final thermal decomposition

temperature (Tf) at about 460
�C remains more or less the same irrespective of the presence of

16Me-MMT in EPDM. It appears that the final Tf of EPDM is no longer dependent on the effect

of silicate layers, suggesting their incapability to hold the polymer chains within themselves.

Data relating to the comparison in thermal stability behavior of virgin EPDM and EPDM

nanocomposites having 2, 3, 4 and 8wt% 16Me-MMT as filler is presented in Table 20.10.

EPDM-clay nanocomposites with organoclay intercalated with maleic anhydride-grafted

EPDM and EPDM-clay composites with pristine clay have been prepared through the melt

intercalation technique [90]. The nanoscale silicate layers of organoclay are found to be

completely exfoliated in the EPDM matrix and exhibit excellent thermal stability compared

with conventional composites. This can be attributed to a decrease in the diffusion of volatile

gases from the polymermatrix due to the homogeneous distribution of the nanoparticles, which

lengthens the total path.

Kang et al. [91] in their work used several compatibilization approaches including the

addition of EPDM modified with maleic anhydride and the use of organoclay modified with

maleic anhydride-grafted liquid vinyl polybutadiene (LVPB-g-MA). It was observed that the

use of LVPB-g-MA modifled organoclay gives increased thermal stability.

LDH is another very important type of filler used in EPDM. Scanning electron micrographs

of pure LDH, calcined LDH andDS-LDH are shown in Figure 20.12 [29]. Pure LDH shows the

presence of hexagonal platy particles stacked on top of each other. The calcined LDH shows

a flake-like structure due to the breaking of the patterned grains in pure uncalcined LDH. The

DS-LDH again develops the clear grain boundary with a nonuniform round-edged hexagonal

plate-like morphology. Figure 20.13 shows the TEM images of EPDM/LDH nanocomposite

with 3wt% DS-LDH. The lower magnification image (Figure 20.13a) clearly reveals that the

DS-LDH particles are mostly dispersed throughout the polymer matrix. However, TEM at

the higher magnification (Figure 20.13b) shows the diffused nature of the particles, which vary

Table 20.10 Thermal stability behavior of neat EPDM and its 16-Me-MMT nanocomposites [30]

Sample1 10wt% decomposition

temperature (T10
�C)

25wt% decomposition

temperature (T25
�C)

Final decomposition

temperature (Tf
�C)

EM0 377 398 460

EM2 379 402 459

EM3 397 416 460

EM4 394 410 461

EM8 397 420 462

1EM0, EM2, EM3, EM4 and EM8 refer to EPDM containing 0, 2, 3, 4 and 8wt% of 16-Me-MMT,

respectively.

Aging and Degradation Behavior of Rubber Nanocomposites 571



widely in sizes and shape. These are associated with stacks of few layers as well as in the

monolayer form in the EPDM matrix, as evident from Figure 20.13(c and d). The average

thickness and lateral dimension of the DS-LDH layers varies from 2 to 4 nm and 50 to

100 nm, respectively.

Figure 20.14 shows topographic and phase contrast images of EPDM/LDH nanocomposites

by tappingmodeAFM [29]. In this, the dispersion nature of LDH particles (3wt% ofDS-LDH)

in EPDM matrix can be observed directly. The structural hierarchies of the surface of

nanocomposite films indicate sufficient mechanical (intrinsic) contrast between the inorganic

LDH particles and the EPDM matrix. The brighter phase contrast and the darker areas in

Figure 20.14a correspond to the LDH particles and EPDM matrix, respectively. It is also

evident from the phase image of surface morphology that te LDH particles are randomly well

dispersed in the skin layer of nanocomposite EPDM matrix, which is in good agreement with

XRD patterns. The large sheet (50–100 nm in the horizontal direction) in the higher magnifi-

cation of topographic image area in Figure 20.14b shows an average thickness of�18 nm. It is

also observed from a three-dimensional image that the thickness of the LDH platelets in the

nanocomposite is somewhat higher than their individual platelets. The apparent broadening

feature of height in theLDHparticle distribution is possibly due to the interaction of the tipwith

submerged LDH platelets in nanocomposite [41] which are not perfectly perpendicular to the

EPDM matrix.

Figure 20.12 SEM images of (a) pure Al-LDH; (b) calcined LDH; and (c) DS-LDH (Reproduced from

Composites Science and Technology, 67, H. Acharya, S.K. Srivastava and A.K. Bowmick, “Synthesis of

partially exfoliated EPDM/LDH nanocomposites by solution intercalation: structural characterization

and properties,” 2807–2816 (Figure 6), � 2007, with permission from Elsevier.)
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Figure 20.15 [92] represents the TG curves of pure EPDMandEPDM/LDHnanocomposites

with different wt% of DS-LDH content; and the results are summarized in Table 20.11 [30].

They clearly demonstrate that the thermal decomposition temperature of nanocomposites is

relatively higher than its pure counterpart. The degradation rate for pure EPDM is faster above

380 �Cwhile, in the case of its nanocomposites, it is much slower up to 405 �C. Such a slow rate

of degradation towards 10% weight loss in EPDM/LDH nanocomposites is possibly due to

dehydration and thermal decomposition ofDS-LDH.Theweight loss in theTGbefore the onset

of oxidative thermal decomposition of unsaturated organic backbone of the pure EPDM in its

LDH nanocomposites promotes the charring process and plays an important role for fire safety,

where the efficient charring process occurs between the processing temperature and the

decomposition temperature [42]. Figure 20.15 and data presented in Table 20.11 also indicate

that the thermal stability of EPDM nanocomposite containing 3wt% of LDH is about 40 �C

Figure 20.13 TEM images of EPDM nanocomposite containing 3 wt% of DS-LDH (a) at

low magnification; (b) at high magnification; (c) stacks of LDH layers; and (d) LDH monolayer

(Reproduced from Composites Science and Technology, 67, H. Acharya, S.K. Srivastava and A.K.

Bowmick, “Synthesis of partially exfoliated EPDM/LDH nanocomposites by solution intercala-

tion: structural characterization and properties,” 2807–2816 (Figure 7), � 2007, with permission

from Elsevier.)
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higher than pure EPDMwhen 10%weight loss was selected as a point of comparison [30]. This

is due to the fine dispersion of DS-LDH nanolayer which, in turn, obstructs the internal

diffusion of heat and gaseous small molecules formed during thermal oxidation. Above 3wt%

of DS-LDH loading, the thermal stability of the nanocomposites decreases, possibly due to the

presence of DS-LDH aggregates in the EPDM matrix. The enhanced thermal stability of the

Figure 20.14 Tapping mode AFM phase (a) height and (b) images of EPDM/LDH nanocomposite

(Reproduced from Composites Science and Technology, 67, H. Acharya, S.K. Srivastava and A.K.

Bowmick, “Synthesis of partially exfoliated EPDM/LDH nanocomposites by solution intercalation:

structural characterization and properties,” 2807–2816 (Figure 8),� 2007, with permission fromElsevier.)
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polymer-LDH nanocomposites is attributed to the lower permeability of oxygen and the

diffusibility of the degradation products from the bulk of the polymer caused by the exfoliated

LDH in the composites [93]. It is also interesting to note that the thermal stability of

nanocomposites increases with DS-LDH content above the degradation temperature when

the selected point of comparison was taken on 50%weight loss. This in all probability is due to

the uniform molecular dispersion of a small amount of DS-LDH layers in the EPDM matrix.

TG curves of neat EPDM and EPDM mesoporous silica nanocomposites are shown in

Figure 20.16 and the related enhancements are recorded in Table 20.12 [30]. It is known that

EPDM undergoes a very sharp one-step weight loss corresponding to the thermal degradation

of unsaturated organic backbone accompanied by main-chain scission on oxidation [94–96].

The thermal stability corresponding to thermal decomposition temperature for 25wt% loss

in mass (T10) improves successively from 380 to 440 �C from neat EPDM to 10wt%

Figure 20.15 TGAprofilesEPDM/LDHnanocomposites; EL0, EL2, EL3, EL4 andEL8 refer to EPDM

containing 0, 2, 3, 4 and 8wt% DS-LDH content in EPDM (Reproduced from H. Acharya, T. Kuila, S.K.

Srivastava and A.K. Bhowmick, “A solution blending route to ethylene propylene diene terpolymer/

layered double hydroxide nanocomposites,”Nanoscale Research Letters, 2, 1–5 (Figure 7),� 2007, with

kind permission of Springer Science and Business Media.)

Table 20.11 Thermal stability data of neat EPDM and its LDH nanocomposites [30]

Sample1 10wt% decomposition

temperature (T10
�C)

25wt% decomposition

temperature (T25
�C)

50wt% decomposition

temperature (T50
�C)

EL0 377 398 417

EL2 393 428 441

EL3 422 438 452

EL4 416 435 454

EL8 408 435 454

1EL0, EL2, EL3, EL4 and EL8 refer to EPDM containing 0, 2, 3, 4 and 8 wt% of DS-LDH, respectively.
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silica-containing EPDM nanocomposites. Such a significant improvement in thermal stability

of EPDM/mesoporous silica nanocomposites is more likely due to the presence of silica

mesopore, which offers a great barrier effect to hinder the formation of small molecules

during thermal decomposition and simultaneously resists their movement during desorption

from the surface.

Figure 20.17 shows TG/DTG curves of nonoxidative (under nitrogen flow) thermal

degradation of EPDM/EVA nanocomposites with varying EPDM/EVA in the ratio of 50/50

and 16Me-MMT contents [97]. Similar to neat EPDM/EVA, the blended nanocomposites

also undergo two-step decomposition. The first step between 300 and 400 �C corresponds to

the emission of the acetic acid (deacetylation), while the second step is associated with the

polyolefinic (polyethylenic and polypropylinic) main-chain scission. The process of deace-

tylation of EPDM/EVA/layered silicate blend nanocomposites in the first step is accelerated by

16Me-MMT, which corresponds to an initial additional step because of the previous decom-

position of hexadecyl ammonium ions. According to Zanetti et al. [98], the acceleration is due

Figure 20.16 TGA profile of EPDM nanocomposites containing 0, 3, 5 and 10wt% of organomodified

mesoporous silica [30]

Table 20.12 Thermal stability behavior of neat EPDM organomodified mesoporous silica nano-

composites [30]

Sample1 10wt% decomposition

temperature (T10
�C)

25wt% decomposition

temperature (T25
�C)

50wt% decomposition

temperature (Tf
�C)

ES0 377 398 417

ES3 323 404 427

ES5 351 423 440

ES10 345 421 438

1ES0, ES3, ES5 and ES10 refer to EPDM containing 0, 3, 5 and 10wt% of mesoporous silica,

respectively.
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Figure 20.17 TG/DTG of (a) neat EVA/EPDM; (b) EVA/EPDM and 2wt% 16Me-MMT; (c) EVA/

EPDM and 4wt% 16Me-MMT; (d) EVA/EPDM and 6wt% 16Me-MMT; and (e) EVA/EPDM and

8wt% 16Me-MMT [97] (Reprinted from H. Acharya, S.K. Srivastava and A.K. Bhowmick, “Ethylene

propylene diene terpolymer/ethylene vinyl acetate/layered silicate ternary nanocomposite by solution

method,” Polymer Engineering and Science, 46, 837–843 (Figure 6), with the permission of John

Wiley & Sons, Inc.)
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to the catalyzing effect of protonated silicate layers owing to the initial decomposition of

organoclay. In addition, first-step weight loss increases with increasing filler concentration in

the EPDM/EVA matrix due to the presence of an increasing amount of hexadecyl ammonium

ion. The unsaturated backbone of EPDM/EVA in the second step involves radical scission for

nonoxidative degradation and thermal combustion for oxidative degradation [99]. It is also

clearly observed that the initial thermal decomposition temperature slightly decreases in the

presence of 16Me-MMT, while the weight loss corresponding to the different steps for pure

blend and its nanocomposites indicates improved thermal stability during main-chain degra-

dation compared to the neat EPDM/EVAblend. This in all probability is due to the barrier effect

of montmorillonite, which inhibits the cooperative motion of the small molecules formed as

decomposition products. It is also observed that the thermal stability of EPDM/EVA blend

nanocomposites in air is relatively much higher than that of the pure polymer blend itself. This

is invariably due to the formation of char under oxidative degradation, which acts as a physical

barrier and prevents the permeation of air. However, the possibility of a strong interaction

between the MMT layers and elastomer chains because of the uniform dispersion of MMT

particles in the thermoplastic elastomermatrix also cannot be ruled out. Table 20.13 shows that,

in either case (oxidative vs nonoxidative degradation), stability is highest for the nanocom-

posites containing 4wt% 16Me-MMT, suggesting a better dispersion of layered silicate in the

polymer matrix. The hybrid containing 8wt% 12Me-MMTexhibits no further increase, rather

it shows some decrease in the initial thermal decomposition temperature, probably due to

aweak interaction between the 16Me-MMT layers and the polymer blendmatrix because of the

aggregation of 16Me-MMT particles. Such behavior could be explained on the basis of the

relative proportion of exfoliated and intercalated species with 16Me-MMT content [99].

The thermal degradation behavior of LDPE/EPDM composites containing nano-kaolin and

nano-HAO (nanosized hydroxyl aluminum oxalate) has been explored by Chang et al. [100].

TG of the LDPE/EPDM blends indicates the two-step thermooxidative degradation in an

oxygen atmosphere. However, when nano-HAO is added to this blend, the mechanism of the

thermooxidative degradation reaction composite is changed. It is also noted that the nano-

Table 20.13 Degradation temperature of EPDM/EVA/MMT nanocomposites at 10, 25 and 50wt% loss

in mass [97]

Sample1 In air atmosphere In nitrogen atmosphere

T (�C) for
10wt% loss

T (�C) for
25wt% loss

T (�C) for
50wt% loss

T (�C) for
10wt% loss

T (�C) for
25wt% loss

T (�C) for
50wt% loss

EEC110 341 387 453 357 438 471

EEC112 339 421 455 351 446 474

EEC114 339 433 460 338 446 475

EEC118 327 428 456 309 437 475

1EEC110, EEC112, EEC114 and EEC118 refer to EPDM/EVA containing 0, 2, 4 and 8 wt% of

16-Me-MMT, respectively.

(Reproduced fromH.Acharya,S.K.Srivastava andA.K.Bhowmick, “Ethylenepropylene diene terpolymer/

ethylene vinyl acetate/layered silicate ternary nanocomposite by solutionmethod,”Polymer Engineering&

Science, 46, 837–843, � 2006, with the permission of John Wiley & Sons, Inc.)
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kaolin together with nano-HAO had little effect on the mechanism of the thermooxidative

degradation reaction of nano-HAO/LDPE/EPDM composites. When 10% nano-kaolin is

replaced by 10% nano-HAO in the composites, the decomposition temperature at 5wt% loss

of the composites is enhanced from289.2 to 305.7 �C, indicating the enhanced thermal stability

of the composites in the presence of nano-kaolin. The investigations have been made using

EPDM rubber and nano-SiO2 particles simultaneously to modify polypropylene

(PP) [101–103]. This is mainly due to the fact that the appplication of PP (though one of

the important commodity polymers widely used in automobiles, household appliances and the

construction industry due to its balanced mechanical properties) is limited by its brittleness,

especially at low temperature, as well as its low stiffness at elevated temperature.

20.4.4 Acrylonitrile Butadiene Rubber

Elastomer nanocomposites consisting of nitrile butadiene rubber (NBR) latex and layered

silicates have been prepared by a modified latex shear blending process aided with ball

milling [104]. The mode of dispersion of layered silicates in NBR is partially exfoliated and

intercalated when the concentration of layered silicates is below 7.5wt%, as evidenced by

transmission electronmicroscopy andX-ray diffraction results. These nanocomposites display

higher thermal stabilities than neat rubber.

M.A. Kader et al. [105] reported similar work for NBR and its nanocomposites containing

5 and 10 phr Na-MMT. The initiation of degradation of pristine NBR was found to occur at

around 367 �C and maximum degradation occurred at 467 �C. However, the maximum

degradation temperatures were slightly increased to 471 and 473 �C for NBR nanocomposites

containing 5 and 10wt% Na-MMT respectively. The presence of residue beyond 600 �C in the

TGA curves is due to the presence of compounding ingredient in addition to the inorganic clay

in nanocomposites. The observed increase in the thermal stability of NBR/MMTmay be due to

the high thermal stability of clay and the interaction between clay layers and polymer matrix

through intercalation/exfoliation.

Jin-Tae et al. [106] prepared nanocomposites of octadecyl-modified organophilic montmo-

rillonite (C18-MMT), nitrile-butadiene rubber (NBR) and a coupling agent during a melt

compounding process at room temperature. Figures 20.18 and 20.19 show TG and derivative

curves of C18-MMT/NBR/coupling agent (3-mercapto-propyl trimethoxy silane) nanocom-

posites, respectively. It is evident that pure NBR and C18-MMT show a decomposition onset

temperature (DOT, the temperature at which 5% of the weight loss appears) of 351.8 and

400.1 �C, respectively. In the presence of the coupling agent, DOTand maximum decomposi-

tion temperature (MDT, at whichmaximumweight loss occurs) depend on the concentration of

the coupling agent. It is observed that a large weight loss occurs in C18-MMT/NBR/coupling

agent nanocomposites at a higher temperature, which ranges from412.7 to above 600 �C. In the
case of pure NBR, the temperature ranges between 351.8 and 496 �C. For the C18-MMT/NBR

nanocomposite without a coupling agent, the temperature ranges from 400.1 to 558.1 �C. This
clearly suggests that the coupling agent affects the thermal stability of the C18-MMT/NBR

nanocomposite. The higher thermal stability in the presence of the coupling agent is attributed

to the formation of coupling bonds. Optimal thermal stabilization is obtained at a coupling

agent content of about 1–5 parts per hundred filler (phf). At 10 phf the thermal stabilization is

slightly decreased.
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Figure 20.18 Thermogravimetric analysis ofC18-MMT/NBR/coupling agent nanocomposites.MER1,

�2,�5,�10 indicate the contents (phf) of 3-(mercaptopropyl)trimethoxy silane (Reproduced from J-T.

Kim, D-Y. Lee, T-S. Oh, D-H. Lee, “Characteristics of nitrile-butadiene rubber layered silicate

nanocomposites with silane coupling agent,” Journal of Applied Polymer Science, 89, 2633–2640

(Figure 4), � 2003, with the permission of John Wiley & Sons, Inc.)

Figure 20.19 Derivatives of weight loss with respect to temperature. MER1, �2, �5, �10 indicate

the contents (phf) of 3-(mercaptopropyl)trimethoxy silane (Reproduced from J-T. Kim, D-Y. Lee, T-S.

Oh, D-H. Lee, “Characteristics of nitrile-butadiene rubber layered silicate nanocomposites with silane

coupling agent,” Journal of Applied Polymer Science, 89, 2633–2640 (Figure 5), � 2003, with the

permission of John Wiley & Sons, Inc.)
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20.4.5 Hydrogenated Nitrile Butadiene Rubber

Huang and coworkers [51] performed thermal degradation analysis of HNBR vulcanizates is

in both nitrogen and air atmospheres, respectively. The TGA curves of different HNBR

vulcanizates in nitrogen in Figure 20.20a exhibit one major degradation step around 733K,

which is associated with decomposition of the polymer chain. However, in air, the TGA

curves shown in Figure 20.20b exhibit two major degradation steps around 738 and 768K,

respectively. For the purpose of comparison, temperatures at the maximum rate of decom-

position for different materials in the derivative thermograms (DTG) are designated asTp and

summarized in Table 20.14. It should be noted that Tp is higher in air than in nitrogen. This is

caused by the faster heating rate in air. From Table 20.14, it can be seen that Tp is greatly

improved with the addition of organoclay, and it is increased with clay content. It is believed

that layered clay particles can insulate underlying materials and provide a tortuous path for

heat/gas transportation [107]. This, in turn, significantly slows down the degradation process.

A second degradation step observed at higher temperature in air suggests a different

degradation mechanism [108]. It is suspected that a –CN group in the decomposition

product from Step I can react with oxygen to form a more stable condensation product via

condensation reaction. This condensation product then decomposes at a higher temperature

in Step II.With the addition of organoclay, both Tp and T
a
i (starting degradation temperature)

are increased significantly.

Recently, two methods have been described for the preparation of hydrogenated nitrile

rubber (HNBR)/carbon nanotube (CNT) nanocomposites and the mechanical properties of the

composites have been studied [109]. However, the thermal behavior of these composites is yet

to be investigated.

Figure 20.20 TGA and DTG curves of HNBR vulcanizates with different clay content in (a) nitrogen

(heating rate, 10K/min) and (b) air (heating rate 20K/min) (Reproduced fromA.Huang, X.Wang,D. Jia,

Y. Li, “Thermal stability and aging characteristics of hnbr/clay nanocomposites in air, water and oil at

elevated temperature,” e-Polymers, 051 (Figure 3), � 2007, with permission from e-Polymers (http://

www.e-polymers.org).)
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20.4.6 Styrene Butadiene Rubber

Mousa and Karger-Kocsis [110] reported the formation of SBR nanocomposites with

organophilic montmorillonite (OMMT) having intercalated and partly exfoliated structure

with improved viscoelastic andmechanical properties. However, a completely exfoliated SBR/

MMTnanocomposite prepared byZhang et al. [111] reported the formation of exfoliated SBR/

MMT nanocomposites by anionic polymerization. The DSC shows that SBR/MMT nano-

composites show a higher Tg than SB (styrene: butadiene, 25 : 75). These findings are also

confirmed by Sandhu andBhowmick [112], where clay-modified rubber nanocomposites show

that Tg is shifted by a few degrees to the higher temperature, suggesting that it is due to

filler–polymer interaction. TGA and DTG studies on these samples have been carried out to

determine the onset decomposition temperatures and peak temperatures of the samples. The

value of onset decomposition temperatures of SBR/MMT nanocomposites containing 0, 1.0,

2.0, 2.5, 3.0 and 4.0wt%OMMTare found to be 384.1, 385.8, 393.5, 399.6, 402.8 and 394.5. It

is also observed that the initial degradation temperature is shifted for SBR þ sodium

montmorillonite (1%) þ DCP (1%) and SBR þ octdecylamine-modified sodiummontmoril-

lonite (4%) þ DCP (1%) by about 25 �C in the case of modified SBR/clay nanocomposites.

The corresponding values for peak temperature (�C) are 431.9, 442.7, 454.4, 456.3, 454.4 and
451.4 for SBR/MMT nanocomposites containing 0, 1.0, 2.0, 2.5, 3.0 and 4.0wt% OMMT

respectively. According to Bhowmick and Sandhu [112], the position of Tmax is the same for

almost all the samples, but the rate of degradation decreases 1.6% per �C to 1.2% per �C for

modified clay rubber nanocomposites. In either case, the thermal stability of the SBR/MMT

nanocomposites is improved with the addition of OMMT.

Nano-kaolin-filled and precipitated silica when used as a filler in SBR (andNR, BR, EPDM)

vulcanized rubber composites effectively improves the operational safety of prophase vulca-

nizing rubbers, quickens the vulcanization rate and notably advances the production efficiency

[113]. The rubber composites filled with nano-kaolin are of outstanding elasticity, and its

tensile strength is close to that of precipitated silica, but the tear strength and themodulus is not

superior to that of precipitated silica. The nano-kaolin sheets are well dispersed in the rubber

matrix in a parallel direction and are less than 100 nm. The good interface links between nano-

kaolin and rubber contributes to the excellent thermal stability of the rubber composites.

Styrene butadiene rubber (SBR) as matrix has been reinforced separately with 9, 15 and

21 nmCaCO3bymixing and compounding on a two-rollmill and has been investigated to study

Table 20.14 Tp of different HNBR vulcanizates in N2 and air atmospheres

Organoclay/phr Tp in N2

atmosphere/K

Tp of step I in air

atmosphere/K

Ti
1 of step II in air

atmosphere/K

0 731 738 768

5 736 749 781

10 742 754 787

15 745 759 787

1Ti: Starting decomposition temperature of step II in air atmosphere.

(Reproduced from A. Huang, X. Wang, D. Jia and Y. Li, “Thermal stability and aging characteristics

of hnbr/clay nanocomposites in air, water and oil at elevated temperature,” e-Polymers, 051 (Table 5),

� 2007, with permission from e-Polymers (http://www.e-polymers.org).)
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the effect and loading of nano-CaCO3 on these rubber nanocomposites byTGAandDSC [114].

An appreciable increase in glass transition temperature has been observed from DSC and is

attributed to the restricted mobility of nano-CaCO3-filled SBR nanocomposites. TGA shows

that, as the size of CaCO3 reduces, the thermal stability increases as compared to pristine SBR.

Venter et al. [115] studied the thermal stability of a silica-filled SBR/BR composite. In the

presence of silica particles, the decomposition temperature is shifted to a higher temperature,

which indicates a better polymer/filler interaction.

20.4.7 Silicone Rubber

Very limited work has been extended on the preparation of silicone rubber nanocompo-

sites [116–122]. Kong [116] focused their work on the synthesis of silicone rubber (SR)/clay

nanocomposites by a melt-intercalation process using synthetic Fe-montmorillonite (Fe-

MMT) and natural Na-MMT which were modified by cetyltrimethylammoniumbromide

(CTAB). The TEM image in Figure 20.21a shows the SR/Fe-MMT nanocomposite image,

the nanolayers generated by the exfoliation of clay tactoids tending to orient parallel to one

another. However, the TEM image in Figure 20.21b shows the SR/Na-MMT nanocomposites,

wherein the nanolayers emanating from different tactoids were nearly orthogonal to each

other, and there was little or no tendency for the nanolayers to orient uniformly throughout the

matrix. The results are also in accordancewith the XRD patterns. The thermal stability of pure

Figure 20.21 TEMmicrographs of SR/clay nanocomposites: (a) 4% Fe-OMT/SR nanocomposites and

(b) 4% Na-OMT/SR nanocomposites (Reprinted from Q. Kong, Y. Hu, L. Song, Y. Wang, Z. Chen and

W. Fan, “Influence of Fe-MMT on crosslinking and thermal degradation in silicone rubber/clay

nanocomposites,” Polymers for Advanced Technologies, 17, 463–467 (Figure 2), � 2006, with the

permission of John Wiley & Sons, Inc.)
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SR, SR/Fe-MMTand SR/Na-MMT nanocomposites has also been investigated and the results

are shown in Figure 20.22. It is noted that the thermal stability of the SR/clay nanocomposites

is noticeably improved by adding MMT into the SRmatrix. The results show the temperatures

at which 10% degradation occurs, T0.1, as a measure of the onset of the degradation, and at

which 50% degradation occurs, T0.5, as the midpoint of the degradation process. These

temperatures and the amount of residue that is nonvolatile at 700 �C are higher with clay

content in the nanocomposites than pure SR. TGA curves of SR/clay are given in Figure 20.22.

The two kinds of SR/clay nanocomposites have a similar process of degradation below about

200 �C. Thermal decomposition of the OMT took place at around 200 �C and proceeded

according to the Hofmann degradation mechanism [117]. The initial step was the loss of an

olefin, followed by the loss of the amine, leaving an acid proton on the surface of the MMT in

the place of the ammonium cation. In modified clay, adsorptive water and interlamellar water

were lost before 200 �C. At nearly 240 �C, the weight loss of the two kinds of modified clay

was equivalent. And the intercalant CTAB decomposed and/or vaporized from MMT. The

TGA data in Table 20.15 and TGA curves in Figure 20.22 clearly show that the SR/clay

nanocomposites enhanced thermal stability compared to virgin SR. Table 20.15 shows the

values for T0.1, T0.5, and residue at 700 �C. The onset temperature of the degradation was

obviously higher for the SR/clay than for pure SR. The onset temperature of pure SR was

415 �C. And thoset of the SR/Fe-MMT and the SR/Na-MMT were 462 and 423 �C, respec-
tively. The midpoint temperature of the degradation for pure SR was 488 �C, and the midpoint

temperature of the degradation for 4% Fe-OMTof SR/Fe-MMTwas 556 �C and that of SR/Na-

MMT was 524 �C. These results indicate that the thermal stability of the SR/clay nanocom-

posites was obviously improved with the addition of OMT. This could be explained by the fact

Figure 20.22 TGAcurves of SR and their nanocomposites under nitrogen flow: (a) pure SR; (b) 4%Na-

OMT/SR/clay nanocomposites; and (c) 4%Fe-OMT/SR/claynanocomposites (Reprinted fromQ.Kong,

Y. Hu, L. Song, Y. Wang, Z. Chen and W. Fan, “Influence of Fe-MMT on crosslinking and thermal

degradation in silicone rubber/clay nanocomposites,”Polymers for Advanced Technologies, 17, 463–467

(Figure 3), � 2006, with the permission of John Wiley & Sons, Inc.)
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that strong interaction between OMT and polymer chains prevented the segmental motion of

the macromolecules.

Wang et. al. [120] also reported the synthesis and properties of silicone rubber–

organomontmorillonite hybrid nanocomposites prepared by a melt intercalation process. TGA

traces of silicone rubber and its composites with 8.1 vol% of filler (organoMMTand aerosilica)

have been studied [121]. These results have shown improvements in the decomposition

temperatures of filled silicone rubber–organoMMT hybrids (433 �C) and aerosilica-filled

silicone rubber (440 �C) compared to unfilled silicone rubber (381 �C). The comparison of

TGA data of SR/organomodifiedMMTand SR/aerosilica nanocomposites prepared by solution

blending [122] have shown the best reinforcing effect for SR nanocomposite with 1wt% of

organomodified MMT. This has the highest center temperature of thermal degradation

(535.98 �C) with respect to the neat SR (526.34 �C).
El-Hag et al. [118] prepared vulcanized silicone rubbers filled with 3, 5, 7 and 10% of 12 nm

hydrophobic fumed silica by weight (wt%) and subjected them to TGA in a 5% oxygen and

95% helium environment from 100 to 800 �C, as shown in Figure 20.23. Theweight loss for the
fumed silica is also shown for the same temperature range for comparison. The weight loss for

Table 20.15 TGA results of SR/clay nanocomposites and SR

Contents T(0.1) (
�C) T(0.5) (

�C) Residue at 700 �C (wt%)

Pure SBR 415 488 0.3

1% Fe-MMT 453 543 2.4

4% Fe-MMT 462 556 6.0

7% Fe-MMT 460 558 8.5

4% Na-MMT 427 524 4.9

(Reprinted from Q. Kong, Y. Hu, L. Song, Y. Wang, Z. Chen and W. Fan, “Influence of Fe-MMT on

crosslinking and thermal degradation in silicone rubber/clay nanocomposites,” Polymers for Advanced

Technologies, 17, 463–467 (Table 1), � 2006, with the permission of John Wiley & Sons, Inc.)

Figure 20.23 TGA analysis of different silicone rubber compositions (� 2004 IEEE. Reproduced from

A.H. El-Hag, L.C. Simon, S.H. Jayaram, and E.A. Cherney, Annual Report – Conference on Electrical

Insulation and Dielectric Phenomena, 688–691 (Figure 4), � 2004, with permission from Institute of

Electrical and Electronics Engineers (IEEE).)
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unfilled silicone is about 66.5%, whereas it is only 28.5% for 5% filled sample. The first

derivative of the TGA curves in Figure 20.24 provides an idea about the temperature at

which decomposition began for both filled and unfilled silicone rubber. The first peak, which

is not very strong, was noticed for both the filled and unfilled silicone rubber around 400 �C.
The second peak, which appears around 500 �C, showed a significant difference in terms of

the steepness that corresponds to the weight loss to filler amount. While the rate of weight

change (%/�C) is around 0.15 for both 5 and 10% nanofilled silicone rubber, it exceeds 2.25

for unfilled silicone rubber. All these observations suggest the possibility of strong chemical

bonding between the fumed silica and the silicone rubber matrix. The estimated weight

loss of the composites under investigation when compared suggested that addition of

fumed silica improves the chemical bonding of composites and accounts for the lesser

weight loss in TG.

Figure 20.24 Derivative of weight loss for (a) both 10 and 5% nanofilled silicone rubber and (b) unfilled

silicone rubber (� 2004 IEEE.Reproduced fromA.H.El-Hag,L.C. Simon, S.H. JayaramandE.A.Cherney,

Annual Report – Conference on Electrical Insulation and Dielectric Phenomena, 688–691 (Figure 5),

� 2004, with permission from Institute of Electrical and Electronics Engineers (IEEE).)
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20.4.8 Butyl Rubber

High cis-1,4-polybutadiene or butyl rubber (BR) is widely used in the tire industry due to its

superior dynamic mechanical properties, abrasion resistance, elasticity and flex crack resis-

tance [119]. BR cannot form crystals at room temperature unless it is sufficiently stretched

(stress-induced crystallization). Moreover, the stress-induced crystallization of BR is obvi-

ously less than that of natural rubber (NR) [123]. That is why the tensile strength of BR ismuch

lower than that of NR and, therefore, BRmust be reinforced by filler in order to obtain adequate

strength. Carbon black is an effective reinforcing filler for BR but the carbon black-reinforced

BR is always black in color, which limits its applications in medical, sports and domestic

products. However, not much work has been reported on the development and characterization

of BR nanocomposites [124–126].

Hwang et al. [124] prepared nanocomposites of intercalated and exfoliated organosilicates

in butadiene rubber (BR) by using a two-stage melt blending process and examined them by

TGA. Marked enhancements in the thermal properties of BR occurred when it incorporated

<10 parts of organosilicates and the loading ratio of the organosilicate to dicarboxylic acid-

terminated butadiene oligomer was approximately three. The degradation temperature for the

BRnanocomposite containing only a ten-part loading of organosilicate (561 �C) is 51 �Chigher

than that of neat BR (510 �C), but it increased only slightly (9–13 �C) upon the addition of CTB
compatibilizer. Wang and others [125] also prepared butadiene rubber (BR)/organoclay

nanocomposites were prepared by direct melt mixing of BR and clay modified with different

primary and quaternary ammonium salts and also extended their work on BR/clay/dimethyl

dihydrogenated tallow ammonium chloride (DDAC) nanocomposites [126] prepared by in situ

organic modification. Figure 20.25 represents the results of TGA of gum BR, BR/pristine

clay, BR/organoclay modified with about 40% DDAC and BR/clay/DDAC (75%) vulcani-

zates [126]. It indicated a slight increase in thermal decomposition temperature for the BR/

pristine/40% DDAC and BR/pristine clay vulcanizates with respect to the gum BR. However,

Figure 20.25 TGA thermograms of gum BR, BR/pristine clay, BR/DK4 and BR/clay/DDAC vulca-

nizates (Reprinted from S.Wang, Y. Zhang, Z. Peng and Y. Zhang, “Morphology and thermal stability of

BR/clay composites prepared by a new method,” Journal of Applied Polymer Science, 99, 905–913

(Figure 7), � 2006, with the permission of John Wiley & Sons, Inc.)
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the decomposition temperature increased for the BR/clay/DDAC vulcanizates. DTG in

Figure 20.26 shows an increase in degradation temperature by 5 �C, when clay was added

to BR. For 40% DDAC and clay/DDAC, the temperature increased between 16 and 77 �C,
respectively. It is inferred that the clay/DDAC is muchmore effective in improving the thermal

decomposition temperature of BR. This is attributed to the good dispersion of clay particles in

the rubber matrix. The good thermal stability of the BR/clay/DDAC composite is due to the

hindered out-diffusion of the volatile decomposition products.

20.5 Summary

The most important aspect of these rubber nanocomposites is that all these improvements are

obtained at very low filler loading in the polymer matrix. Among the various fillers used, 2-D

layered montmorillonite, layered double hydroxide and 3-D framework mesoporous silica

offer the richest intercalation chemistry because of their stability and well ordered vacant sites.

The fillers used are not only easy to prepare but also, interestingly, the presence of their small

amount provides a high extent of improvement in the physicomechanical properties of rubber

nanocomposites. In this chapter, we reviewed up-to-date research work related to the thermal

degradation of important types of rubber nanocomposites and their aging properties under

various temperatures and atmospheres.

References

1. Principia Partners (1999) Nanocomposites 1999: Polymer Technology for the Next Century, Principia Partners,

Exton, PA.

2. Vaia, R.A.and Kishnamoorti, R. (eds) (2001) Polymer Nanocomposites, vol. 804, American Chemical Society,

Washington, DC.

Figure 20.26 DTG curves of (a) gum BR vulcanizate; (b) BR/clay (100/30) vulcanizate; (c) BR/DK4

(100/30) vulcanizate; and (d) BR/clay/DDAC (100/18/12) vulcanizate (Reprinted from S. Wang,

Y. Zhang, Z. Peng and Y. Zhang, “Morphology and thermal stability of BR/clay composites prepared

by a new method,” Journal of Applied Polymer Science, 99, 905–913 (Figure 8), � 2006, with the

permission of John Wiley & Sons, Inc.)

588 Rubber Nanocomposites



3. Merkel, T.C., Freeman, B.D., Spontak, R.J. et al. (2002) Ultrapermeable, reverse-selective nanocomposite

membranes. Science, 296, 519–522.

4. SinhaRay, S. and Okamoto, M. (2003) Polymer/layered silicate nanocomposites: a review from preparation to

processing. Progress in Polymer Science, 28, 1539–1641.

5. Varghese, S. and Karger-Kocsis, J. (2003) Melt-compounded natural rubber nanocomposites with pristine and

organophilic layered silicates of natural and synthetic origin. Journal of Applied Polymer Science, 91, 813–819.

6. Zanetti, M., Camino, G., and M€ulhaupt, R. (2001) Combustion behaviour of EVA/fluorohectorite nanocompo-

sites. Polymer Degradation and Stability, 74, 413–417.

7. Srivastava, S.K., Pramanik,M., and Acharya, H. (2006) Ethylene/vinyl acetate copolymer/clay nanocomposites.

Journal of Polymer Science Part B Polymer Physics, 44, 471–480.

8. Pramanik,M., Srivastava, S.K., Samantaray, B.K., andBhowmick,A.K. (2002) Synthesis and characterization of

organosoluble, thermoplastic elastomer/clay nanocomposites. Journal of Polymer Science Part B Polymer

Physics, 40, 2065–2072.

9. Pramanik, M., Srivastava, S.K., Samantaray, B.K., and Bhowmick, A.K. (2003) EVA/clay nanocomposite by

solution blending: effect of aluminosilicate layers on mechanical and thermal properties. Macromolecular

Research, 11, 260–266.

10. Tang, Y., Hu, Y., Wang, S.F. et al. (2002) Preparation and flammability of ethylene-vinyl acetate copolymer/

montmorillonite nanocomposites. Polymer Degradation and Stability, 78, 555.

11. Zheng, H., Zhang, Y., Peng, Z. et al. (2004) Influence of clay modification on the structure and mechanical

properties of EPDM/montmorillonite nanocomposites, Polymer Testing, 23, 217–223.

12. Chang, Y.W., Yang, Y., Ryu, S., and Nah, C. (2002) Preparation and properties of EPDM/organomontmorillonite

hybrid nanocomposites. Polymer International, 51, 319–324.

13. Acharya, H.and Srivastava, S.K. (2006) Influence of nanodispersed organoclay on rheological and swelling

properties of ethylene propylene diene terpolymer. Macromolecular Research, 14, 132–139.

14. Nah, C., Ryu, H.J., Kim, W.D., and Chang, Y.W. (2003) Preparation and properties of acrylonitrile-butadiene

copolymer hybrid nanocomposites with organoclays. Polymer International, 52, 1359–1364.

15. Gatos, K.G., and Karger-Kocsis, J. (2007) Effect of the aspect ratio of silicate platelets on the mechanical and

barrier properties of hydrogenated acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites.

European Polymer Journal, 43, 1097–1104.

16. Lu, Y.-L., Li, Z., Yu, Z.-Z. et al. (2007)Microstructure and properties of highly filled rubber/clay nanocomposites

prepared by melt blending. Composites Science and Technology, 67, 2903–2913.

17. Jiang, M.-J., Dang, Z.-M., and Xu, H.-P. (2007) Enhanced electrical conductivity in chemically modified carbon

nanotube/methylvinyl silicone rubber nanocomposite. European Polymer Journal, 43, 4924–4930.

18. Wang, S.H., Zhang, Y., Ren,W.T. et al. (2005)Morphology,mechanical and optical properties of transparent BR/

clay nanocomposites. Polymer Testing, 24, 766–674.

19. Bhowmick, A.K., andWhite, J.R. (2002) Thermal, UV-and sunlight ageing of thermoplastic elastomeric natural

rubber-polyethylene blends. Journal of Materials Science, 37, 5141–5151.

20. Still, R.H. (1981) Developments in Polymer Degradtion, vol. 1 (ed. N. Grassie), Applied Science, London.

21. Stephen,R., Siddique,A.M., Singh, F. et al. (2007)Thermal degradation and ageing behavior ofmicrocomposites

of natural rubber, carboxylated styrene butadiene rubber latices, and their blends. Journal of Applied Polymer

Science, 105, 105–351.

22. Pinnavaia, T.J.and Beall, G.W. (eds) (2001) Polymer-clay Nanocomposites, John Wiley & Sons, Ltd.

23. Giannelis, E.P. (1996) Polymer layered silicate nanocomposites. Advanced Materials, 8, 29–35.

24. Gilman. J.W., Jackson, C.L., Morgan, A.B. et al. (2000) Flammability properties of polymer-layered-silicate

nanocomposites. polypropylene and polystyrene nanocomposites. Chemistry of Materials, 12, 1866.

25. Duan, X.and Evans, D.G.(eds) (2006) Layered Double Hydroxides, Springer.

26. Bala, P., Samantaray, B.K., Srivastava, S.K., and Haueseler, H. (2000) Microstructural parameters and layer

disorder accompanying dehydration transformation inNa-montmorillonite.Zeitschrift furKristallographie, 215,

235–239.

27. Rives, V. (ed.) (2001) Layered Double Hydroxide: Present and Future, Nova publishers.

28. Hoffman, U., Endell, K., andWilm, D. (1933) Kristallstruktur und Quellung vonMontmorillonit. Zeitschrift fur

Kristallographie, 86, 340–348.

29. Acharya, H., Srivastava, S.K., and Bowmick, A.K. (2007) Synthesis of partially exfoliated EPDM/LDH

nanocomposites by solution intercalation: structural characterization and properties. Composites Science and

Technology, 67, 2807–2816.

Aging and Degradation Behavior of Rubber Nanocomposites 589



30. Acharya, H. (2007) Synthesis, Characterization and Properties of Polyolefinic Elastomer Nanocomposites, Ph.D

Thesis, I.I.T. Kharagpur.

31. Iijima, S., G.A. (1991) Helical microtubules of graphitic carbon. Nature, 354, 56–58.

32. Ajayan, P.M. (2000) Nanostructural Materials and Nanotechnology (ed. H.R. Singh), Academic Press,

pp. 329–360.

33. Bala, P. (2001) Studies on variation of structural and electrical properties during dehydration and intercalation in

2:1 layered clay minerals and their application of the intercalated clay as filler material, Ph.D Thesis, I.I.T.

Kharagpur, India.

34. Manroshan, S. and Baharin, A. (2005) Effect of nanosized calcium carbonate on the mechanical properties of

latex films. Journal of Applied Polymer Science, 96, 1550–1556.

35. Alex, R.and Nah, C. (2006) Preparation and characterization of organoclay-rubber nanocomposites via a new

route with skim natural rubber latex. Journal of Applied Polymer Science, 102, 3277–3285.

36. Gu, J., Jia, D., Luo, Y., and Cheng, R. (2005) Micromorphology and mechanical properties of natural rubber/

nano-calcium carbonate modified by solid phase composites. Hecheng Xiangjiao Gongye, 28, 374–377.

37. Bandyopadhyay, A.and Bhowmick, A.K. (2006) Low and high temperature degradation of polymer/in situ silica

hybrid nanocomposites. Plastics, Rubber and Composites, 35, 210–218.

38. Cai, H.-H., Li, S.-D., Tian, G.-R. et al. (2003) Reinforcement of natural rubber latex film by ultrafine calcium

carbonate. Journal of Applied Polymer Science, 87, 982–985.

39. Wang, Y., Zhang, H., Wu, Y. et al. (2005) Structure and properties of strain-induced crystallization rubber–clay

nanocomposites by co-coagulating the rubber latex and clay aqueous suspension. Journal of Applied Polymer

Science, 96, 318–323.

40. Morlat-Therias, S., Mailhot, B., Gardette, J.-L. et al. (2005) Photooxidation of ethylene-propylene-diene/

montmorillonite nanocomposites. Polymer Degradation and Stability, 90, 78–85.

41. Morlat-Therias, S., Fanton, E., Tomer, N.S. et al. (2006) Photooxidation of vulcanized EPDM/montmorillonite

nanocomposites. Polymer Degradation and Stability, 91, 3033–3039.

42. Lonkar, S.P., Kumar, A.P., and Singh, R.P. (2007) Photo-stabilization of EPDM-clay nanocomposites: effect of

antioxidant on the preparation and durability. Polymers for Advanced Technologies, 18, 891–900.

43. Valentini, L., Biagiotti, J., Kenny, J.M. et al, (2003) Physical and mechanical behavior of single-walled carbon

nanotube/polypropylene/ethylene-propylene-diene rubber nanocomposites, Journal of Applied Polymer Science,

89, 2657–2663.

44. Tian, M., Cheng, L., Liang, W., and Zhang, L. (2006) Overall properties of fibrillar silicate/styrene-butadiene

rubber nanocomposites. Journal of Applied Polymer Science, 101, 2725–2731.

45. Sadhu, S.and Bhowmick, A.K. (2004) Preparation and properties of styrene-butadiene rubber based nanocom-

posites: the influence of the structural and processing parameters. Journal of Applied Polymer Science, 92,

698–709.

46. Zhang, H., Wang, Y., Wu, Y. et al. (2004) Study on aging properties of clay/rubber nanocomposite. Xiangjiao

Gongye, 51, 453–459.

47. Zhao, W., Wu, Y., Wang, Y., and Zhang, L. (2007) Application of montmorillonite/SBR nanocomposites in tire

tube. Xiangjiao Gongye, 54, 275–278.

48. Varghese, H., Bhagawan, S.S., and Thomas, S. (2001) Thermogravimetric analysis and thermal ageing of

crosslinked nitrile rubber/poly-(ethylene-co-vinyl acetate) blends. Journal of ThermalAnalysis andCalorimetry,

63, 749–763.

49. Lin, G., Qian, Y., Zhang, P. et al. (2005) Dispersion morphology and mechanical properties of nano-titanium

dioxide filled rubber composites. Hecheng Xiangjiao Gongye, 28, 98–104.

50. Zhao, Y., Feng, Y., Liu, L. et al. (2002) Study on properties of ZDMA/NBR nanocomposite. Xiangjiao Gongye,

49, 9–14.

51. Huang, A., Wang, X., Jia, D., and Li, Y. (2007) Thermal stability and aging characteristics of hnbr/clay

nanocomposites in air, water and oil at elevated temperature. e-Polymers, 051, http://www.e-polymers.org.

52. Lan, L.,Wen, X., andCai, D. (2004) Corona ageing tests of RTVandRTVnanocompositematerials, Eighth IEEE

International Congress on Solid Dielectrics, Toulous, France, July 5–9, 2004.

53. IEEE (2003) Std 1523 TM. Guide for the Application, Maintenance and Evaluation of RTV Silicone Rubber

Coatings for Outdoor Ceramic Insulators, IEEE.

54. Chow, G.M. (2000) Nanostructured Films and Coatings, Kluwer Academic Publishers.

55. Lopez-Manchado, M.A., Arroyo, M., Herrero, B., and Biagiotti, J. (2003) Vulcanization kinetics of natural

rubber-organoclay nanocomposites. Journal of Applied Polymer Science, 89, 1–15.

590 Rubber Nanocomposites



56. Bala, P., Samantaray, B.K., Srivastava, S.K., andNando, G.B. (2004)Organomodifiedmontmorillonite as filler in

natural and synthetic rubber. Journal of Applied Polymer Science, 92, 3583–3592.

57. Varghese, S. and Karger-Kocsis, J. (2003) Natural rubber-based nanocomposites by latex compounding with

layered silicates. Polymer, 44, 4921–4927.

58. Sharifa, J., Yunus, W.M., Dahlan, K.Z.H., and Ahmad, M.H. (2005) Preparation and properties of radiation

crosslinked natural rubber/clay nanocomposites. Polymer Testing, 24, 211–217.

59. Bolland, J.L.and Orr, W.J.C. (1945) Thermal breakdown of rubber. Transactions of the Institute for the Rubber

Industries, 21, 133.

60. Straus, S. andMadorsky, S.L. (1953) Pyrolysis of styrene, acrylate, and isoprene polymers in a vacuum. Journal

Research National Bureau Standards, 50, 165.

61. Madorsky, S.L., Straus, S., Thompson, D., and Williamson, L. (1949) Pyrolysis of polyisobutene (vistanex),

polyisoprene, polybutadiene,GR-S1 and polyethylene in a high vacuum. Journal Research National Bureau

Standards, 42, 499.

62. Viet, W., Ismail, H., Rashid, A.A., Takeichi, T., and Thao, V.H. (2008) Organoclay filled natural rubber

nanocomposites: the effects of filler loading. Polymer Plastics Technology and Engineering, 47,

1090–1096.

63. Ganter, M., Gronski, W., Reichert, P., and Mulhaupt, R. (2001) Rubber nanocomposites: morphology and

mechanical properties of BR and SBR vulcanizates reinforced by organophilic layered silicates. Rubber

Chemistry and Technology, 74, 221–235.

64. Li, S.-D., Peng, Z., Kong, L.X., and Zhong, J.-P. (2006) Thermal degradation kinetics and morphology of natural

rubber/silica nanocomposites. Journal of Nanoscience and Nanotechnology, 6, 541–546.

65. Sui, G., Zhong, W., Yang, X., and Zhao, S. (2007) Processing and material characteristics of a carbon-nanotube-

reinforced natural rubber. Macromolecular Materials and Engineering, 292, 1020–1026.

66. Sharif, J., Yunus, W.M.Z.W., Dahlan, K.H., and Ahmad, M.H. (2006) Natural rubber/poly(ethylene-co-vinyl

acetate)-blend-based nanocomposites. Journal of Applied Polymer Science, 100, 353–362.

67. Jansen, P. and Soares, B.G. (1996) Effect of compatibilizer and curing system on the thermal degradation of

natural rubber/EVA copolymer blends. Polymer Degradation and Stability, 52, 95–99.

68. Pramanik, M. (2005) Studies on layered materials and polymer nanocomposites, Ph.D Thesis, I.I.T. Kharagpur.

69. Pramanik, M., Srivastava, S.K., Samantaray, B.K., and Bhowmick, A.K. (2001) Preparation and properties of

ethylene vinyl acetate-clay hybrids. Journal of Materials Science Letters, 20, 1377–1380.

70. Zanetti, M., Camino, G., Thomann, R., and Mulhaupt, R. (2001) Synthesis and thermal behaviour of layered

silicate-EVA nanocomposites. Polymer, 42, 4501–4507.

71. Tang, Y., Hu, Y., Wang, J. et al. (2004) Influence of organophilic clay and preparation methods on EVA/

montmorillonite nanocomposites. Journal of Applied Polymer Science, 91, 2416–2421.

72. Dutta, J.K., Bhowmick, A.K., Mukunda, P.G., and Chaki, T.K. (1995) Thermal degradation studies of electron

beam cured ethylene-vinyl acetate copolymer. Polymer Degradation and Stability, 50, 75–82.

73. Zhang, W., Chen, D., Zhao, Q., and Fang, Y. (2003) Effects of different kinds of clay and different vinyl acetate

content on the morphology and properties of EVA/clay nanocomposites. Polymer, 44, 7953–7961.

74. Kuila, T., Acharya, H., Srivastava, S.K., and Bhowmick, A.K. (2008) Rubber/LDH nanocomposites by solution

blending. Journal of Applied Polymer Science, 108, 1329–1335.

75. Pramanik, M., Srivastava, S.K., Samantaray, B.K., and Bhowmick, A.K. (2003) Rubber clay nanocomposite by

solution blending. Journal of Applied Polymer Science, 87, 2216–2220.

76. Chen,W.and Qu, B. (2004) LLDPE/ZnAl LDH-exfoliated nanocomposites: effects of nanolayers on thermal and

mechanical properties. Journal of Materials Chemistry, 14, 1705–1710.

77. Qiu, L., Chen, W., and Qu, B. (2005) Morphology and thermal stabilization mechanism of LLDPE/MMT and

LLDPE/LDH nanocomposites. Polymer, 47, 922–930.

78. George, J.J.and Bhowmick, A.K. (2008) Ethylene vinyl acetate/expanded graphite nanocomposites by solution

intercalation: preparation, characterization and properties. Journal of Materials Science, 43, 702–708.

79. Teisseidre, G., Pilichowski, J.F., Chmela, S., and Lacoste, J. (1996) Ageing of EPDM-I: photo and thermal

stability of EPDM hydroperoxides. Polymer Degradation and Stability, 53, 207.

80. Usuki, A., Tukigase, A., and Kato, M. (2002) Preparation and properties of EPDM–clay hybrids. Polymer, 43,

2185–2198.

81. Acharya, H., Pramanik, M., Srivastava, S.K., and Bhowmick, A.K. (2004) Synthesis and evaluation of high-

performance ethylene-propylene-diene terpolymer/organoclay nanoscale composites. Journal of Applied Poly-

mer Science, 93, 2429–2436.

Aging and Degradation Behavior of Rubber Nanocomposites 591



82. Jeon, H.S., Rameshwaram, J.K., Kim, G., and Weinkauf, D.H. (2003) Characterization of polyisoprene–clay

nanocomposites prepared by solution blending. Polymer, 44, 5749.

83. DiMarzio, E.A., Yang, A.J.M., and Glotzer, S.C. (1995) Journal of Research of the National Institute of

Standards and Technology, 100, 173.

84. Xiao, J., Hu, Y., Wang, Z. et al. (2005) Preparation and characterization of poly(butylene terephthalate)

nanocomposites from thermally stable organic-modified montmorillonite. European Polymer Journal, 41,

1030–1035.

85. Lee, Y.H., Park, C.B., Sain,M. et al. (2007) Effects of clay dispersion and content on the rheological, mechanical

properties, and flame retardance of HDPE/clay nanocomposites. Journal of Applied Polymer Science, 105,

1993–1999.

86. Chan, C.-M., Wu, J., Li, J.-X., and Cheung, Y.-K. (2002) Polypropylene calcium carbonate nanocomposites.

Polymer, 43, 2981–2992.

87. Zanetti, M., Camino, G., Canavese, D. et al. (2002) Fire retardant halogen�antimony�clay synergism in

polypropylene layered silicate nanocomposites. Chemistry of Materials, 14, 189–193.

88. Gilman, J.W., Kashivagi, T.C.L., Giannelis, E.P. et al. (eds) (1998) Fire Retardancy of Polymer, The Royal

Sociaty of Chemistry, Cambridge.

89. Wang, Z.and Pinnavaia, T.J. (1998) Hybrid organic�inorganic nanocomposites: exfoliation of magadiite

nanolayers in an elastomeric epoxy polymer. Chemistry of Materials, 10, 1820–1826.

90. Ahmadi, S.J., Huang, Y., and Li, W. (2005) Fabrication and physical properties of EPDM–organoclay

nanocomposites. Composites Science and Technology, 65, 1069–1076.

91. Kang, D., Kim, D., Yoon, S. et al. (2007) Properties and dispersion of EPDM/modified-organoclay nanocom-

posites. Macromolecular Materials and Engineering, 292, 329–338.

92. Acharya, H., Kuila, T., Srivastava, S.K., and Bhowmick, A.K. (2007) A solution blending route to ethylene

propylene diene terpolymer/layered double hydroxide nanocomposites. Nanoscale Research Letters, 2, 1–5.

93. Costa, F.R., Satapathy, B.K., Wagenknecht, U. et al. (2006) Morphology and fracture behaviour of

polyethylene/Mg–Al layered double hydroxide (LDH) nanocomposites. European Polymer Journal, 42,

2140.

94. Wu, C.L., Zhang, M.Q., Rong, M.Z., and Friedrich, K. (2002) Tensile performance improvement of low

nanoparticles filled-polypropylene composites. Composites Science and Technology, 62, 1327–1340.
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21.1 Introduction

Rubber belongs to very particular group of polymers. Its properties, that is, an ability to

reversible, high elongation ranging up to 1000%, are unique. Similar feature cannot be found

among any other class of materials. To limit plastic deformations rubber should be slightly

crosslinked (vulcanized). To emphasize its particular properties it is often called an elastomer.

According to the kinetic and statistical theories of elasticity the mechanism of elastic

deformation consists of transitions of coiled macromolecules under stress to a form of linear

zig-zag ones. When an external force is removed they return to their previous conformation. A

dependence between structure and properties of elastomers has been systematically investi-

gated, initially on an example of natural rubber. However, simultaneously, based on the results

of those studies,methods describing the synthesis of different rubbers have been developed and

great progress in technology of rubbers processing has been achieved as well. Considerable

amounts of fillers are introduced to contemporary applied elastomers, and beyond them

different processing aids and auxiliary chemicals are used. Such compositions could be treated

as composite materials, strengthen with dispersed particles or in some cases – fibers. During

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen

� 2010 John Wiley & Sons (Asia) Pte Ltd



prolonged studies of such systems it has been recognized that their structure is extremely

complicated. The properties of rubber depend onmany factors, for example: (i) microstructure

of rubbermacromolecules (stereoregular or irregular configuration), (ii) energy of free rotation

in skeletons of macromolecules, (iii) chemical composition (homopolymers, copolymers,

therpolymers, block copolymers, presence and location of functional groups), (iv) molecular

weight and its distribution, (v) degree of crosslinking and type of crosslinks, (vi) activity and

concentration of fillers, (vii) morphology ofmixes, (viii) type and energy of intermolecular and

interphase interactions, (ix) degree of matrix solvatation by softeners and (x) migration of low

molecular weight components toward the surface of samples. It should be stressed that

complications arise if two or three rubbers are mixed together, because as a rule they are

thermodynamically immiscible and form heterogeneous blends. Other components of the

mixes are usually also nonuniformly distributed between the polymer phases. Recently, in the

period of the past 20 years, nanofillers have been applied in rubber technology. It was

announced that their addition, even in quite small quantities ranging from one to a few phr,

influences very positively mechanical, thermal and barrier properties of vulcanizates, decreas-

ing also their flammability. Positive effects can be achieved if the morphology of rubber

nanocomposites is perfectly uniform. However, because of the high surface energy of the

dispersed phase and its tendency to form aggregates and agglomerates during mixing, it is

extremely difficult to prepare such a mix. This in particular concerns the preparation of mixes

composed of layered silicates, for example, montmorillonite, intercalated most often with

quaternary ammonium salts, and unpolar rubbers of highly coiled macromolecules. In such

conditions exfoliation of the filler as a rule is not observed. From our calculations it follows

that steric aspects are a reason for insufficient dispersion of the filler, because the medium

diameter of coiled macromolecules is greater than the distance between parallel platelets of the

filler structure [1]. This is why layered silicates are usually incorporated to solutions of

nonpolar rubbers [2].

This chapter presents the application of two modern methods, and namely positron

annihilation lifetime spectroscopy (PALS) and nanoindentation (NI) to study elastomers

and their filled composites. PALS used to be applied to determine the size of the free volume

present in polymer materials. The parameter depends on the segmental mobility of macro-

molecules and their mutual interactions as well as those between them and particles of filler

dispersed in a rubber matrix. However, the annihilation of positrons occurs also inside filler

particles, which enables us to draw conclusions concerning their aggregation and agglomer-

ation. A subject literature study points out an oversimplification of a problem of nanofillers

aggregation and agglomeration. We have found that the behavior of aggregates and

agglomerates in vulcanizates under stress depends not only on their size and the presence

of voids inside them. Of great importance is also whether agglomerates and also smaller

aggregates are infiltrated by a rubber matrix [3]. The free volume is also important from the

point of view of diffusion of low molecular weight species through rubbers. PALS has been

also successfully used to study the effect of nanofiller addition on the barrier properties

of vulcanizates [4, 5].

Nanoindentation is a technique adapted approximately 30 years ago to determine the

hardness of thin coatings and surface layer of engineering materials. Alternatively it enables

determination of friction, topography and scratch resistance when a probe, instead of vertical

penetration, is dragged horizontally over the scanned surface. In this chapter the application of

the method toward filled rubbers is demonstrated.
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21.2 Positron Annihilation Lifetime Spectroscopy

21.2.1 Introduction

The phenomenon of positron annihilation has been used extensively for the determination of

defects in crystalline materials like metals and ceramics. However, due to the development of

polymer science, resulting in a significant increase in engineering applications, the technique

has also been tried to probe polymer materials. At the beginning its application to characterize

polymers was focused on their unique properties like glass transition. Recently, our knowledge

on the influence of macromolecules on the mechanisms of annihilation makes it possible to

study more complicated filled systems or polymer blends. Information on what positron

annihilation can tell us about the physical properties of polymers can be found in the exhaustive

review by Pethrick [6].

21.2.1.1 Positron and Positronium

The positron (eþ ) is the anti-particle of the electron, generated by the decay of some unstable

isotopes, for example, 22Na, with the simultaneous emission of eþ and photons of 1.28MeV.

The emitted positrons, of the energy distribution from 0 to 540 keV (with a maximum at

about 200 keV), are thermalized by inelastic collisions with the surrounding media being

studied. The thermalization causes ionization of the media, resulting in the production

of secondary electrons, which in turn can form a bound positron-electron pair called

the positronium (Ps).

Ps exhibits two spin states:

1. Ortho - (o-Ps), about 75% being formed in solids,

2. Para - (p-Ps), present in the rest, 25%.

Their existence depends on the presence of regions of low electron density in the materials

studied. The lifetime of p-Ps in vacuum is of the order of 0.125 ns, whereas o-Ps decays with

characteristic emission of two photons after approximately 100 ns [7]. The latter can be

enhanced by the presence of electrons and spinswithwhich o-Ps is able to interact or exchange.

The occurrence of so-called pick-off annihilation reduces the lifetime to about 0.5–5.0 ns.

Positrons not forming Ps have a lifetime of about 0.4 ns through interactions with the outer

electrons of molecules with which they collide.

21.2.1.2 Ps Formation and Annihilation

There are three models describing the Ps formation:

1. Spur [8],

2. Ore [9],

3. The so-called free volume model [10].

These assume that Ps are mostly trapped in the areas of low electron density and account for

20–70% of all positrons probing the material studied. In materials of high electron density,

for example, metals, Ps cannot be formed unless defects are present. The free volume in an
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amorphous material can be considered as a cluster of defects, in the case of macromolecular

systems embracing a small number of backbone units.

In macromolecular solids three annihilation processes are possible, namely:

1. Free positron annihilation – eþ annihilates directly with e� from the surrounding medium

with the generation of two g-rays of energy 511 keV and occurs in a timescale of

0.125–0.4 ns,

2. p-Ps,

3. o-Ps annihilation – being mostly trapped in the regions of low electron density and high

“defects” concentration.

The ability of Ps to characterize the morphology of materials lies in the assumptions

associated with the pick-off annihilation in molecular size voids. Measuring o-Ps annihilation

rate and yield provides a direct measure of the microvoids in the material. In the case of

amorphous polymer systems it has been commonly accepted that these microvoids correlate

with free volume.A simplified free volumemodel relates the change of the o-Ps lifetime in such

a “hole” to the change of the total volume of the material [11, 12]. An alternative approach

proposed, based on the Ore gap model [13] assumes that Ps can be formed if a free volume

present in the matrix is larger than a certain critical value.

Many theories have been proposed to describe the properties of microvoids. Values of

microvoids or free volume have been calculated using the group contribution method [14] or

estimation of the occupied volume (van der Waal’s) [15]. The radius (R) of the free volume

[nm], assumed to be a sphere, can be calculated using the semi-empirical Equation 21.1

proposed by Tao [16]:

t3 ns½ � ¼ 0:5 1� R

Rþ 0:1656 nm
þ 1

2p
sin

2pR
Rþ 0:1656 nm

� �� ��1

ð21:1Þ

where: t3 is attributed to o-Ps pick-off annihilation.

21.2.1.3 Principles of Positron Lifetime Spectroscopy (PALS)

PALS involves detection of the g-photon associated with the creation of eþ – as a zero time

reference and the subsequent observation of two coincident 0.54MeV g-photons to give the

annihilation lifetime. A small spot of 22NaCl, typically below 50 mCi, sandwiched between

two thin Kapton or Ni foils, usually serves as a eþ source. The sample, placed on its both

sides, should be thick enough for all the positrons emitted to be stopped inside the material,

which for polymers is about 10mm. The g-ray detection allows energy resolution and timing

and a lifetime is determined using a time to amplitude converter. A typical spectrum consists

of at least three main annihilation components, corresponding to expotentially decaying eþ ,
p-Ps and o-Ps. Each component is determined by a mean lifetime and probability for

annihilation. In addition the spectrum may contain components resulted from background

radiation and statistical fluctuations. In order to deconvolute the signal and to “extract”

various lifetime components the least-squares analysis is used. The computer software [17]
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fits a sum of decaying expotentials to a spectrum using lifetimes and intensities as fitting

parameters (21.2):

yðtÞ ¼ RðtÞ ðNt Sai lie�lit þBÞ ð21:2Þ
where y(t) is an experimental raw datum, R(t) is the instrument time-resolution function

(usually represented as aGaussian curve),Nt is the normalized total count,B is the background,

li is the inverse of the i th lifetime component (ti) and ai li is its intensity.
An experimental spectrum y(t) is then least-squares fitted to Equation 21.2 in order to obtain

lifetimes ti¼ 1/li and corresponding intensities ai li.

21.2.2 Application of PALS to Study Rubber Morphology

21.2.2.1 Introduction

Plenty of investigations on positron annihilation in polymers show large deviations, in both

lifetime and intensity results. The reason for that is because unfortunately most of the works

were done on commercial materials of unknown molecular weight, structure and chemical

purity. It is only since the early 1970s that the importance of working with well characterized

samples has been appreciated. A brief review of the results on polymers [18] has been

published, emphasizing the problems of origin and history of sample preparation.

In most polymers positron annihilation occurs via three distinct processes and possibly four

in crystalline materials [19, 20], which can be associated with:

1. Amorphous part of polymer matrix,

2. Crystalline part of polymer matrix,

3. Internal structure of filler agglomerates,

4. Polymer–filler interphase.

The positron studies can provide information on the size of voids in the system, which

however may be influenced (usually the short time components) by the chemistry of polymer

materials and the presence of trapped radicals or the build up of trapped electrons. The former

may arise from the presence of free radicals or halogens in the system, being responsible for the

complex shape of voids. The data have to be considered in the terms of a distribution of free

volume rather than asuming that the free volume value is a single and discrete number.

Nevertheless o-Ps annihilation studies can provide a unique chance to access the microstruc-

ture at a nanoscale and in principle can allow the free volume distribution to be probed in

complex polymer materials.

21.2.2.2 State of the Art

Investigations of various copolymers, polymer blends and of filled polymers have been carried

out and reflect the presence of the incorporated phase [20–24].

Studies on carbon black (CB)-filled polybutadiene (BR) were reported for the first time in

1979 [22]. The decrease in the longtime component intensity with CB loading has been

confirmed. It has been found to go in the opposite direction for the size of CB particles, which

was attributed to the increase in the amount of bound rubber (BdR) as the particle size was
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reduced and the consequent increase in the number of annihilation sites. Dlubek et al. [25]

determined the number density distributions of holes for polycarbonate and polystyrene by

positron lifetime measurements. Experimental data fit very well with calculations based on

theoretical model of Bueche [26], in which local fluctuations of free volume correspond to

fluctuations of the hole volume around average value. Wang et al. [27] found free volume

distribution for poly(ethyleneterephtalate), determined by PALS, broadened with increase of

temperature. Similarly, the size distributions of holes present in copolymers of styrene and

maleic anhydride were found to follow the compressibility of the free volume, as predicted by

the theory of thermal volume fluctuations [28]. Positron lifetime studies of styrene-butadiene

rubber (SBR) filled with intercalated montmorillonite (MMT) or carbon black demonstrate

narrower distribution of free volume hole size for SBR/MMTnanocomposites in comparison to

SBR/CB mix or unfilled SBR vulcanizate [29]. It correlates with differential scanning

calorimetry (DSC) data, showed the highest value of glass transition temperature for SBR

filledwithMMT.The highest value of a specific surface area for nanoparticles is responsible for

the most distinct inhibition of chain motion around separated platelets dispersed in rubber.

Despite there being many studies on the influence of filler dispersion and distribution on the

properties of rubber, contributions discussing the effect of the internal structure of solid phase

agglomerates have appeared recently [30, 31].

21.2.2.3 The Influence of Mixing on Rubber Morphology

Mixing is one of the most important operations in rubber technology. It should ensure optimal

morphology of rubber mixes, which influences a quality of rubber goods. However it should be

taken into consideration that at the end of the process a state of thermodynamic, chemical and

rheological equilibrium is not achieved. As a consequence the morphology of mixes also

depends on factors acting after completing the mixing process. The term “morphology” is

complex and among others it includes: the content of a filler, the sizes and shape of its primary

particles, aggregates and agglomerates, their distribution in amatrix, the content of loosely and

tightly bounded rubber and structures formed from interacting filler particles. The dispersion

index (DI) [32] is commonly accepted by the rubber industry as a measure of rubber mix

quality. It is assumed that big agglomerates, composed of loosely packed aggregates, exert a

particularly detrimental effect on properties of vulcanizates [33]. Under external stresses they

break, initiating the formation of microcracks, whose propagation in a matrix leads finally to a

rubber rupture. During the preparation of a rubber mix, the following steps can be distin-

guished: (i) distributive mixing – filler in form of agglomerates or pellets at the early stage is

wetted with rubber and distributed in the matrix, (ii) dispersive mixing – simultaneously

transformation of agglomerates into aggregates takes place, accompanied by formation of a

bound rubber and 3D structure of filler particles [34–36]. If the viscosity of the matrix is low

and interfacial tension high a flocculation of aggregates and restoration of agglomerates is

possible. Themechanism of disagglomeration and infiltration was thoroughly studied [37, 38].

It has been recognized that three different phenomena could be responsible for lowering the

agglomerates’ size, namely: erosion, breaking and collision of particles.

To date, filler agglomerates were treated as rather loosely packed clusters of aggregates,

which break under high shear stresses, being responsible for rubber failure. This approach

seems to be oversimplified. There are a few factors influencing strength of agglomerates,

namely: internal (submicron structure), filler–filler and filler–rubber interactions, being related
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to parameters of mixing process. A classification of filler agglomerates according to their

internal structure is presented in Figure 21.1 [39, 40].

Apart from the submicron structure of filler particles, also the character of microscale

interactions between their surface and rubber macromolecules is important. It can bemeasured

by the so-called bound rubber (BdR) content. Another classification of rubber morphology,

taking into consideration structural ability of filler is presented in Figure 21.2.

21.2.2.4 Correlation Between Morphology and PALS Data for Rubber

Generally, the worse the macroscale filler dispersion (lower DI value) the higher the average

positron lifetime (�t) – Figure 21.3. A significantly higher value of �t, observed for unfilled

rubber suggests that presence of filler influences the number of sites where Ps can be formed.

All spectra were deconvoluted into three lifetime components (assuming that it is enough to

calculate three components of the spectra to obtain value of w2 close to 1). The shortest one – t1

Figure 21.1 Classification of filler agglomerates according to their internal structure (AFM): (a)

infiltrated – distributive; (b) infiltrated – aggregative; (c) infiltrated – trapped rubber; and (d) non-

infiltrated (Reprinted fromD.M. Bieliński, O. Dobrowolski and G. Przybytniak, “Morphological aspects

of rubber fracture andwear,” Journal of Applied Polymer Science, 110, 55,� 2008, with the permission of

John Wiley & Sons, Inc.)
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Figure 21.1 (Continued )

equals to 125 ps, originated from the annihilation of the p-Ps andwas fixed in all cases. The data

was accounted for the source and background correction. An average positron lifetime was

calculated as:

�t ¼ I1t1 þ I2t2 þ I3t3 ð21:3Þ
where t1, t2, t3 are components of the positron lifetime and I1, I2, I3 are adequate intensities of

the lifetime components.

Admixing of filler to amorphous elastomer matrix changes conditions for positron annihi-

lation. In all positron lifetime spectra the creation of positronium (Ps), which is the bound state

of an electron and positron, was detected. Such a state can be created in the free space between

molecules, the internal structures of the filler agglomerates as well as in the filler-matrix

interface. In the experiment the third component, t3, is attributed to o-Ps pick-off annihilation
taking place in the amorphous phase of polymers, in free volume regions. In our consideration

we assume that the intensity of the third component, I3 [%], is related to the volumetric fraction

of the free volume, according to the following equation [41]:

f ¼ Vf

Vtotal

100% ¼ 1:8� Vf � I3 ð21:4Þ

where Vf¼ 4pR3/3 is the free volume [nm3], obtained from t3 (21.3).
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Figure 21.2 Classificationoffiller agglomerates according to their structural ability (AFM): (a)“strong”

boundrubber (BdR)–isolatedfilleraggregates;and(b)continuous–filler“network” (Reprinted fromD.M.

Bieliński, O. Dobrowolski and G. Przybytniak, “Morphological aspects of rubber fracture and wear,”

Journal of Applied Polymer Science, 110, 55, � 2008, with the permission of John Wiley & Sons, Inc.)

The positron annihilation in the free state is attributed to the intermediate component (t2, I2).
In the subject literature one can also find the report subscribing I2 to the thickness of the

interface present very often in polymer materials [42] containing trapping sites for Ps.

AFM analysis of the EPDM/silica system suggests that changes of average positron lifetime

(t) frommix to mix must have been the result of the microscale filler distribution and different

sub-agglomerate structures rather than associated with a negligible silica–elastomer inter-

face [43]. Complete PALS analysis for a series of EPDM/Coupsil VP 6411 mixes is presented

in Figure 21.4.

Unfilled rubber contains more free volumes of bigger radius (higher t3), suitable for

positronium formation. Admixing of silica reduces significantly the value of the third

component of intensity, I3, by up to about 25%, which is followed by changes in the third

positron lifetime component, t3. The differences between filled samples, according to the

second component of positron lifetime, t2, are negligible, however its value is obviously higher
than for unfilled rubber. Significantly higher values of I2 for rubber mixes in comparison to
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unfilled EPDM indicate a higher contribution of positron annihilation in the free state. I2 is

highest for rubber mixes of a very good degree of macroscale filler dispersion: 50/100 and 60/

100, exhibiting lower values for the others. This can be connected with positron annihilation

inside filler agglomerates. However, the decrease of I2 for “bad” mixes 100/100, 120/100 and

150/100 shows that the filler–matrix interface (the so-called bound rubber) has its part in the

second lifetime component. Theworse dispersion of silica aggregates results in a lower surface

area of filler particles and a lower volume contribution of the interface region. The effect is

significantly reduced by agglomeration of filler particles.

There is a general tendency of lower I2 values for vulcanizates in comparison to rubber

mixes, pointing at a possible microscale filler distribution and the structure effect on the

number, geometry and dimensions of free volumes.

Additionally, measurements of Doppler’s broadening of the annihilation line were carried

out – Figure 21.5. Two parameters of positron annihilation were extracted, namely: (i) the S

parameter, the ratio of counts in the fixed, central part of annihilation line to all number of

counts detected for the whole line, and (ii) the W parameter, the ratio of counts in the wing

region of annihilation line to all number of counts detected for thewhole line. They reflect part

of positrons annihilating with electrons of low (mainly p-Ps self-annihilation) and high

momentum adequately.

For the samples studied the S parameter increases monotonically, which is more distinct in

comparison to themean lifetime – Figure 21.3. The linear correlation between S parameter and

dispersion index (DI) has been detected. Again the value of the S parameter determined

for EPDM differs significantly from that for filled samples. The interpretation of the relation

S¼ f(W) is more complicated; however its linear character could be a proof of the same

character of the free volumes present in the filled rubber mixes.
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Figure 21.3 Correlation between average positron lifetime (�t) and value of dispersion index (DI) for a
series of EPDM/Coupsil VP 641 mixes prepared on a roll-mill [40] (Reprinted from D.M. Bieliński, L.

Ślusarski, O.Dobrowolski et al., “Studies offiller agglomeration by atomic forcemicroscopy and positron

annihilation spectroscopy. Part I: silica filled compounds,”Kautschuk Gummi Kunststoffe, 57, 579–586,

� 2004, with the permission of KGK Kautschuk Gummi Kunststoffe, H€uthing GmbH.)
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Figure 21.4 Discrete PALS analysis for a series of EPDM/Coupsil VP 6411mixes. Numbers assigned

to samples stand for silica content [phr] [40] (Reprinted from D.M. Bieliński, L. Ślusarski,

O. Dobrowolski et al., “Studies of filler agglomeration by atomic force microscopy and positron

annihilation spectroscopy. Part I: silica filled compounds,” Kautschuk Gummi Kunststoffe, 57,

579–586, � 2004, with the permission of KGK Kautschuk Gummi Kunststoffe, H€uthing GmbH.)
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One can ask what happens to filler distribution and agglomerates due to vulcanization. The

subject literature suggests possible phenomenon offiller flocculation during thevulcanization of

rubber [35, 36]. Indeed, the third component of the positron lifetime (t3) for the series of EPDM/

silica mixes prepared on the roll-mill is lower in comparison to their vulcanizates – Figure 21.6.
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Figure 21.5 Values of S parameter (left) for a series of EPDM/Coupsil VP 6411mixes. Dependence of S

in a function of W parameter (right). Numbers assigned to samples stand for silica content [phr] [40]

(Reprinted from D.M. Bieliński, L. Ślusarski, O. Dobrowolski et al., “Studies of filler agglomeration by

atomic force microscopy and positron annihilation spectroscopy. Part I: silica filled compounds,”

Kautschuk Gummi Kunststoffe, 57, 579–586, � 2004, with the permission of KGK Kautschuk Gummi

Kunststoffe, H€uthing GmbH.)
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Figure 21.6 Influence of vulcanization on the third positron lifetime component (t3) for EPDM/Coupsil

VP 6411 mixes. Numbers assigned to samples stand for silica content [phr]
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The changes are the highest for the rubber mix of the worst degree of macroscale filler

dispersion (150/100), whereas very good and good mixes (50/100, 60/100 or 80/100) exhibit

very small but systematic differences. An adequate intensity component, I3, follows the

changes of the annihilation lifetime one.

PALS analysis carried out for carbon black filled rubber confirms data for silica systems –

Figure 21.7. The difference in average positron lifetime (�t) between rubber mixes and their

vulcanizates reaches about 15%.

Contrary to the silica-filled vulcanizates, differences in DI are not reflected by �t values
for the carbon black-containing rubber. Only the worst one, SBR 4, varies from the others.

Deconvolution of the positron lifetime has revealed that the difference has to be

subscribed mainly to its third component of intensity, being associated with o-Ps pick-

off annihilation taking place in the amorphous phase of polymers, within free volume

regions. Complete PALS analysis for series of SBR/50 phr of N 234 mixes is presented

in Figure 21.8.

The value of the third component of lifetime (t3) increases slightly as a result of

vulcanization, which indicates on the increase of an average free volume “hole” radius

(maximum increase of about 2% for SBR 5). The change is very small but present for all

samples, except SBR 4. It could be the result of filler flocculation during vulcanization.

Similarly to I3, the second component of intensity (I2) also exhibits different values for

the mixes and vulcanizates – the decrease reaches 10%. Again sample SBR 4 differs from

the others, revealing the smallest variation of I2. It seems likely that the vulcanization of

carbon black mixes, producing filler flocullation, results in a decrease of the volume
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Figure 21.7 Influence of vulcanization on average positron lifetime (�t) for SBR/50 phr of N 234mixes.

Rubber mixes vary according to the degree of filler dispersion (DI) (Reprinted from D.M. Bieliński, L.

Ślusarski, O.Dobrowolski et al., “Studies offiller agglomeration by atomic forcemicroscopy andpositron

annihilation spectroscopy. Part II: carbon black mixes,” Kautschuk Gummi Kunststoffe, 58, 239–245,

� 2005, with the permission of KGK Kautschuk Gummi Kunststoffe, H€uthing GmbH.)
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contribution of the filler–matrix interphase layer, which is reflected by an increase of I3.

A considerable increase of the crosslink density in the carbon black-rubber matrix

interphase layer [44] is probably responsible for changes detected by PALS. Microheter-

ogeneity of rubber vulcanization is well demonstrated in the subject literature. The

average positron lifetime of the unfilled SBR has practically no chance to be altered by

its vulcanization.
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Figure 21.8 Discrete PALS analysis for series of SBR/50 phr of N 234 mixes. Rubber mixes vary

according to the degree of filler dispersion (DI): (a) t2; (b) t3; (c) I2; and (d) I3 (Reprinted from D.M.

Bieliński, L. Ślusarski, O. Dobrowolski et al., “Studies of filler agglomeration by atomic force microscopy

and positron annihilation spectroscopy. Part II: carbon black mixes,” Kautschuk Gummi Kunststoffe, 58,

239–245, � 2005, with the permission of KGK Kautschuk Gummi Kunststoffe, H€uthing GmbH.)
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The positron lifetime spectrum can be conventionally described by a sum of discrete

exponentials:

sðtÞ ¼
Xk
i¼1

Ii

ti
exp � t

ti

� �
ð21:5Þ

where k is the number of lifetime components and ti ismean the lifetime of the i th component

with the relative intensity of Ii,
P

Ii ¼ 1. As already mentioned, the ortho-Ps lifetime is
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Figure 21.8 (Continued)
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related to the radius of the spherical hole r, in which the ortho-Ps are annihilated in the pick-

off process [16]:

tpick--off ¼ 1

2
1�rðrþDrÞþ 1

2p

� �
sin

2pr
ðrþDrÞ

� �� ��1

ð21:6Þ

where Dr¼ 1.656A
�
is an empirical parameter obtained by fitting the measured ortho-Ps

lifetimes to known free volume sizes in molecular crystals or zeolites [45, 46]. In the case of

heterogeneousmaterials inwhich a distribution of ortho-Ps lifetimes is expected, the lifetime

spectrum may be described by a continuous decay form:

sðtÞ ¼
ð1
0

IðtÞexp �t

t

� �
dt ð21:7Þ

where I(t) represents the intensity which allows to deduce the free volume hole radius from

probability density function f(r):

f ðrÞ ¼ �2Dr cos
2pr

rþDr

� �
�1

� �
IðtÞ

l2ðrþDrÞ2 ð21:8Þ

where l ¼ 1

t
. The hole radius density distribution corresponds to a hole volume v

density distribution:

gðvÞ ¼ f ðvÞ
4pR2

ð21:9Þ

From this the number density distribution of holes gn(v)¼ g(v)/v may be calculated. The

distribution function may be deduced to be a Gaussian:

gnðvÞ ¼ g0 exp �ðv�hvniÞ2
2s2

" #
ð21:10Þ

where g0 is a proportionality constant.

Application of the MELT routine makes the lifetime spectrum inverted into a continuous

lifetime distribution using a quantified entropymethod [47]. The characteristic lifetimes ti have
been calculated as the mass centers of peaks and the intensities Ii as the relative areas under the

peaks. No assumptions with respect of the numbers and shape of components were necessary.

In the case of the measured lifetime spectra for SBR/50 phr of N 234 vulcanizates four peaks

appeared in the obtained lifetime distributions – Figure 21.9.

First located close to t1� 130 ps originating from annihilation of para-Ps, second at

t2� 370 ps coming from the annihilation of free positrons, third at t3� 1000 ps having small

intensity of about 2% and fourth at t4� 2500 ps with intensity about 15%, originating from

pick-off annihilation of ortho-Ps. The additional medium peak close to 1000 ps could be

interpreted as coming from the ortho-Ps annihilation inmore densely packed regions [48]. Due

to instability ofmedium lifetime t3, which seems to be affected by the artifacts, further analysis

concerns the fourth lifetime t4. Figure 21.10 presents the number density distributions gn(v) of

free-volume holes in the SBR/carbon black vulcanizates.

The centers of mass of the obtained distributions for the samples SBR 3 and SBR 6 are

slightly shifted to lower values of free-volume hole size in comparison to other samples. The
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Figure 21.9 Positron lifetime distribution for SBR 2 sample (Reprinted from D.M. Bieliński, O.

Dobrowolski and E. Dryzek, “Application of PALS to study rubber morphology” (in Polish), in

Elastomers and Rubber Industry, W. Parasiewicz and W.M. Rzymski (Eds.), 291–299, � 2006, with

permission from Rubber Research Institute “STOMIL” and Technical University of Lodz.)
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widths of the distributions differ visibly. The broadest distribution is for the sample SBR 5.

Samples SBR 1, SBR 3 and SBR 6 constitute a group exhibited narrower distributions. Taking

into account interpretation of the positron lifetime distribution width in SBR given in [29], the

narrower lifetime or hole volume density distribution should indicate a higher contribution of

bound rubber and better filler dispersion. However, this dependence may be more complex

because of the presence of free radicals [49] in carbon black particles, which influences Ps

formation and annihilation.

Ortho-Ps lifetime distributionwas also determined for vulcanizates of different filler loading

(IR/N 772) – Figure 21.11.

The highest value of FWHM for rubber of the highest filler content (IR/50 phr of N 772) can

be explained by 3D filler network, which is not able to be created for lower carbon black

loading. Different morphology of SBR filled with carbon black of various activity is also well

represented by MELT studies – Figure 21.12.

Isolation of filler particles in rubber matrix is well visualized by FWHMof ortho-Ps lifetime

distribution for SBR/carbon black systems. It is about two times thinner (see Figure 21.12) for

SBR loaded with N 110 in comparison to other carbon blacks studied.

Complete PALS analysis for IR/N 772 system is presented in Figure 21.13.

The longest lifetime component (t3) does not depend on filler content, but its intensity (I3)

reduceswith carbon black loading. Small increase of the second lifetime component (t2) can be
observed, but this time accompanied by significant increase of intensity (I2). Experimental data

stay in agreement with literature on SBR/N 326 system [29]. The authors explain the lowering

of I3 as a consequence of two factors: (i) a decrease of rubber content in a system and (ii) an

increase of filler–matrix interactions, limiting the mobility of macromolecular segments,
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Figure 21.11 Influence of filler loading on ortho-Ps lifetime distribution for IR/N 772 vulcanizates.

Data for SBR/N 234 is given for comparison
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which in turn reflects the concentration of free volumes. Simultaneous increase of I2 probably

points on annihilation taking place in a filler-matrix interphase. A lower value of I3 and higher

value of I2, for IR filled with N 234 in comparison to rubber containing N 772, seems to be

connected with the higher BdR content for the former.

The hypothesis has been confirmed by PALS study on SBR filled with carbon black of

various average grain sizes – Figure 21.14.

Positron annihilation lifetime components t2 and t3 for SBR containing 50 phr of carbon

black do not depend on filler grain size. According to expectations a significant influence of

grain size on I2 and I3 intensities is visiblewhen comparing active (N 110 orN234) to structural

(N 772) carbon black. Rubber containing filler of bigger particles, having a smaller specific

surface, exhibits a lower ability for interphase positron annihilation (lower value of I2), but

presents a higher concentration of free volumes (higher value of I3).

21.2.2.5 The Influence of Exploitation on PALS Data for Rubber

In the light of our experience on the influence offiller dispersion onmechanical and tribological

properties of rubber, PALS data seems to be more relevant to filler agglomeration than Philips’

test. Positron annihilation spectroscopy can differentiate between rubber samples of various

microscale filler dispersions and the dominating structure of agglomerates, beingmore suitable

for the estimation of rubber mix quality.

Subjected to intensive friction, filled vulcanizates undergo structural changes, as reflected by

PALS experiments – Figure 21.15.

The third component of the positron lifetime, t3, for EPDM/silica vulcanizates decreases in

comparison to the values for the same samples before friction; however it does not reach the
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Figure 21.12 Influence of filler activity on ortho-Ps lifetime distribution for SBR/50 phr of carbon

black vulcanizates
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Figure 21.13 Discrete PALS analysis for IR/N 772 vulcanizates of various filler content. Data for SBR/

N 234 is given for comparison: (a) t2; (b) I2; (c) t3; and (d) I3

level of adequate rubber mix. It can be either the result of generation of microcracks in the

elastomer matrix or breaking of the filler network and possibly tearing silica particles out. No

changes to the second component of positron annihilation intensity, I2, in agreement with

expectations, point rather to the former mechanism.

614 Rubber Nanocomposites



Positron annihilation in carbon black-filled rubber differs from silica-containing ones.

Complete PALS spectra for SBR/50 phr of N 234 vulcanizates subjected to friction and fatigue

are presented in Figure 21.16.

Fatigue makes t3 of vulcanizates significantly increased, but its intensity (I3) only slightly

decreased. The average value of free volume holes is the highest for theM 4 sample, exhibiting
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the worst filler dispersion. Friction introduces structural changes different from fatigue. This

time moderate changes of ortho-Ps lifetime are accompanied by changes to its intensity.

Probably a slightly increasing free volumes content is compensated by a decrease of their

concentration. Apart from M 4 vulcanizate, exploitation does not influence significantly the

average positron lifetime (�t).
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Figure 21.14 Discrete PALS analysis for SBR/50 phr of carbon black vulcanizates: (a) t2; (b) I2; (c) t3;
and (d) I3
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The number density distributions of holes, gn(v), were fitted by Gaussian functions.

According to Equation 21.10 the standard deviation of the Gaussian functions should be

related to the bulkmodulus of elasticity or othermechanical properties ofmaterial. Figure 21.17

presents the dependence of FWHM (full width at half maximum; for a Gaussian

FWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2s

p
) on the increase of mechanical modulus under elongation (Ds100–300).

The experimental points are scattered, though it seems that the higher value of theDs100–300
parameter corresponds to the narrower number density distribution of holes. The dashed line is
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the least-squares fit of the equation FWHM ¼ AðDS100�300Þ�
1
2 þB to the experimental points

with the fitted parameters A¼ 0.39� 0.13, B¼�0.14� 0.06.

21.2.3 Final Remarks

Despite its sophistication PALS is a very useful analytical technique which enables us to

recognize subtle details of rubbermixesmorphology. They either could be hardly recognized or

their detection requires complicated sample preparation procedure if other contemporary
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Figure 21.15 Influence of friction on o-Ps annihilation in freevolumes: (a) EPDM/Coupsil VP6411 and
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techniques are used. However until now PALS has not been used very often because of the

difficult interpretation of experimental data. Most of the papers published on the application of

PALS for studying rubber concern the morphology of filled mixes and the number and sizes of

nano- and microholes, forming the so-called free volume. However, the effect of these

parameters on the properties of elastomers has not been well enough recognized. Most often

particles of fillers used in rubber technology are microsized, although it should be stressed that

analysis of phenomena occurring during the preparation of rubber mixes is very often

oversimplified. In general it is accepted that agglomerates have a detrimental effect on the

properties of filled vulcanizates but the reason for this has not been recognized. Recently we
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Figure 21.16 Influence of exploitation conditions on PALS spectra for SBR/50 phr of N 234

vulcanizates: (a) �t; (b) t2; (c) I2; (d) t3; and (e) I3
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have investigated with the use of AFM and SEM techniques morphology of rubber mixes and

behavior of stressed vulcanizates [30, 31, 39]. On the basis of results obtained, the original

classification of agglomerates has been proposed and the particular role of non-infiltrated

agglomerates (called “fatal”) disclosed. It is worthy of mention that particles of commonly

used fillers, for example, silica or carbon black are composed of nanosized primary particles, of

very high surface energy, responsible for their ability towards aggregation and agglomeration.

For that instance it is so difficult to prepare rubber mixes filled with nanofillers of satisfactory

morphology and mechanical properties of their vulcanizates. Undoubtedly examination of

such systems with the use of the PALS technique is very promissing and creates an opportunity

for further progress in recognition of nanofillers effect on properties of elastomers.

21.3 Nanoindentation

21.3.1 Introduction

Because polymer materials are being used in thinner films and smaller volumes (for example,

electronics, packaging) it is becoming increasingly important to test the actual material rather

than to infer performance from results on bulk specimens. The surface layer of polymers can

differ significantly from their bulk, which is the result of processing or further modification of

materials [50]. Despite this, the role of the surface layer in the exploitation of polymermaterials

is very often underestimated or even neglected.
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Figure 21.17 Dependence of FWHMvalues of number density distribution of holes – gn(V), calculated

from Figure 21.10, on Ds100–300 parameter for SBR/50 phr of N 234 vulcanizates (Reprinted from D.M.

Bieliński, O.Dobrowolski and E.Dryzek, “Application of PALS to study rubbermorphology” (in Polish),

in Elastomers and Rubber Industry, W. Parasiewicz and W.M. Rzymski (Eds.), 291–299, � 2006, with

permission from Rubber Research Institute “STOMIL” and Technical University of Lodz.)
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21.3.1.1 Principles of Nanoindentation

Nanoindentation (NI) differs from classic measurement of hardness, where the impressions

are first generated and then imaged with a microscope. Load and penetration depths are

recorded simultaneously during both loading and unloading, producing a force–depth

diagram – Figure 21.18.

The technique permits the determination of hardness and Young modulus as a function

of penetration depth. The maximum indentation depth (hmax) includes elastic and

plastic deformation. The symbol d represents an elastic deformation part of the indent.

The depth at which the applied force becomes zero on unloading is called plastic depth

(hp), whereas hc is the contact depth at which the cross-section area (Ac) is taken to

calculate hardness and mechanical modulus. Nanohardness (H) is calculated from the

following formula:

H ¼ Fmax

Ac

ð21:11Þ

According to Oliver and Pharr [51], the contact depth (hc) is given by:

hc ¼ hmax�0:75
Fmax

S
ð21:12Þ

where S is the contact stiffness,

S ¼ dF

dh
ð21:13Þ

with dF
dh

being the slope of the unloading curve at the initial point of unloading. The reduced

Young modulus (Er) is a measure of the elastic properties of the tip-sample system and can be

hf hc hmax

Fmax

Loading

Unloading

dF
dh

Displacement

L
oa

d

Figure 21.18 Schematic representation of the force-depth curve for a nanoindentation procedure
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calculated from the force-depth curves, according to the following formula:

Er ¼ 1

2

ffiffiffiffiffi
p
Ac

r
dF

dh
ð21:14Þ

For a diamond tip of Berkovitch geometry (ideal cube corner pyramid), the relation between

indentation depth (h) and cross-section area (tip area function – Ac) is Ac ¼ 2:598h2.
It has been suggested that the so-called plastic work function (PWF) may serve as a guide to

toughness of polymer materials [52]. The plastic work function is a dimensionless quantity

defined as the ratio of the plastic (dissipated) energy, Wp (area between the loading and

unloading curves), to the total energy, Wt ¼ Wp þWe (area under the loading curve):

PWF ¼ Wp

Wp þWe

ð21:15Þ

Cheng et al. [53] have determined that WPF is approximately linearly related to both the

ratio of hardness to reduced modulus and to the ratio of residual depth to maximum depth. The

latter ratio is in turn closely linked to the degree of elastic recovery in indentation (ERP):

ERP ¼ hmax�hp

hp
ð21:16Þ

Nanoindentation can be also applied for analyzing creep of materials. Although several

complex models have been proposed to describe the phenomenon in viscoelastic materials, in

the case of elastomers and elastomeric composites a satisfactory approach [54] is to model the

nanoindentation creep data with a general logarithmic creep formula, as proposed by Chudoba

and Richter [55]:

h ¼ A ln ðBtþ 1Þ ð21:17Þ
where h is the increase in depth at maximum load, t is time and A and B are fitting parameters.

A is an extent term, responsible for enhanced initial creep, whereas B is a rate term, with

a smaller value indicating that the creep process occurs over a longer timescale.

21.3.2 Application of Nanoindentation to Study Rubber Morphology

21.3.2.1 Introduction

Nanoindentation allows to determine surface profile of hardness, mechanicalmodulus and ERP,

being the result of changes to composition,morphology and structure of polymermaterials. The

changes can also be reflected by creep parameters, but in this case deformation process is

strongly influenced by the strain rate. Assuming a relation betweenmorphology of rubber and its

mechano-rheological characteristics, one can apply nanoindentation for determination of the

quality of filler dispersion, degree of crosslinking, modification or aging of the material.

21.3.2.2 State of the Art

Depth sensing indentation (DSI) made it possible to determine mechanical properties of

silicone rubber coatings on substrates and freestanding films at submicron penetration

depth [55]. For the first time authors observed complete elastic behavior for rubber-like films.
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The calculated fromDSImeasurements mechanical moduli of the silicone rubber filmswere in

good agreement with those measured by dynamic mechanical analysis (DMA).

In order to compare properties of rubber containing filler agglomerates to homogeneous

rubber matrix Petitet et al. also carried out a nanoindentation experiment [56]. They used the

continuous stiffness measurement with two kinds of indenters: (i) Berkovitch and (ii) trigonal

geometry (average imposed strain of 7% of the elastoplastic limit [57]), superimposing a small

oscillationonto a large-scaleDC loading. The results showed that no residual strainwas found in

the rubbermatrix when using both indenters nor was any found in the carbon black agglomerate

when using the Berkovitch indenter. However, a residual strain was observed in the agglomerate

when using the trigonal indenter. The presence of a residual strain means that elastoplastic limit

of the agglomerate is between 7 and 14% and the Young modulus is around 300MPa, while the

Young modulus of homogeneous rubber matrix is about 30MPa. Nanoindentation experiments

have shown that rubber compound is heterogeneous from mechanical point of view. Agglom-

erates are closely linked to the rubber matrix. As a consequence, mechanical plasticizing of

agglomerates causes craters on the rubber surface. It has been found that it is the exact influence

of carbon black agglomerates on the wear of rubber.

A depth-sensing and frequency-specific dynamic indentation technique was used by

researchers fromExxonMobil Chemical Company to detect the spatial distribution of dynamic

moduli (including storage, E0, and loss, E00) in synthetic rubbers with varying degrees of cure

and with or without carbon black fillers, as a function of penetration depth [58]. Combining

experimental data with AFM pictures provided quantitative cure distribution maps for rubber

blends and compounds. Atomic force microscopy and indentation mapping were also applied

for studying themorphology of silicone rubber filledwithCaCO3 [59] and the detection of SiO2

in polyethylene terephthalate matrix [60]. Nanohardness images revealed boundary regions of

increased softness surrounded protruding particles.

The highest attention has been devoted to polymer blends, which have been studied under

quasi-static conditions – using compliance nanoindentationmethod [61, 62] or under repetitive

contact – using nanoscale impact testing [52, 63], producing mapping of mechanical para-

meters ofmaterials. In the subject literature there are alsomany contributions on the application

of nanoindentation for monitoring changes produced by various kinds of chemical or physical

treatment to the surface of polymer materials [64–67].

21.3.2.3 The Influence of Rubber Morphology on Stress Relaxation Behavior

The presence of filler agglomerates of different internal structure and various kinds of

interaction with rubber matrix makes it possible to classify vulcanizates according to their

quality using nanoindentation. A comparison between stress relaxation courses for good and

bad rubber mixes is given in Figure 21.19.

Due to an averaging approach, the method cannot be applied to distinguish between

materials of similar degree of filler distribution, but it works perfectly in the case of bad

material which has to be eliminated.

21.3.3 Application of Nanotribology to Study Rubber Morphology

21.3.3.1 Introduction

The difference between filler agglomerates and elastomer matrix can also be revealed during

friction. The bigger the difference between the phases, according to the stiffness of thematerials,
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the better themaps of filler distribution that can be obtained. This is whyAFMpictures acquired

applying friction mode are generally better for silica than carbon black mixes. From our

experience it follows that the friction mode applied to silica filled vulcanizates can sometimes

bring even better results than the recommended tappingmode. Nanofriction run simultaneously

with microroughness makes it easy to eliminate effects coming from surface artifacts [68].

21.3.3.2 State of the Art

ASTM D 2663-95a describes an experimental procedure for determining the degree of filler

agglomeration in rubber. By moving the 1mm indenter over the surface of a rubber cross-

section, it is possible to reflect the hills and valleys resulting from agglomerates and the craters

after this part of them has been removed, respectively – Figure 21.20.
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Figure 21.19 Comparison between stress relaxation courses for vulcanizates made of good and bad

rubber mixes (SBR/50 phr of N 234)
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Figure 21.20 Principle of creation of a surface profile due to cross-section cutting
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The results of microprofilometry are then analyzed and the degree of filler dispersion (DI)

calculated, according to the formula [69]:

DI ¼ 100--10 expðA log F2HþBÞ ð21:18Þ
where F is the number of roughness peaks per “cm”, H is the number average peak height in

“mm” and A and B are constants for each specific rubber formulation, which may vary with the

kind of elastomer, carbon black type and loading, as well as state of cure. The values for DI are

inversely proportional to F2H.

Statistic analysis makes it possible to filter the geometrical signal from artifacts which are

the result of surface preparation by cutting. The experimental procedure describing the

determination of carbon black agglomeration in rubber has been validated in the thesis by

Wehmeier [70]. The author compared results derived frommicroroughness profiles to values

obtained using other methods.

21.3.3.3 The Influence of Rubber Morphology on Surface Microroughness

and Nanofriction

The presence of filler agglomerate, arising from rubber matrix or its lack resulting in a

hole, makes it possible to classify vulcanizates according to their quality using micro-

profilometry – Figure 21.21.

Microfriction profiles of vulcanizates having variousmorphology are also different, but their

analysis is more complicated – Figure 21.22.

Both microprofilometry and nanofriction are time-consuming experiments, additionally

demanding samples of perfectly prepared surface. They cannot compete with easier and

cheaper rheological or microscopic methods, which makes them seldom applied for the

determination of rubber mix quality (the degree of filler agglomeration) in industrial practice.

21.3.4 Final Remarks

Nanoindentation (NI) is broadly used for examining the surface layer of different materials:

metals, ceramics, polymers and composites. It allows determination of real stress at shallow
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Figure 21.21 Example of the surface geometry profile of rubber vulcanizate
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depths, where the plastic component of deformation is very small. The method is permanently

improved, which concerns both mode of action as well as steering systems and registration of

results. It is well known that the structure of polymer material surfaces including polymer

composites differs in comparison to their bulk. What is particularly important in the surface

layer are, for example, the initiation process of crack formation, ageing, burning, friction and

others influencing the exploitation properties of polymer goods. Therefore, information

obtained by the use of NI is of great practical importance, giving an early indication of the

beginning of the phenomena. It should be stressed that nanofillers introduced to rubber very

often exert their effect mainly on the surface. This concerns, for example, barrier properties,

thermal stability and antipiretic action. Until now not many papers on the application of NI for

studying rubber nanocomposites have been published. However, undoubtedly their number

will increase in the near future. Generally speaking, the importance of the surface layer of

polymer materials has until now been underestimated or even neglected.
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22.1 Introduction

The quasi-static mechanical properties of filled elastomers have been the object of extensive

experimental studies over many decades (for example, [1–3]); the main results can be

summarized as follows:

1. The increasing “overshoot” of elasticity moduli, the smaller the filler particle size, above

the values predicted by pragmatic phenomenological models (that is, those assuming that

the moduli of a matrix and of a filler remain size- and composition-invariant, so that the

volume fraction of inclusions j is the only factor responsible for the composition

dependence of the modulus of a composite).

2. Pronounced “stress-softening” phenomena setting on after the first uniaxial stretching and

gradually leveling-off during subsequent stretching/contraction cycles (the so-called

Mullins-Patrikeev effect).
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Our previous thermoelastic studies of several series of elastomeric nanocomposites (ENC)

prepared bymelt-compounding of synthetic rubber with different fillers [4–7] have shown that

both above phenomena can be quantitatively treated using the concept of hydrodynamic strain

amplification. In fact, the first phenomenon listed above is accounted for through the strain

amplification factor X¼ eint/e which relates the microscopic intrinsic strain of the rubber

matrix eint to the macroscopic extension of the filled sample, l¼ 1 þ e [8, 9]. The second

phenomenon listed above implies the prestrain dependence of the strain amplification factor.

This means that with increasing strain the initial spatial aggregates of filler particles spanning

the entire sample volume (infinite clusters, InC) would decay to smaller-size fragments

(isolated clusters, IsC); however, the sizes of the latter are believed to be frozen in subsequent

stretching/contraction cycles, provided the eventual strains would not exceed the maximum

prestrain [10–12]. Moreover, the exothermal effects of external friction between particles

generated during a successive decay of a spatial network of filler particles with increasing

strain were shown to depend on the nature of a filler and on the interaction energy at the rubber/

filler interface [4–7].

22.2 Experimental

22.2.1 Materials

Two elastomeric matrices are investigated: (i) mercaptan-type polychloroprene rubber CR

(Baypren 110, Bayer AG) with very good aging properties, flame retardance, high weather

resistance, resistance against ozone, different chemicals and oils and so on and (ii) styrene-co-

butadiene rubber with styrene content 18% (BUNA-SL18; Bayer AG).

The nanoparticles of the commercial organoclay OC2 (Nanofil, S€ud-Chemie AG) were

pretreated with dioctadecyl-dimethyl ammonium salt. The crosslinking reagents and stabi-

lizers (stearic acid SA, zinc oxide ZnO, magnesium oxide MgO, Rhenogran ETU-80) were

supplied by Bayer AG.

The polychloroprene/organoclay nanocomposites were prepared in two steps. In the first

step, CR was melt compounded with OC2 at 353 K, using an internal mixer (Haake

Rheocord 90); after 7min the vulcanization reagents were added and the mixing continued

during the next 3min; finally, each composition was homogenized in a three-roll mill

(Exakt 80S) at 333–353K. In the second step, the samples were crosslinked by sulfur

vulcanization of the matrix in a hot stage vacuum press (Collin) under a pressure of

30 bar at 433K during about 50min, as described in detail elsewhere [4, 13]. The

sample codings and compositions are shown in Table 22.1. The volume content of the

inorganic nanophase (fifth column) was calculated assuming 35 wt% as the total amount of

an organic modifier in the OC2 (information from the supplier), and 2.65 g/cm3 as the

density of SiO2.

The styrene-co-butadiene rubber/organoclay nanocomposites were prepared by melt com-

pounding by using an internal mixer and a three-roll mill, followed by sulfur vulcanization of

the matrix in a hot press under a pressure of 20 bar, as reported elsewhere [10]. The reference

sample with weak interfacial interactions (RS) contained 30 phr of clay nanoparticles pre-

treated with dioctadecyl-dimethyl ammonium salt (Nanocor 1.42 E). The test sample with

strong interfacial interactions (TS) contained the same amount of the same clay nanoparticles

that were, however, chemically bonded to the rubber matrix with the silane-coupling agent,

bis(triethoxysilyl)-tetrasulfan (Si69; Degussa AG) [11].
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22.2.2 Methods

Wide-angleX-ray scattering (WAXS) patterns in the range of scattering angles (2y) 5–40�were
measuredwith a DRON-2,0 diffractometer. As usual, the scattering curves were normalized by

thickness and X-ray absorption.

SAXS measurements were performed using a Kratky compact small-angle system (PAAR,

Graz, Austria) equipped with a scintillation counter operating in a step-scanning mode [6], as

well as a KRM-type diffractometer [5, 7].

Specific heat capacity cp was measured (temperature interval: 215–380 K; heating rate:

10 K/min) with the temperature-modulated DSC instrument (Perkin Elmer DSC-2 upgraded

and supplied with signal processing software by IFA GmbH, Ulm).

The mechanical work (W) and concomitant heat effects (Q) in the stepwise loading (stretch-

ing)/unloading (contraction) cycles were measured (with the estimated mean errors below 2%)

at room temperaturewith the stretching calorimeter described in detail elsewhere [14, 15]. In the

range of small relative extensions l (<1.10–1.20), each specimen was stretched at a constant

velocity qþ (10% of the total specimen length perminute) to a predetermined li, kept at fixed li
to the full completion of mechanical and thermal relaxations, and thereafter allowed to contract

at the same velocity q� to zero force. The typical difference between fixed extensions in two

successive steps,Dl¼ liþ 1� li, varied from several digits in the fourth place to a few digits in

the third place.At higher elongations, themechanical work and heat effectsweremeasured only

in the regime of successive step-wise stretching at larger Dl (a few digits in the second place).

The same experimental set-up was used for stress relaxationmeasurements [7]. Prior to each

measurement, the previousmechanical history was erased by several successive prestretchings

to the maximum extension llim, free relaxation to zero stress and subsequent storage in an

unloaded state overnight. Then the specimen was stretched to a predetermined fixed extension

lf< llim, and the time dependence of the stress s was monitored at lf¼ const.

22.3 Polychloroprene/Organoclay Nanocomposites

22.3.1 Structural Characterization of Unstretched Samples

The main features of theWAXS patterns for the neat CR (Figure 22.1a) were the major diffuse

amorphous halo with a maximum near the scattering vector q0� 13.2 nm�1 (which can be

Table 22.1 Sample composition and coding

No. Sample CR

[phr]

OC2

[phr]

SiO2

[vol.%]

SA

[phr]

ZnO

[phr]

ETU-80

[phr]

MgO

[phr]

1 CR 100 0 0 0.5 5 0.5 4

2 CR/OC2-2,5 100 2.5 0.6 0.5 5 0.5 4

3 CR/OC2-5 100 5.0 1.2 0.5 5 0.5 4

4 CR/OC2-7,5 100 7.5 1.7 0.5 5 0.5 4

5 CR/OC2-10 100 10.0 2.3 0.5 5 0.5 4

6 CR/OC2-12,5 100 12.5 2.8 0.5 5 0.5 4

7 CR/OC2-15 100 15.0 3.4 0.5 5 0.5 4

8 CR/OC2-20 100 20.0 4.4 0.5 5 0.5 4

9 CR/OC2-30 100 30.0 6.2 0.5 5 0.5 4

10 CR/OC2-40 100 40.0 7.9 0.5 5 0.5 4
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attributed to the interchain spacing d0¼ 2p/q0� 0.48 nm), and several sharp reflections at

higher q (as argued elsewhere [5], the latter reflections are due to stabilizer inclusions). The

WAXS profiles for the RNCwere essentially similar; however, three additional reflections due

to the organoclay appeared near q� 15.3, 14.2 and 3.4 nm�1 and tended to gain intensity with

the filler content w (Figure 22.1a).

No evidence for large-scale heterogeneities could be detected on the SAXS curves for the

neat CR (Figure 22.1b).A single SAXSmaximumat q� 2.25 nm�1 observed for a pureNanofil

both in the bulk state and in a thin layer corresponded to the interlayer distance d� 2.8 nm. A

significantly larger spacing of d� 4.0 nm calculated from the angular position of a single well-

resolved SAXS reflection at q� 1.56 nm�1 on the representative SAXS curve for the sample

CR/OC2-30 (Figure 22.1b) suggested a reasonably high degree of organoclay exfoliation.

The absence of crystallinity in the neat CR was also evident from the DSC traces

(Figure 22.2), in which no endothermal effects of crystal melting were observed in the

temperature interval above the specific heat capacity jump Dcp� 0.30 J/g K at the glass

transition temperature Tg¼ 243K. As could be expected, the apparent values of Dcp for the
ENC continuously decreased, while the glass transition temperatures tended to increase, the

higher the filler content up to Tg¼ 248K for the sample CR/OC2-40.

22.3.2 Thermoelastic Behavior

As expected, both themechanical work and the heat effects in the stretching/contraction cycles

for the neat CR were completely reversible. The experimental values of specific (per unit of
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mass m) mechanical workW/m and specific heat effects Q/m (Figure 22.3a) were fitted to the

standard equations of elasticity for real rubbers [16],

W=m ¼ AðE=6rÞf1ðlÞ; ð22:1aÞ

Q=m ¼ �ðW=mÞ ½1�Tb�2aT=f2ðlÞ�; ð22:1bÞ
whereA ¼ hh20i=hh2i is the front factor (usually,A¼ 1 is assumed); hh20i and hh2i are themean-

square end-to-end distances of an isolated, unperturbed chain and of an identical chain in the

network, respectively; E is the elasticity modulus in the simple stretch regime; r is the density;
b ¼ d ln hh20i=dT is the temperature coefficient of unperturbed chain dimensions; a¼�d

ln r/dT is the thermal expansion coefficient of bulk rubber; f1 (l)¼ l2 þ 2/l� 3 and

f2 (l)¼ l2 þ l� 2.

First, the best-fit value E¼ 1.94MPa was derived from Equation 22.1a; next, the relevant

experimental data were fitted to Equation 22.1b treating b and a as adjustable parameters.

The excellent quality of the data fits to both Equations 22.1a and 22.1b over the entire range

of relative elongations at the best-fit values of E¼ 1.94MPa, b¼ 1.56� 10�3 K�1 and

a¼ 0.98� 10�3 K�1 can be assessed from Figure 22.3a.

In contrast to the neat CR, for all RNC the irreversible effects (manifesting themselves as

divergencies between bothW/m and Q/m in stretching/contraction cycles) proved to set on at

fairly low elongations. Therefore, these datawere treated according to the following procedure:
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Figure 22.2 DSC heating traces for all studied samples (the organoclay content increases from the top

to the bottom as shown in Table 22.1)
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first, the best-fit values of the apparent modulus (hereafter referred to as E0) were derived by

Equation 22.1a for the range of reversible deformations (l< 1.2); then, the theoretical curves

ofW/m andQ/mwere calculated by Equations 22.1a and 22.1b assuming reversibility (that is,

keeping unchanged the material parameters b and a for the CR matrix).

The relatively large “overshoot” of the apparent Young’s modulus of the sample CR/OC2-

2.5 with the lowest organoclay content (2.5 wt%) above that for the neat CR and subsequent

continuous increase of E0 with the filler weight content w (Table 22.2) suggest a considerable

reinforcement effect by the infinite clusters (InC) of organoclay particles. According to the

cluster-cluster aggregation (CCA) model [17], a fingerprint for the onset of an InC of filler
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Figure 22.3 Dependencies on relative elongation of specific mechanical work (squares) and specific

heat effects (circles) for (a) neat CR and (b) sample CR/OC2-30. Dashed and solid lines indicate the best

nonlinear fits to Equations 22.1 and 22.3, respectively

Table 22.2 Thermoelastic parameters

Sample E0, MPa X0 X¥ z C

CR 1.94 . . . . . . . . . . . .
CR/OC2-2,5 2.12 22.20 16.96 0.60 0.10

CR/OC2-5 2.24 24.03 18.85 0.60 0.21

CR/OC2-7,5 3.05 28.01 22.07 0.60 0.28

CR/OC2-10 3.74 28.13 22.95 0.61 0.35

CR/OC2-12,5 4.06 33.56 25.82 0.60 0.24

CR/OC2-15 5.34 33.88 26.38 0.60 0.29

CR/OC2-20 7.22 40.41 29.59 0.60 0.26

CR/OC2-30 8.91 43.39 33.01 0.62 0.25

CR/OC2-40 11.54 51.01 39.92 0.61 0.16
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particles above the apparent “gel point” j� is the following scaling relationship for the

elasticity modulus,

E0 � ja; ð22:2Þ

where j is the filler volume fraction, a¼ (3 þ df,B)/(3� df) and df and df,B are the fractal

dimensions of a CCA-cluster and of a CCA-cluster backbone, respectively. The experimental

tests of Equation 22.2 for a series of RNC containing isometric filler particles (like carbon

blacks or model organic nanospheres) at j ?j� � 0.2 yielded a� 3.5 [17] which is consistent

with the typical fractal dimensions of df,B� 1.3 and df� 1.8.

As can be seen from Figure 22.4, the experimental values of E0 for the RNC studied in this

work also quantitatively obey Equation 22.2. However, the applicability of this equation to the

data obtained in the range of filler fractions j< 0.25 is not immediately obvious; moreover,

the nearly fourfold smaller value of the relevant exponent (a� 0.87) also can not be readily

rationalized.

In our opinion, the origin of the observed discrepancy is in the basically different shapes of

filler particles (nearly isometric carbon black particles of aspect ratio l/d� 1, and highly

anisometric organoclay particles of aspect ratio l/d� 1). In fact, the geometrical percolation

threshold for the onset of an InC of overlapping ellipsoids was shown [18] to decrease from

j� � 0.28 expected for l/d� 1 down to j� � 0.04 for l/d� 1/20. Hence, the onset of an InC of

highly anisometric organoclay particles at volume fractions as low as j	 0.04 (Figure 22.4)

seems both theoretically possible [18] and experimentally proved (for example, by melt visco-

elasticity studies of polyamide 6/organoclay nanocomposites [19]). In this context, space-filling

conditions for clusters in carbon black-filled elastomers and in theRNCstudied in thisworkmay

be also basically different; in other words, the observed differences between the exponents a
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Figure 22.4 E0 versus j plot for the ENC
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suggest different fractal structures and/or properties of the InC (for example, the lengths of the

spanning arms and the relevant force constants for bending/twisting).

As can be seen from the representative plots for the sample CR/OC2-30 (Figure 22.3b), as

well as from similar data obtained for all other RNC, the deviations between the experimental

values of both W/m and Q/m and the theoretical curves which were calculated by

Equations 22.1a and 22.1b assuming reversibility (dashed lines) steadily increased, the higher

the relative extension. These deviations can be attributed to irreversible structural changes

in the InC of filler particles, as implicit in the following equations [5–7]:

W=m ¼ AðE=6rÞðl2int þ 2=lint�3Þ; ð22:3aÞ

Q=m ¼ �ðW=mÞ½1�Tb�2aT=ðl2int þ lint�2ÞþC�: ð22:3bÞ
Here lint¼ 1 þ e X is the normalized relative extension, X¼X¥ þ (X0�X¥) exp (�zemax),

X0, X¥ and z are the fitting parameters, emax is the maximum strain at each successive loading

step and C is the empirical correction for the heat generated by external friction between

nanoparticles during the deformation/fragmentation processes of an InC.

As can be seen from Figure 22.3b (solid lines), the relevant experimental data proved to

quantitatively obeyEquations 22.3a and 22.3b; the best-fit values offitting parameters are listed

in Table 22.2. These results provide additional support for the concept of prestrain-dependent

strain amplification factor as the major parameter controlling the thermoelastic behavior of

ENC [5–7]. Nearly identical values of z imply similar fractal dimensions [11] of the initial InC

of organoclay nanoparticles in all studied RNC, while the observed trend for the increase

of both the initial (X0) and the final (X¥) strain amplification factors with organoclay content

also seems physically reasonable. However, the rather low values of the correction term C are

more difficult to explain. As shown elsewhere for several series of the BUNA SL19-based

RNC [5–7], the values of C tended to increase, the weaker the interactions at the rubber/filler

interface (that is, the larger the scale of interparticle motions during the successive breakdown

of the initial InC of nanoparticles into the small IsC, as measured by the difference between X0

and X¥). In terms of this criterion, for the values of C as low as 0.10–0.35 one could expect [5]

(X0�X¥) ! 0, which is definitely not the case (Table 22.2).

In our opinion, this apparent discrepancy reflects the influence of strong CR/filler interfacial

interactions on the initial structure and deformation behavior of the InC of organoclay

nanoparticles. In fact, strong interfacial interactions are the necessary prerequisite for a

build-up of a layer of sterically immobilized polymer chain segments (“boundary interphase”,

BI) around filler particles [17, 20]. Judging by the rather high values of both X0 and X¥ for

studied ENC (Table 22.2), large-scale displacements of organoclay nanoparticles should

remain the basic mechanism of fragmentation of the initial InC into the IsC; however, such

displacements will be mediated by the BI coatings. In this context, the low values of the fitting

parameter C in Equation 22.3b should be regarded as evidence for the reduced exothermal

effects of external friction between organoclay nanoparticles coated with the BI.

22.3.3 Stress Relaxation

As could be expected, the stress relaxation after stretching the neat CR to several fixed

extensions lf proved to be negligibly small. In contrast, significant decays were observed on
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the plots of the uniaxial stress st (normalized by the initial stress s0 at time t¼ 0) versus time t

at different fixed extensions lf for the RNC. These experimental data were fitted to the

stretched-exponential Kohlrausch Equation 22.4 [21]

st=s0 ¼ s¥=s0 þðs1=s0Þ exp ½�ðt=tÞb�; ð22:4Þ
the best-fit values of parameters s¥/s0, s1/s0, t and b are given in the Table 22.3.

Table 22.3 Fitting parameters of Equation 22.4

lf s¥ /s0 s1/s0 b t/s

CR/OC2-2.5

1.9 0.95 0.047 0.42 205.0

2.5 0.95 0.049 0.40 206.8

2.9� 0.95 0.051 0.46 335.9

CR/OC2-5

1.7 0.92 0.077 0.42 202.3

2.6 0.92 0.079 0.40 204.6

2.9� 0.92 0.080 0.40 204.9

CR/OC2-7.5

1.5 0.89 0.103 0.40 551.4

2.4 0.89 0.109 0.40 569.7

3.0� 0.89 0.111 0.40 581.2

CR/OC2-10

1.5 0.87 0.129 0.38 661.1

1.9 0.86 0.135 0.40 653.6

2.5 0.86 0.139 0.40 621.5

3.0� 0.81 0.188 0.38 1105.8

CR/OC2-12.5

1.8 0.83 0.165 0.40 606.0

2.2 0.83 0.169 0.40 609.3

2.6 0.83 0.172 0.40 613.1

3.1� 0.78 0.221 0.40 1121.4

CR/OC2-15

1.6 0.82 0.182 0.41 547.6

2.0 0.81 0.189 0.40 591.8

2.6 0.80 0.194 0.45 599.2

3.2� 0.75 0.243 0.40 1136.6

CR/OC2-20

1.8 0.82 0.179 0.46 564.1

2.1 0.81 0.189 0.41 553.0

2.6 0.79 0.202 0.40 549.1

3.2� 0.73 0.261 0.40 1154.4

CR/OC2-30

1.6 0.79 0.208 0.36 510.3

1.9 0.78 0.217 0.30 473.2

2.7 0.78 0.219 0.40 439.0

3.3� 0.68 0.315 0.33 1200.4

(Continued )

Thermoelasticity and Stress Relaxation Behavior 639



As can be seen from the representative data for the sample CR/OC2-30 (Figure 22.5), as well

as from similar data obtained for all other RNC, the plots of reduced stress, (s� s¥)/s¥, versus
t for the relaxations at lf< llim nicely superpose on the same master curve, as expected for

a linear viscoelastic body [21], whereas a similar plot for lf¼ llim is shifted considerably

upwards. These results are reflected by the values of s¥ /s0, s1/s0 and t for each ENC sample

which are nearly identical at lf< llim but significantly different at lf¼ llim. The patterns of
composition dependencies of the latter parameters (Figure 22.6a–c) suggest that the structure

and/or properties of an infinite cluster of organoclay nanoparticles may change around

w¼ 10 wt% (that is, j� 0.04). Anyway, the above results are qualitatively consistent with

the original assumption [11] that after initial stretching to llim the pre-existing infinite clusters

of filler particles are broken into the isolated clusters which remain structurally similar,

whatever the subsequent stretching to lf< llim.
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Figure 22.5 Time dependencies of the reduced stress for the sample CR/OC2-30

Table 22.3 (Continued)

lf s¥ /s0 s1/s0 b t/s

CR/OC2-40

1.5 0.76 0.231 0.36 402.2

2.0 0.76 0.234 0.39 393.7

2.6 0.76 0.239 0.39 321.6

3.5� 0.62 0.379 0.38 1229.8

lf¼ llim.
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22.3.4 Conclusions

1. The infinite clustering of highly anisometric organoclay particles is likely to set on at filler

volume fraction as low as j	 0.04.

2. Quantitative analysis of thermoelastic behavior over the entire range of relative elonga-

tions provides additional support for the concept of a prestrain-dependent strain amplifi-

cation factor as the major parameter controlling the thermomechanical properties of

the RNC.

3. Low values of the fitting parameter C in Equation 22.3b should be regarded as evidence for

reduced exothermal effects of external friction between organoclay nanoparticles coated

with the BI.

4. The stress relaxation behavior of the RNC is qualitatively consistent with the original

assumption that after initial stretching to the highest elongation (llim) the pre-existing

infinite clusters of filler particles are broken into the isolated clusters which remain

structurally similar, whatever the subsequent stretching to lf< llim.

22.4 Styrene-co-Butadiene Rubber/Organoclay Nanocomposites

22.4.1 Structural Characterization of Unstretched Samples

The main features of the WAXS patterns for the pristine rubber (Figure 22.7a) are the diffuse

amorphous halo with a maximum near the scattering vector q¼ (4p/l) sin (y)� 14.0 nm�1

(which can be attributed to the interchain spacing d0¼ 2p/q0� 0.45 nm) and several sharp

reflections at higher q (presumably from stabilizer inclusions).

Figure 22.7 (a) WAXS and (b) SAXS patterns for (1) pristine rubber, (2) RS and (3) TS [5] (Reprinted

fromV.P. Privalko, S.M. Ponomarenko, E.G. Privalko, F. Sch€on andW.Gronski, “Interfacial interactions –

controlled thermoelasticity and stress relaxation behavior of synthetic rubber/organoclay nanocompo-

sites,” Journal of Macromolecular Science – Physics (http://www.informaworld.com), B42, 1183–1196,

� 2003, with permission from Taylor & Francis Ltd.)
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Apparently, it is these nanoparticles of a stabilizer that also are responsible for a slight

inflection at q� 1.75 nm�1 on the SAXS pattern (Figure 22.7b), which implies a very weak

structural heterogeneity with periodicity on the scale D� 3.6 nm.

The WAXS profiles for both nanocomposites (Figure 22.7a) reveal a few extra reflections

(presumably due to clay modifiers) superposed on the major amorphous halo for the matrix

rubber and the weak reflections around q� 3.3 nm�1 (corresponding to the WAXS periodicity

d� 1.9 nm), which can be associated with the interlayer spacing of organoclays. A nearly

identical value was reported for the interlayer spacing of MMT-Alk organoclay [14]. This

finding suggests that a non-negligible fraction of internal galleries in the initial organoclay

tactoids remained inaccessible to penetration of rubber chains.

In contrast, the SAXS patterns for nanocomposites (Figure 22.7b) are typical for intercalat-

ed/exfoliated polymer-clay systems; in fact, no extra reflections can be detected on the SAXS

curve 2 for the RS, while the SAXS periodicity D� 4.2 nm for the TS calculated from the

angular position of SAXS reflection (curve 3) is considerably higher than the interlayer spacing

of the initial organoclay (see above). The higher overall SAXS intensity for the TS suggests a

somewhat more ordered inner structure of a spatial network of nanoparticles.

22.4.2 Thermoelastic Behavior

As expected, both themechanical work and the heat effects in the stretching/contraction cycles

for the pristine rubberwere completely reversible. The experimental values of specific (per unit

of massm) mechanical workW/m, specific heat effectsQ/m and of the ratioQ/W (Figure 22.8)

Figure 22.8 Dependencies on relative elongation of (a) specific mechanical work (squares) and specific

heat effects (circles); and (b) the Q¼W ratio for pristine rubber. Dashed lines are the best nonlinear fits to

Equation 22.1 [5] (Reprinted fromV.P. Privalko, S.M.Ponomarenko, E.G. Privalko, F. Sch€on andW.Gronski,

“Interfacial interactions – controlled thermoelasticity and stress relaxation behavior of synthetic rubber/

organoclaynanocomposites,” Journal ofMacromolecularScience –Physics (http://www.informaworld.com),

B42, 1183–1196, � 2003, with permission from Taylor & Francis Ltd.)

Thermoelasticity and Stress Relaxation Behavior 643



could be quantitatively fitted to the standard equations of elasticity of real rubbers, assuming

E¼ 0.515MPa, b¼�5� 10�3 K�1 and a¼ 2.4� 10�3 K�1.

As judged by the best-fit value of the apparent modulus E¼ 2.9MPa for the RS (which was

derived by Equation 22.1a for the range of reversible deformations, l< 1.15), the organoclay

nanoparticles provide a significant mechanical reinforcement effect to the pristine rubber.

However, the glaring deviations between the experimental values of W¼m for the RS and

the theoretical curve, which was calculated by Equation 22.1a assuming reversibility (curve 1

in Figure 22.9a), steadily increased, the higher the l. As mentioned in the introductory

paragraph, it is the violation of this latter assumption that is believed to be at the root of the

observed discrepancies. Formally, such effects can be accounted for through the strain

amplification factor X¼ eint/e which relates the microscopic intrinsic strain of the rubber eint
to the macroscopic extension, l¼ 1 þ e [11]. In this context, for filled rubbers Equation 22.1a
should be rewritten as Equation 22.3a.

It could be easily verified that the values of W¼m for the RS did not quantitatively fit

Equation 22.3a, whereas the quality of the data fit to Equation 22.3a was reasonably good

(dashed line 2 in Figure 22.9a calculated assuming the same value E¼ 0.515MPa as that for

the pristine rubber, and X0¼ 11.5, X¥¼ 8.5 and z¼ 0.6). This result supports the concept of

strain-dependent strain amplification factor as themajor parameter controlling the stress-strain

behavior of nanocomposites with weak interfacial interactions [11].

Incidentally, the theoretical curve 1 calculated by Equation 22.1a assuming E¼ 2.9MPa for

the RS, roughly fit to the experimental values ofW¼m for the TS (Figure 22.9a). Moreover,

a nearly identical curve proved to be the best fit of these latter data to Equation 22.3a (assuming

E¼ 0.515MPa and X¼ 28.2). A slightly better fit (curve 3 in Figure 22.9a) could be achieved

by the use of Equation 22.3a assuming E¼ 0.515MPa, X0¼ 26.7, X¥¼ 30.2 and z¼ 0.6;

however, this fit should be discarded in view of its physically unreasonable result (X¥ ?X0).

Thus, these data can be regarded as evidence for the strain amplification-induced mechanical

reinforcement of the rubber matrix by filler aggregates and for the negligible (if any) decay of

the latter with increasing extension (that is, for the vanishingly small MP effect) in a

nanocomposite with strong interfacial interactions.

In view of the above results, it could be expected that the original Equation 22.1b alsowould

apply for the specific heat effects in stretching of nanocomposites, provided the strain-

dependent strain amplification factor would be properly accounted for, that is:

Q=m ¼ �ðW=mÞ ½1�Tb�2aT=ðl2int þ lint�2Þ� ð22:5Þ
It turned out, however, that Equation 22.5 badly overestimated (dashed lines 1 and 2 in

Figure 22.9b) the experimental values ofQ¼m for both nanocomposites, whereas reasonably

good fits (dash-dotted lines 3 and 4 in Figure 22.9b calculated by Equation 22.3b assuming

C¼ 4.0 and 0.8 for the RS and TS, respectively) could be achieved through the introduction of

an additional, dimensionless fitting parameter C into Equation 22.5.

This important result is considered as experimental evidence for additional, intrinsically similar

exothermal effects set in during the uniaxial stretching of nanocomposites in the range of relative

extensions where the strain amplification factor becomes operative. Most probably, these exother-

mal effects are related to the heat generated by the mechanism of interparticle friction within the

filler aggregates. As expected, the rather high value of the fitting parameterC for the RS suggests a

significant contribution of large-scale interparticlemotions during the successive breakdown of the

initial, infinite clusters of nanoparticles into small, isolated clusters, while the fivefold lower value
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Figure 22.9 Dependencies on relative elongation of (a) specific mechanical work and (b) specific heat

effects for the RS (open symbols) and TS (filled symbols) [5] (Reprinted from V.P. Privalko, S.M.

Ponomarenko, E.G. Privalko, F. Sch€on and W. Gronski, “Interfacial interactions – controlled thermo-

elasticity and stress relaxation behavior of synthetic rubber/organoclay nanocomposites,” Journal of

Macromolecular Science – Physics (http://www.informaworld.com), B42, 1183–1196, � 2003, with

permission from Taylor & Francis Ltd.)

ofC for the TS implies small-scale (presumably, reversible) displacements of nanoparticles within

the infinite filler clusters,which leave the latter essentially undestroyed.Thus, these conclusions are

totally consistent with those derived from the preceding analysis of specific mechanical work.

22.4.3 Stress Relaxation

As could be already inferred from the complete reversibility of both specific mechanical work

and specific heat effects in the stretching/contraction cycles (see the preceding section), the
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stress relaxation after stretching the pristine rubber to several fixed extensions lf proved to

be negligibly small. In contrast, significant decays were observed on the plots of the uniaxial

stress s (normalized by the initial stress s0 at time t¼ 0) versus time t at different fixed

extensions lf for the RS (Figure 22.10a); however, the initial rates of stress relaxation

proved to decrease, the higher the lf, which was directly opposite to the behavior expected

for simple, exponential processes [21].

These empirical observations were quantified by fitting the experimental data to the

stretched-exponential Kohlrausch Equation 22.4 [16].

The quality of the data fit to Equation 22.4 can be assessed from the representative plots for

theRS (dashed lines in Figure 22.10a); the best-fit values of the parameters of Equation 22.4 are

given in the Table 22.4.

As can be seen from Figure 22.10b, the plots of reduced stress, (s� s¥)/s¥, versus t for the
relaxations at lf< llim, nicely superpose on the same master curve, as expected for a linear

viscoelastic body [21], whereas a similar plot for lf¼ llim¼ 3.05 is shifted considerably

Table 22.4 Fitting parameters of Equation 22.4

lf s¥ /s0 s1/s0 b t/s

Samples RS

1.70 0.85 0.15 0.56 630

2.00 0.83 0.19 0.42 550

2.40 0.85 0.21 0.31 520

3.05 0.76 0.24 0.35 1111

Samples TS

1.40 0.89 0.13 0.47 480

1.56 0.91 0.10 0.54 280

1.85 0.93 0.07 0.52 280

2.25 0.94 0.07 0.45 0.65

Figure 22.10 Time dependencies of (a) normalized stress and (b) reduced stress for the RS [5]

(Reprinted from V.P. Privalko, S.M. Ponomarenko, E.G. Privalko, F. Sch€on and W. Gronski, “Interfacial

interactions – controlled thermoelasticity and stress relaxation behavior of synthetic rubber/organoclay

nanocomposites,” Journal of Macromolecular Science – Physics (http://www.informaworld.com), B42,

1183–1196, � 2003, with permission from Taylor & Francis Ltd.)
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upward. Thus, these results are qualitatively consistent with the original assumption [11] that,

after initial stretching of a nanocomposite with weak interfacial interactions to llim, the
preexisting clusters of nanoparticles are broken into isolated clusters, which remain structur-

ally similar, whatever the subsequent stretching to lf< llim.
The stress relaxation patterns at different lf for the TS (Figure 22.11a) also quantitatively

obeyed (dashed lines) the Kohlrausch Equation 22.4 for the best-fit values of fitting parameters

reported in Table 22.4;moreover, all four (s� s¥) /s¥, versus t plots reasonably superposed on
the same master curve (Figure 22.11b). In these aspects, the patterns of stress relaxation in

samplesTS andRS are qualitatively similar; however, the quantitative differences are revealing

and can be traced back to the underlying differences in the structural states of filler aggregates

(that is, infinite clusters in the former, isolated clusters in the latter; see Figure 22.12).

As can be seen from Table 22.4, the values of the stretching exponent b for the TS, on the

average, were of the same order of magnitude as those for the RS, while the values of the

characteristic relaxation time t and of the transient stress, s1/s0, on the one hand, and those of
the limiting stress, s¥ /s0, on the other hand, proved to be considerably lower and higher,

respectively, for the former. The observed trends imply smaller-scale structural rearrangements

in the course of stress relaxation in the TS compared with the RS. In fact, the low values of the

limiting (quasi-equilibrium) stress s1/s0 (that is, high relaxation amplitudes, 1� s1/s0)
combined with the long relaxation times, t, for the RS can be regarded as evidence for a

mechanism of structural relaxation involving large-scale displacements of isolated clusters

of nanoparticles within the rubber matrix. In contrast, shorter relaxation times t, significantly
higher levels of s1/s0 and their regular increase with lf for the TS can be explained by the

finite extensibility of chemically bonded rubber-chain strands in the interstitial space between

neighboring nanoparticles, thus reducing the eventual structural rearrangements to the small-

scale displacements of nanoparticles within the infinite clusters.

Figure 22.11 Time dependencies of (a) normalized stress and (b) reduced stress for the TS [5] (Reprinted

fromV.P. Privalko, S.M. Ponomarenko, E.G. Privalko, F. Sch€on andW.Gronski, “Interfacial interactions –

controlled thermoelasticity and stress relaxation behavior of synthetic rubber/organoclay nanocompo-

sites,” Journal of Macromolecular Science – Physics (http://www.informaworld.com), B42, 1183–1196,

� 2003, with permission from Taylor & Francis Ltd.)
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22.4.4 Conclusions

1. Strain amplification is a common mechanism of reinforcement of the rubber matrix by

spatial aggregates of nanoparticles in both RS and TS samples.

2. Breakdown of the initial infinite clusters of nanoparticles into small, isolated clusters at high

extensions of the RSmanifests itself as a strain dependence of the strain amplification factor

concomitant to the generation of the large excess exothermal heat effects of external friction

between nanoparticles.

3. The strain-invariant strain amplification factor for the TS, combined with much smaller

excess exothermal heat effects of external friction between nanoparticles, is regarded as

evidence for the survival of the initial infinite clusters of nanoparticles even at high

extensions.

4. Long relaxation times and high amplitudes of stress relaxation for the RS suggest the

mechanism of structural relaxation involving large-scale displacements of isolated clusters

of nanoparticles within the rubber matrix.

5. Shorter relaxation times, signicantly smaller relaxation amplitudes, and their regular

decrease with lf for the TS can be explained by the finite extensibility of chemically

bonded rubber-chain strands in the interstitial space between neighboring nanoparticles,

thus reducing the eventual structural rearrangements to the small-scale displacements of

nanoparticles within the infinite clusters.

References

1. Kraus, G. (ed.) (1965) Reinforcement of Elastomers, Interscience Publication, New York.

2. Bartenev, G.M. (1979) Structure and Relaxation Behavior of Elastomers, Khimia, Moscow (in Russian).

Figure 22.12 Schematics of assumed structural changes in the initial infinite cluster after stretching of

rubber/organoclay nanocomposites with weak (upper part) and strong (lower part) interfacial interactions

(Reprinted from V.P. Privalko, S.M. Ponomarenko, E.G. Privalko, F. Sch€on and W. Gronski, “Interfacial

interactions – controlled thermoelasticity and stress relaxation behavior of synthetic rubber/organoclay

nanocomposites,” Journal of Macromolecular Science – Physics (http://www.informaworld.com), B42,

1183–1196, � 2003, with permission from Taylor & Francis Ltd.)

648 Rubber Nanocomposites



3. Mark, J.E., Erman, D., and Eirich F.R. (eds) (1994) Science and Technlogy of Rubber, Academic Press, SanDiego.

4. Privalko, V.P., Ponomarenko, S.M., Privalko, E.G. et al. (2003) Thermoelastic behavior of synthetic rubber/

organoclay nanocomposites at low elongations. Advanced Composites Letters, 12, 57–60.

5. Privalko, V.P., Ponomarenko, S.M., Privalko, E.G. et al. (2003) Interfacial interactions-controlled thermoelasticity

and stress relaxation behavior of synthetic rubber/organoclay nanocomposites. Journal of Macromolecular

Science Physics, B42, 1183–1196.

6. Privalko, V.P., Ponomarenko, S.M., Privalko, E.G. et al. (2003) Structure and thermoelastic behavior of synthetic

rubber/organoclay nanocomposites. Macromolecular Chemistry and Physics, 204, 1480–1485.

7. Ponomarenko, S.M., Privalko, E.G., Privalko, V.P. et al. (2004) Structure and thermoelasticity of synthetic rubber/

silica nanocomposites. Journal of Macromolecular Science-Physics, 43, 1231–1242.

8. Mullins, L. and Tobin, N.R. (1965) Stress softening in rubber vulcanizates. Part I. Use of a strain amplification

factor to describe the elastic behavior offiller-reinforced vulcanized rubber. Journal of AppliedPolymer Science, 9,

2993–3009.

9. Harwood, J.A.,Mullins, L., andPayne,A.R. (1965) Stress softening in rubber vulcanizates. Part II. Stress softening

effects in pure gum and filler loaded rubbers. Journal of Applied Polymer Science, 9, 3011–3021.

10. Witten, T.A., Rubinstein, M., and Colby, R.H. (1993) Reinforcement of rubber by fractal aggregates. Journal De

Physique II (France), 3, 367–383.

11. Klueppel, M. and Schramm, J. (2000) A generalized tube model of rubber elasticity and stress softening of filler

reinforced elastomer systems. Macromolecular Theory and Simulations, 9, 742–754.

12. Klueppel,M., Schuster, R.H., andHeinrich,G. (1997) Structure and properties of reinforcing fractal filler networks

in elastomers. Rubber Chemistry and Technology, 70, 243–258.

13. Sch€on, F. (2004) PhD Thesis. Institut f€ur Makromolekulare Chemie, Universit€at Freiburg.

14. Privalko, V.P., Lipatov, Yu.S., Mirontsov, L.I., and Dashevskii, L.I. (1985) Thermoelastic properties of segmented

polyurethaneureas. Colloid and Polymer Science, 263, 691–696.

15. Privalko, V.P., Sukhorukov, D.I., and Karger-Kocsis, J. (1999) Thermoelastic behavior of carbon fiber/polycar-

bonate model composites. Polymer Engineering and Science, 39, 1525–1533.

16. Godovsky, Yu.K. (1991) Thermal Physics of Polymers, Springer Verlag, Munich.

17. Heinrich, G. and Klueppel, M. (2002) Recent advances in the theory of filler networking in elastomers. Advances

in Polymer Science, 160, 1–44.

18. Garboczi, E.J., Snyder, K.A., Douglas, J.F., and Thorpe, M.F. (1995) Geometrical percolation threshold of

overlapping ellipsoids. Physical Review E, 52, 819–828.

19. Karaman, V.M., Shumsky, V.F., Privalko, E.G. et al. (2003) Melt viscoelasticity of polyamide 6/organoclay

nanocomposites. Polymers & Polymer Composites, 11, 663–668.

20. Privalko, V.P. and Novikov, V.V. (1995) The Science of Heterogeneous Polymers, JohnWiley & Sons, Chichester.

21. Ferry, J.D. (1970) Viscoelastic Properties of Polymers, John Wiley & Sons, New York.

22. Govingee, S. and Simo, J. (1991) Micro-mechanically based continuum damage model for carbon black-filled

rubbers incorporating Mullins effect. Journal of the Mechanics and Physics of Solids, 39, 87–112.

Thermoelasticity and Stress Relaxation Behavior 649





23

Theoretical Modeling and
Simulation of Rubber
Nanocomposites

Jan Kalfus and Josef Jancar
Institute of Materials Chemistry, Brno University of Technology, Brno, Czech Republic

23.1 Introduction

Over the past 20 years, polymer matrix nanocomposites have attracted considerable attention

of the research community. It has been proposed that advanced structural materials can be

developed employing the design of polymer composites on the nanoscale.A large portion of the

research has been devoted to amorphous matrix nanocomposites and, especially, to nanosize

filler-reinforced rubbers. In addition to the interpretation of the well known phenomena, this

research has discovered number of new phenomena not encountered at the coarser length

scales. Reliable models capable of linking large-scale mechanical properties of rubber

nanocomposites with their nanoscale structure are scarce and not generally accepted. However,

the need to establish reliable prediction algorithms for large-scale mechanical properties

required for practical applications of nanoscale engineered rubbers are highly desired.

The understanding of the mechanism of the rubber reinforcement on the nanoscale belongs

among the most important topics. In general, there are two groups of models considered.

Historically first and still relatively widely accepted by the industrial community is the model

considering the percolation of solid particles to be responsible for reinforcing rubberymatrices.

Over the past few years, neutron scattering experiments [1], modulus recovery experiments [2,

3] and theoretical models [4] have provided strong evidence supporting the second group of

models interpreting the reinforcingmechanism in rubbery nanocomposites in terms of reduced

chain mobility due to interactions of matrix molecules with solid nanoparticles. The role of

nanoparticles is to provide a “supporting template” allowing the connecting of the immobilized
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chains over the entire solid. It has been shown [2, 5, 6], that this approach can explain the Payne

effect in both chemically and physically X-linked systems as well as the effects of particle

shape and, moreover, provides a conceptual framework for modeling the transition from

discrete nanoscale to continuum macro scale [7].

Generally, modeling of the structure–property relationships is based on developing mathe-

matical description of the behavior of a small volume element of the material termed the

representative volume element (RVE), exhibiting all the structural features of the complete

solid. On the micro- and longer scales, the approach based on the RVE to deduce the properties

of composite materials has been a common approach since the early 1970s. One of the

uncertainties when using the RVE for computational simulation of nonperiodic composites is

determining its minimal required size. There are two main strategies used to determine the

minimum required size of the RVE. The first one is based on a convergence of some effective

mechanical property requiring the RVE to obey a mechanical criterion. The second approach

defines RVEs statistically concerning the inclusion volume fraction, establishing confidence

intervals for mean values of mechanical variables and analyzing the statistical distribution of

the stress or the statistical distribution of the inclusion distribution within the composite. It is

necessary for the SRVE to represent properly the random distribution of inclusions (distance to

first neighbors, occurrence of clusters of particles, and so on). Recently, correct evaluation of

the minimal size of the RVE has become pivotal in an effort to develop reliable multiscale

modeling scheme capable of predicting macroscale properties considering the nanoscale

structure. On the microscale, the minimal suitable length scale, Lc, of the statistical RVE

(SRVE) has been estimated as Lc¼ 50R, whereR is the particle radius [8–10]. Theminimal size

of the SRVE should also be determined considering the nanoscale inclusions, since the discrete

nature of both the matrix and the inclusions at the nanoscale prohibit simple scaling down

the existing micromechanics models. In addition to structural inhomogeneities, which prohibit

the use of the ergodic principle for volumes smaller than the lower limiting size of the SRVE, the

characteristic length and time scales in polymer nanocomposites are also strongly dependent on

temperature and molecular structure, which further complicates theoretical treatment.

Polymers are unique systems with macroscopic viscoelastic response driven by the

relaxation processes on the molecular level. These relaxation processes represent particular

molecular motions occurring in some characteristic volume, Vc. The Vc depends on the type of

the relaxation process and temperature. The characteristic volumes vary from 10�3 nm3 for

localized bond vibrations to 106 nm for the nonlocal normal mode of relaxation. In the case of

the nonlocal normal mode of relaxation, its characteristic volume is the upper limit for Vc

displaying strong dependence on the chain size. Below this upper limiting characteristic

volume, Vc� r3�N3/2, where r is the chain end-to-end distance and N is the number of

monomer units in the chain. The characteristic time for each particular relaxation process

varies from 10�12 to 10�14 s for bond vibrations above Tg to the infinitely long times below Tg.

Thus, the macroscopic viscoelastic response of a polymer is a manifestation of a range of

molecular motions localized in some characteristic volume and the rate of the relaxation mode

is indirectly proportional to its locality [7]. A recent work by Nikolov et al. [10] estimated that

neat rubbers above their Tg should have a nonlocal length scale of approximately 5 nm and the

network deformation is not affine. The high nonlocality in polymers most probably stems from

a cooperative behavior of large number of chain segments characteristic for entangled

polymers. As a result, parts of the material system may undergo considerable non-affine

deformation associated with occurrence of high moment stresses.
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23.2 Brief Theory of Conformation Statistics and Chain Dynamics

One can identify a number of structural length scales in an amorphous polymer from atomic

constitution (�0.1 nm), monomer unit configuration (�1.0 nm) and conformation of thewhole

molecule (�10 nm). At length scales greater than a few hundred nanometers, multiple chains

are involved and one can consider the system a continuum. In addition to the length scale, one

has to take into consideration also time scales related to the various relaxations observed at

these length scales. As briefly outlined in the previous paragraph, the addition of solid

nanoparticles into a polymer affects considerably both the supermolecular structure as well

as the chain dynamics. Since the effects on the polymer segmental mobility, conformation

statistics are of primary importance and some aspects of conformation statistics and confor-

mation dynamics of chain molecules will be discussed in this paragraph.

The most successful theoretical model of a polymer chain is the one-dimensional Ising

model [11, 12] taking the interdependence of conformational states into account. Considering

molecularstructureofasimplepolymerchainingeneral terms, rotationofasinglebackbonebond

around its axis leads to the changeof the chain end-to-enddistance.Due to the interaction among

electron cloudsof atoms constituting themonomer units in a polymer chain, a number ofminima

exist in the angular dependence of the bond rotation potential. Some of these minima can be

energeticallynon-equivalent. IncaseofmodelPEchain, this leadstothepartitionofrotationstates

into gaucheþ , gauche� and trans positions. Due to the interdependency of these states, the

energyofatleasttwoneighboringbondshastobetakenintoaccount.Inotherwords,therotationof

onebondcaninduceconformationtransitionsofitsneighborsalongthechain, termedcooperative

rotations. The mathematical procedure of the Ising model includes complex combinatorial or

matrix calculations giving reasonable values of the chain characteristic ratio, partition function

and thermodynamic quantities. The characteristic ratio, CN, represents a very useful quantity

relating the root mean square end-to-end distance of a real chain to the random walk model

approximation, rwm, where the fixed bond length, b, is the only restriction. Thefixed bond angle

and preferred rotation positions are neglected in the rwm. The CN can simply be expressed as:

CN ¼ hr2ireal=hr2irwm; ð23:1Þ

where the rwmmean square end-to-end separation hr2irwm ¼ Nb2 and hr2ireal is themean square

end-to-end distance of a real polymer chain. Thus, real polymer coil is considerably larger

compared to the random walk model due to the intramolecular interactions. The parameter CN

exhibits strong temperature dependence and, as has been shown by Boyd and Phillips [12], it is

affected by the molecular weight of a polymer. It increases with increasing number of monomer

units in a chain, N, until a plateau value is reached at sufficiently high N. In spite of the fact that

the random walk model does not provide results in a satisfactory agreement with experimental

data, it is of pivotal conceptual importance in the chain conformation statistics. The random

walk model is mathematically treated using the Gaussian statistics and provides some kind of

a reference state. Usually, the real polymer chain dimension is calculated from this reference

state using the parameter CN known for each polymer [13].

The probability of the end-to-end separation in the three dimensional random flight

individual chain is given by the Gaussian distribution function, P(r), in the form:

PðrÞdxdydz ¼ ð3=2pNb2Þ3=2 exp ð�3r2=2Nb2Þdxdydz: ð23:2Þ
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Since the Gaussian distribution function is spherically symmetrical, the volume element

dxdydz is replaced by spherical shell of thickness dr. It results in the radial distribution

function, P(rdf), having maximum at the root mean square end-to-end separation

0 < hr2i1=2 � Nb:

Pðrdf Þdr ¼ 4pr2Pð3d; rÞdr: ð23:3Þ
As a result, polymer chain is often called the random coil. One has to be, however, very

cautious when considering the size and shape of a real chain which may exhibit features very

distinct from those described by the simple Gaussian random coil statistics. This became of

serious importance especially in considering viscoelasticity of polymer matrix nanocompo-

sites involving segmental immobilization by large specific surface area fillers.

Let us first consider Figure 23.1, where a snapshot of the united atommodel of polyethylene

(PE) chain is presented. The chain discrete structure is composed of coiled sequences of

segments and far less resembles the random coil as a whole. At each instant, it assumes very

irregular shape, however, as the exposition time of the snapshot is extended, the chain shape

becomes closer to a regular random coil. If the exposition time of the snapshot would equal to

tens of nanoseconds, under conditions considered in Figure 23.1, the PE chain would resemble

a spherical domain – the random coil. This can clearly be illustrated using the dependence

shown in Figure 23.2, where the length of the exposition time is simulated using an averaging

procedure. As a result, the Gaussian average – the root mean square end-to-end separation,

hCNNb
2i1/2 – is obtained after a sufficiently large statistical ensemble is achieved, that is, at

a high enough N and sufficiently long time. However, in many physical phenomena related

to polymers, this nonideal behavior is not considered. For instance, short chain segments are

far from Gaussian behavior due to the discrete nature of attainable chain states [12]. Similar

situation exists when the chain segments are kinetically constrained preventing them to achieve

the equilibrium hr2i1=2segment on a common time scale.

Dependences shown in Figure 23.2 also demonstrate one very essential phenomenon of

polymers on themolecular level – thermally induced fluctuations. Due to thermal energy given

by the factor kBT (kB is the Boltzmann constant, T is temperature), each atom, monomer unit

and polymer molecule executes thermally activated random oscillations. Consequently, one

Figure 23.1 Snapshot of one isolated united atom model of PE (N¼ 1000) obtained from molecular

dynamics simulation after 10 ns equilibration at temperature 400K
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can observe fluctuations of the chain ends belonging to the normal mode relaxations.

This nonlocal motion is composed of large number of local relaxation modes – jumps of

bonds between various rotation isomeric states. These motions are again composed of more

localized torsional vibrations. Hence, one can identify some kind of structural hierarchy in

the isolated chain dynamics. Obviously, in an ensemble of long chains, the diffusion of the

whole chain, that is, the reptation dynamics are considerably retarded due to the nonlocal

chain entanglements acting as an effective tube under given conditions. This can further be

altered by the interactions with solid particles, especially in the case of large specific surface

area nanofillers.

All the fluctuations can be characterized by a characteristic frequency or time and amplitude.

The time characteristic of torsion vibrations, t�, can be simply estimated as [14, 15]:

t* � bðm0=kBTÞ1=2; ð23:4Þ
wherem0 is the monomer unit molar weight. The torsional vibrations represent motion, which

is localized to volumes less than 10�3 nm3. The dynamics of local rotation isomeric jumps can

be characterized by the average time between two consecutive jumps, tc. In contrast to the

torsional vibrations, the jumps between two rotation isomeric states are typical of energy

barrier separating them. Therefore, the modified Vogel–Fulcher–Tamann (VFT) equation can

be used to estimate this characteristic relaxation time for a chain unit in a melt [16]:

tc ¼ t*exp
zEintra

A

kBT

� �
exp � Eintra

A

kBT*

� �
; ð23:5Þ

Figure 23.2 Time evolution of end-to-end distance of one isolated united atom PE chain (N¼ 100)

related to 10 ns average at 400K from molecular dynamics simulation. As the time interval for adjacent

averaging increases from 10 to 10 000 ps, the structure becomes homogenized
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where:

z ¼ T*�T0
T*

� T

T�T0 : ð23:6Þ

T0 is the Vogel temperature, typically expected to be approximately 50 �C below the

experimentally measured glass transition temperature, Tg. T
� is the empirical activation

temperature denoting a hypothetical temperature, where the cooperativity of segmentalmotion

vanishes. Eintra
A is the activation energy of intramolecular barriers of rotation (for PE at 160 �C

zEintra
A ffi25 kJ/mol). As seen in Figure 23.3, tc is an average value for a given ensemble and its

local value within the chain becomes very heterogeneous at low temperatures or short times of

“observation.” Hence, the ensemble can be considered non-ergodic.

According toBueche [17], themonomer friction coefficient,z0, canbeestimatedaccording to

the following simple equation,which gives reasonablevalues for the temperature regionT>Tg:

z0 ¼ kBTtc=b2; ð23:7Þ
where b is the length of a link between two Brownian particles (in case of simple chains, b is

of the order of the bond length). Consequently, one can establish the monomer unit mobility,

m0, as follows [18]:

m0 ¼ z�10 : ð23:8Þ
In a melt of long chains, each chain is entangled with its neighbors and the characteristic

relaxation time of movement of the whole chain is given by the time of the chain to diffuse

trajectory equal to its length. According to deGennes [18], the relaxation time of the chain

reptation motion, trep, can be expressed as:

trep ffi NL2

D0

; ð23:9Þ

Figure 23.3 Relative time between rotation isomeric transitions related to the 5 ns average over the

whole ensemble, for selected 200 bonds of single united atom PE chain (N¼ 1000) from molecular

dynamics simulation. The left graph represents one acquisition time at two temperatures; and the graph on

the right contains results acquisited for two different periods at one temperature

656 Rubber Nanocomposites



where L is the chain length andD0 is themonomer unit diffusion coefficient (D0¼ kBT/z0). The
reptationmotion of an entangled chain can bewritten in the approximate form proposed byDoi

and Edwards [19]:

trep ¼ b4z0N3

p2kBTa2T
; ð23:10Þ

where aT is the tube diameter. Supposing the aT equal to the distance between the entanglement

points yields the relation: trep¼ b2z0N
3/p2kBTNe (Ne is the number of monomer units per an

effective entanglement strand). Characteristic volume of a domain in which the reptation

motion of an entangled Gaussian chain occurs is: V reptation
c ¼ 4pðCNNb

2=6Þ3=2=3.
Considering the normal mode motion of chain segments between chemical crosslinks or

effective entanglement points, theRouse relaxation time has to be used. For a given segment, its

end-to-end distance fluctuation can be characterized by the Rouse time, tR, where the

parameter p¼ 1 [20]:

tR ¼ b2z0N2

3p2kBTp2
: ð23:11Þ

Characteristic volume of one strand between two entanglement points or chemical cross-

links in a Gaussian network is Vent
c ¼ ðMeCNb

2=M0Þ3=2p=6 or Vx
e ¼ ðMcCNb

2=M0Þ3=2p=6 (Me

is the molecular weight of an effective entanglement strand and Mc is the mean molecular

weight of chains between network junctions). Average fluctuation of the distance between two

ends of a chain segment, Dr2, can attain significant amplitude relative to the value of the root

mean square end-to-end separation.

Mark and coworkers [21] have precisely developed theory of fluctuation of chain strands in

a Gaussian network. For a chain in an unstrained Gaussian network, the average amplitude of

the thermally fluctuating end-to-end distance, Dr20, can be approximated as [22]:

Dr2 ffi Nb2=15: ð23:12Þ
Only a schematic illustration of this fluctuation phenomenon is shown in Figure 23.4, which

presents a molecular dynamics simulation of single united atom PE chain.

23.3 Basic Aspects of Rubber Elasticity

The elastic properties of a single chain in equilibrium can simply be derived from the first and

second law of thermodynamics. Considering pdV/fdl� 10�4, the retractive force, f, can be

expressed as [23]:

f ¼ dU

dr

� �
T

�T dS

dr

� �
T

¼ fEþ fS: ð23:13Þ

The fE and fS, respectively, express the energy and entropy contribution to the rubber retractive

force, respectively. The change of the end-to-end distance, r, causes the conformation entropy

decrease resulting in an increase of the chain retractive force. For the finite chain length with

(dU/dr)T¼ 0, the retractive force can be expressed on the basis of the Langevin inverse
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function, L�1 [23, 24]:

f chainS ¼ kBT

b
L�1

r

Nb
¼ kBT

b
3

r

Nb

� �
þ 9

5

r

Nb

� �3

þ 297

175

r

Nb

� �5

þ 1539

875

r

Nb

� �7

þ � ��
� �� �

:

ð23:14Þ
Thefirst termofEquation 23.14 represents the response of a purelyGaussian (infinitely long)

chain, f chainS ¼ 3kBT=Nb
2. The stress–strain relation in a Gaussian network can be derived

using the simple thermodynamics from the system free energy. The entropy-based stress–strain

relation for a simple shear loading of a Gaussian network can be written in the general

form [12]:

sshear ¼ �nFkBTg; ð23:15Þ
where sshear is the shear stress, �n is the total number of chains in a network and F is the front

factor. Parameter g is the shear strain equal to (l� l�1), where l is the relative strain. For the
affine network of phantom chains, F¼ 1 and for fluctuation junction network of phantom

chains, F¼ 1� 2/fx, where fx is the network junctions functionality [12].

To obtain a more realistic prediction of a deformation response of rubber network, the

stress–strain relation of a network involving the finite Langevin chains has to be taken into

account. Moreover, the internal energy of a chain connected to transition of rotation isomers,

corresponding to the more tightly coiled conformations of a chain, into the rotation isomers,

pertaining more elongated conformations upon network strain can occur [11]. Generally, the

energy term in the Equation 23.13 depends on the intramolecular interactions and, hence, it can

Figure 23.4 Illustration of time evolution of end-to-end distance of chain segmentswithN¼ 10 and 100

and of the whole chainN¼ 1000. Frommolecular dynamics simulation of single united atom PE chain at

400 K
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be expressed in the form [11]:

fE ¼ f T
dln r2

dT
: ð23:16Þ

Further factors complicating the prediction of the network stress–strain response are

nonrandom packing effects and irreversible changes of a network upon loading.

Considering purely entropic behavior in the rubbery region, the shear elastic modulus

of an entangled and crosslinked polymer network, Ge and Gx, respectively, can be estimated

as follows [25]:

Ge ¼ 4rRT=5Me and Gx ¼ rRT=Mc; ð23:17Þ
where r is the polymer density, R is the universal gas constant.

As it has already been outlined above, positions of chain segments, ends and X-links in

a network fluctuate significantly above the glass transition temperature. The normal mode

fluctuations occur by virtue of large number of local rotation isomeric state jumps. However,

the local conformation dynamics displays substantially heterogeneous distribution over the

entire network. These heterogeneities are localized close to the X-links – chemical crosslinks

or physical crosslinks such as filler surface adsorbed chain segments. Conformation dynamics

of various polyethylens has been investigated by the NMR method by Ediger and Qiu [26].

They clearly showed that the time characteristic of conformation jumps is considerably

increased close to the branching points. Effects of this kind in connection with deviation from

purely Gaussian structure may become critical in nanofilled rubbers, as will be shown below.

23.4 Mechanisms of Nanocomposite Reinforcement

Above the neat matrix Tg, immobilization of polymer chains becomes the primary reinforcing

effect exhibiting a rate given by the large nanofiller surface. Nanocomposites represent systems

typical of a high filler–polymer interface area, which is analogous in many aspects to the thin

polymer layers deposited on solid substrates. This can be justified considering nanocomposite

as a result of virtual reaction, where the degree of conversion depends on the fraction of chain

segments adsorbed onto the filler surface:

xPþ yF ���!kðdesorptionÞ�kðadsorptionÞ
Pn�Fmþðx�nÞPþðy�mÞF; ð23:18Þ

In Equation 23.18, P and F express the number of polymer segments and filler adsorption

sites, respectively. In general, the filler surface-to-volume ratio and the filler–polymer

interaction energy, among other effects, primarily affect the amount of the Pn-Fm “complex”.

Due to the high filler–matrix contact area, the portion of thePn-Fm complex becomes of pivotal

importance in the nanocomposite reinforcement.

However, polymer microcomposites represent systems which are very much the opposite of

what has been outlined above. The specific surface area, Af, of a micron-sized filler is below

10m2/g, providing a very low contact area between filler and polymer matrix. Moreover, the

filler diameter is a number of orders of magnitude higher than the chain dimensions as well as

characteristic volumes of particular relaxation processes (for example, Rouse or reptation

relaxations). Hence, continuum mechanics approach may be used to predict composite

properties. Typical examples of continuummechanics models are the Halpin–Tsai model [27],

the Kerner–Nielsen model [27] or the Guth model [28].
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In polymer nanocomposites, the contact area between nanofiller and matrix is considerably

larger. The particle dimensions, as well as the average interparticle distance are of the same

order as the dimensions of polymer chains and characteristic relaxation volumes (see

Figure 23.5). Hence, the continuum models fail in the prediction of nanocomposite reinforce-

ment. Moreover, one has to keep inmind that objects on this level exhibit intensive fluctuations

and deviation from the Gaussian statistics may easily occur as well. In general, one can

approximate the nanocomposite reinforcement using the relation taking into account the

particle size independent mechanical contribution due to filler, f ðvf ;Ar; . . .Þ, and particle size
dependent segmental immobilization, FðAf ; . . .Þ, in the following form:

Gr ¼ Gcomposite=Gmatrix ¼ f ðvf ;Ar; . . .ÞmechanicalþFðAf ; . . .Þimmobilization; ð23:19Þ
where vf is the filler volume fraction, Ar is the filler aspect ration and Af is the filler specific

surface area. Droste and DiBenedetto have identified similar relation in their contribution

Figure 23.5 Sketch of continuum structure of a microcomposite (upper) and of discrete structure

considered in an entangled polymer nanocomposite (lower)
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published in 1969 [29]. Below neat matrix glass transition temperature, Tg, the equation

term FðAf ; . . .Þimmobilization becomes zero. Above matrix Tg, FðAf ; . . .Þimmobilization 	
f ðvf ;Ar; . . .Þmechanical. An example of the experimentally measured data of rubbery nanocom-

posite reinforcement is shown in Figure 23.6.

In systems, where negligibly small portion of polymermolecules is in direct interaction with

the filler surface (microcomposites) or in nanocomposites below their Tg the continuum

mechanics approach can successfully be used for the prediction of their reinforcement. It is

possible because the volumes characteristic of local relaxation modes are several orders of

magnitude smaller compared to the dimensions of the filler particles. Chains in a nanocom-

posite below the matrix Tg exist in their non-equilibrium conformations exhibiting low

conformational entropy regardless of the distance from the particle surface. Moreover, the

dynamics of rotation isomerization is extremely low and most monomer units execute solely

the vibration motion within the given time scale. Hence, providing that torsion vibration is the

primary microscopic motion in a glassy polymer, the characteristic volume of local relaxation

process is very low in comparison to the filler particle volume. Thus, the glassy nanocomposite

behaves as a true two-component system, where the effect of nanofiller is merely the

replacement of a portion of softer polymer matrix with more rigid filler nanoparticles. Hence,

the dependence of the relative modulus on filler volume fraction is in accordance with the

existing Kerner-Nielsen model [7] for spherical particles or the Halpin–Tsai model for

nonspherical particles [30]. The simple continuum mechanics K-N model can be expressed

in the form [27]:

Gc

Gm

¼ 1þABvf

1�Bcvf ; ð23:20Þ

Figure 23.6 Experimentally measured relative storage modulus as a function of the filler-matrix

contact area calculated from filler specific surface area and filler weight fraction. Abbreviations used:

PVAc – poly(vinylacetate), HA – hydroxyapatite, PEO – poly(ethyleneoxide), PEA – crosslinked poly

(ethylacrylate)
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where:

A ¼ ð7�5m1Þð8�10m1Þ�1 ð23:21Þ
and:

B ¼ Gf

Gm

�1
� �

Gf

Gm

þA

� ��1
: ð23:22Þ

TheA is a factor depending on thematrix Poisson’s ratio, m1,B is a factor primarily related to

the filler/matrix stiffness ratio and Gm and Gf are moduli of matrix and filler particles,

respectively. The factorc represents boundary condition and can be expressed using empirical

function taking into account the maximum filler volume fraction, vmax:

c ¼ 1þ vf ð1�vmaxÞv�2max: ð23:23Þ
The K-N model represents the substitution mechanism of the composite reinforcement.

To include further mechanical reinforcing effect – the stress transfer from matrix to

the surface of anisometric particles, the Halpin–Tsai model [27] can be used providing

reasonable predictions:
Gc

Gm

jL;T ¼
1þ zZvf
1�Zvf ; ð23:24Þ

and:

ZL;T ¼
Gf

Gm

�1
� �

Gf

Gm

þ zL;T

� ��1
: ð23:25Þ

The zL,T is the semi-empirical shape related factor and ZL,T is the factor related to the relative
stiffness of the filler and the matrix. For ribbon-shaped reinforcement with rectangular cross-

section, z¼ 2Ar¼ 2
(length/thickness). The elastic modulus for randomly oriented aniso-

metric inclusions can be expressed using a simple Tsai randomization procedure [27]:

G random
c ¼ 3

8
GcLþ 5

8
GcT : ð23:26Þ

In Equation 23.25, GcL and GcT are the longitudinal and transverse elastic modulus of

a composite with unidirectionally aligned anisotropic inclusions, respectively.

The immobilization contribution to the nanocomposite reinforcement is given by the

topological constraint imposed on the chains by the impermeable filler surface. The constraint

results in the three separate effects of primary importance for the reinforcement of polymers

filled with low volume fraction of nanoparticles: the Langevin effect [2], the reference state

bias [2] and decreased segmental dynamics connected with the loss of dynamical ergodicity

within the interphase [5, 31]. Effects modifying the manifestations of the immobilization

phenomenon are as follows: test conditions (time/frequency, temperature, strain), matrix

molecular parameters, structural heterogeneity, thermal history, strength of the surface–chain

interaction in various systems, preparation procedure and others. This can be illustrated by the

dependence in Figure 23.6, which presents reinforcement in various nanofilled rubbers. The

trend of the dependence in this graph is obvious – above a neat matrix Tg, the reinforcement is

primarily governed by the extent of the filler–matrix interaction area. The scatter of experi-
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mental points is given by different test conditions, sample history, molecular structure of the

matrix and so on.

To bring a deeper insight into the physical meaning of the immobilization phenomenon

as the dominating reinforcing mechanism, let us consider a general situation – the

entangled polymer chain attached to the surfaces of nanoparticles resulting in the

train-loop-bridge-tail structure illustrated in Figure 23.5. The chain is trapped by both

nonlocal entanglements (effective tube) with surrounding chains and by the localized

trains situated on particle surfaces each with very different persistence time characteristic

of the physical bond lifetime. In crosslinked rubbers, well localized chemical junctions are

also present in the nanocomposite structure in addition to entanglements, which are

considered as temporary X-links. Furthermore, the impermeable and adsorbing filler

surface affects considerably the dynamics of rotation isomerisation as well as normal

mode relaxation motions. The effect of lowered rate of conformational transformation is

rather localized to the regions close to the trains. In general, the slowed dynamics can be

well characterized by the effectively increased activation energy of diffusive motion and

monomer friction coefficient (lnz0�EA/kBT).

The trains can act as additional semi-permanent crosslinks above the matrix Tg at times and

temperatures, where the train life time is substantially longer compared to the time of

experiment. Due to the substantial mass and stiffness of nanoparticles, the fluctuation of

these temporary junctions is negligible. Chain loops and bridges between these junctions

represent segments exhibiting the so-called Langevin effect, which has been precisely

described by Sternstein et al. [2]. Such bridges and loops are of finite length and much shorter

than the entire chain clearly resulting in considerably increased incremental stiffness: d(fSb/

3kBT)/d(r/Nb). Nevertheless, the nonGaussian behavior represents a general property of

a chain regardless of whether it is free or adsorbed; but within the adsorbed chain these short

segments have ends “fixed” to the filler surfaces. Filler surface adsorption makes the chain

bridges and loops connecting the filer surfaces mechanically active and, as such, able to

contribute significantly to the nanocomposite reinforcement [34–36]. Furthermore, one may

take into account the effect of the reference state bias involving those parts of chains situated at

the filler–polymer interface. They can be in a state r/Nb higher than hr2referencei1=2=Nb leading to
the further enhancement of the interface chain stiffness and consequently of the complete

transient filler–polymer network (Figure 23.7) [2].

Lequeux et al. [33] and other authors [37, 38] have shown that the nanocomposite contains a

phase at the filler–polymer interface exhibiting dynamics substantially retarded in comparison

to neat polymer above Tg. The time constant of segmental relaxationmotion, T2, determined by

the solid state NMR of the immobilized phase was comparable to that of the neat matrix below

its Tg. Thus, it seems necessary to extend the structural effects by the dynamics effects, which

are constrained to the diffuse shell of nanometer “thickness” surrounding each particle. This is,

in principle, similar to the slowed dynamics of monomer units close to chain branches or

junctionsmentioned above; however, this effect is expected to be substantially stronger on filler

surface. Chakraborty et al. [31] have summarized the kinetic constraints caused by the

adsorbing surface as follows: (i) the nearest-neighbor interactions, (ii) the specific segment–

surface interactions, (iii) the entropic constraint due to impermeable surface, (iv) the

topological barriers due to other adsorbed chains and (v) the competition for surface sites.

Whilst the first two effects are typical of strongly adsorbed chains, the other effects are generic

to all polymer systems.

Theoretical Modeling and Simulation of Rubber Nanocomposites 663



23.5 Chains at Rubber–Filler Interfaces

23.5.1 Structural Aspects

Pioneering statistical–mechanical theories describing conformation structure of a chain

adsorbed on a filler surface have been published by Chandrasekhar [39] and DiMarzio and

McCrackin [40]. DiMarzio and McCrackin [40] have verified the statistical–mechanical

calculations by computer simulations utilizing theMonte-Carlo method (MC). They showed

that in the case of no attraction the mean number of chain-surface contacts, hni ¼ 1. As the

polymer–surface attraction increases above the critical value equal to e/kBT¼ ln2, where

hni ¼ N1=2 the fraction of adsorbed chain segments hni=N becomes 1/2 for infinitely long

one-dimensional rwm chain. Moreover, they showed that the obtained results on a one-

dimensional rwm are universally valid even in case of the chains in three dimensions. The

adsorbed chain exhibits a so-called train-loop-tail structure and as the segment–wall

interaction energy, e, increases the size of loops and tails decreases in favor of trains.

Furthermore, the adsorption of a chain was shown to be a second-order transition in the sense

of the Ehrenfest definition [15]. The chain end-to-end distance was shown to be decreasing

with increasinge polymer–surface attraction.

A large ensemble of noticeable results obtained from Monte-Carlo simulations of chains in

presence of nanoparticles has been presented byVacatello [41–43]. He carried out a simulation

of dense polymermelt composed of coarse-grained rotation isomeric state chains in a cubic cell

containing adsorbing randomly located nanoparticles. His simulations confirmed the forma-

tion of the train-loop-bridge-tail structure (Figure 23.5) of chains in the nanofilled system,

where the interparticle distance approaches the chain end-to-end distance. Thus, the nanofilled

system can be characterized by the fraction of monomer units in trains, loops, bridges and tails.

Especially, the average length of a bridge changes significantly as the filler volume increases,

as well as the average number of chain connections to the surfaces of filler nanoparticles.

Figure 23.7 Radial distribution of the chain end-to-end distance as a function of the relative extension.

Simulation data were obtained from molecular dynamics simulation of single united atom polyethylene

chains with N¼ 10, 100 and 1000 at 400K (statistical ensemble contained 104 ps/1 ps¼ 104 counts). As

seen, short chains exhibit substantially nonGaussian behavior
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Moreover, the bridging effect becomes more pronounced as the filler particle diameter

decreases – the specific filler surface area increases. Vacatello [43] also presented results for

chains of varying stiffness involved through the bending potential between twomonomer units.

This simulation revealed that even ratio of the chain flexibility to the particle diameter is an

important factor. As the flexibility of a chain decreases the average length of loops and bridges

increases, while the length of trains changes less.

Kumar et al. [35] have performedMC simulations of chains in the presence of nanoparticles

on a simple cubic lattice. In their simulations, simple self-avoiding chains with no rotation

isomeric states of internal rotation and phantom rwm chains were considered. In general, their

data are in agreement with those of Vacatello [41, 42]. However, in contrast to Vacatello [41,

42] Kumar et al. [35] have stressed especially the conformation structure of chain segments

(bridges, loops, and so on). Their results support theoretical analysis published by Sternstein

and Zhu [2]. As the interparticle distance decreases (filler volume fraction increases) the chain

segments bridging the nanofiller particles gain in the effect depicted as the reference state

bias [2] and the increased total number of bridging segments per nanoparticle. However, the

most important finding is that the strong nonGaussian statistics of short chain segments is

a general property independent of the nanoparticle presence. The bridges and loops are

attached to the filler surface for a period given by the filler-matrix interaction energy and,

hence, are mechanically active.

Deeper insight into the mechanisms by which mechanically active bridging segments and

chain loops contribute to the nanocomposite reinforcement abovematrix Tg has been published

by Keblinski et al. [36]. They used a coarse-grained bead-spring approximation as a model of

polymer chain. The results clearly showed that the transient filler–polymer network forms in

systems, where substantially attractive filler–polymer interaction occurs. However, the strong

filler–polymer interaction results in slowing down the segmental dynamics given by the long

average lifetime of filler–polymer contacts. It was clearly illustrated on two nanocomposite

systems prepared utilizing two distinct methods. In the first method, the system was prepared

without attractive interactions and, in the second method, attractive interactions were active

during the system preparation. In spite of the fact that the state of filler dispersion was almost

the same in both cases, as verified from the radial distribution function, the stress autocorrela-

tion function displayed a very different nature. The system prepared by the first method

displayed very slow dynamics and did not equilibrate in given period in contrast to the system

prepared by method 2. Based on the analysis of the transient network structure the concentra-

tion of chain units in loops, bridges and trains was considerably higher in the system prepared

by method 1. Hence, one can see that the differences in the structure of the transient

filler–polymer network are the first order parameters affecting the rubbery nanocomposite

behavior. Unfortunately, systematic investigation of the effect of the preparation procedure and

formation of the interphases of various structures on the nanocomposite properties has not been

published, yet.

Perturbation of chain dimensions in the presence of nanoparticles has been simulated and

discussed extensively byMark et al. [44]. They used theMC simulationmethod of chains using

the rotation isomeric statemodel. Their results revealed that the effect of nanoparticles on chain

swelling or collapse cannot be simply generalized and depends on the particle diameter,

particle volume fraction and so on. According toMark et al. [44] the chain swelling or collapse

obtained from the MC simulation can be responsible for the rubbery nanocomposite rein-

forcement. Thus, they used the average end-to-end distance of a whole chain, simulated by the
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MC method, for the Helmhotz free energy calculation. Consequently, the stress and elastic

modulus were calculated. However, their theory approach does not offer a satisfactory

explanation of the experimentally observed behavior in contrast to the Sternsteins theory

analysis [2] in connection with the considerations of the dynamics effects [5, 33].

As it has beenmentioned above, the primary reinforcing entity in rubbery nanocomposites is

the filler-rubber network. Schweizer and Hooper [45, 46] have investigated the super-

molecular structure and phase behavior of the nanofiller-polymer systems utilizing a micro-

scopic polymer reference interaction model simulations. In this model, the polymer chain is

represented by the freely jointed chain composed ofN spherical interacting units of diameter d.

Nanofiller particles are rigid spheres of diameter D. The primary variables affecting the phase

behavior of polymer nanocomposite are the strength offiller–polymer interaction e/kBT, spatial
range of monomer–surface attraction and the ratioD/d. The polymer length plays a lesser role.

Generally, they showed that below e/kBT¼ 0.5 the entropy driven separation occurs, which is

consistent with calculations by DiMarzio and McCrackin [40]. Above the value e/kBT¼ 2–3,

the enthalpy driven formation of transient polymer–filler network involving interparticle chain

bridging occurs. The intermediate state is a state of miscibility, where stabilized nanoparticle

dispersion can be obtained. In real systems, however, mixture of these three states is often

obtained due to kinetic effects. Obviously, the inhomogeneous nanofiller dispersion can

modify the overall nanocomposite deformation response due to inhomogeneous stress–strain

field leading to the stress and strain concentration or localized screening of the applied load.

23.5.2 Dynamical Aspects

Dynamical aspects of the filler-polymer interface in rubbery nanocomposites represent an issue

being more difficult compared to the above structural properties outlined above. The charac-

teristic times of structural relaxation of chains in presence of adsorbing surfaces represent time

scale often higher than is the usual time scale of the experiment as well as simulation. Hence,

one can find principal similarity between the segmental immobilization due to polymer-filler

adsorption and behavior of native polymers at low temperatures. Unfortunately, physicists

are still far from the complete understanding of slowed dynamics of polymer chains below the

glass transition temperature in native polymers. Moreover, as it has been shown in litera-

ture [47] polymer glasses are dynamically very heterogeneous systems. It results in the

phenomenon that the physicalmanifestations of localized subsystems of a glassy polymer solid

are very dissimilar to the measured macroscopic and, hence, averaged material response

designated as dynamical heterogeneity. Similar situation onemay find in the nanofilled rubbers

and thin polymer layers deposited on solid substrates.

An excellent approach to the simulation of the local conformational dynamics of chains,

both strongly and weakly, interacting with the adsorbing substrate has been presented by

Chakraborty et al. [31, 48, 49]. Because of the fact that the relaxation times of chains adsorbed

on an attractive solid substrate, EA/kBT> 2–3, attain so high values to be included in the

molecular dynamics (MD) simulations, the new stochastic model had to be developed. Their

model can be designated as the kinetic Ising model considering polymer chain as a system

composed of N interacting units, each containing either two or one specifically interacting

pendant groups – two sticker and one sticker kinetic Isingmodel, respectively. The local energy

interactions were estimated utilizing the quantummechanics calculations [49]. In their kinetic
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Isingmodel, the spin up is assigned to the adsorbed pendant group while the spin down belongs

to the desorbed pendant group. The time evolution of the spin states was included to the master

equation based on known transition probabilities. These probabilities were determined

utilizing the transition-state theory concept. The rate constant characteristic of local transition

process was considered to be affected by the activation energy, frequency of molecular

oscillations, steric constraint due to the neighboring chain segments, intramolecular torsional

strain, and configuration entropy decrease. The intrinsic time scale (clock time) was involved

into the kinetic Ising model utilizing the MD simulations from which the base time of

oscillation t� ffi 10�13 s was obtained.
In the two sticker model situation considered by Chakraborty et al. [48] (N¼ 500) above the

critical attraction between polymer and surface,EA/kBTffi 0.3, the equilibrium fraction of chain

segments adsorbed on surface successively increased. However, at the limiting EA/kBTffi 0.8,

the system becomes unable to achieve equilibrium configuration on a given time scale and the

fraction of adsorbed units changes only slightly with increasing EA/kBT. For infinitely long

time – equilibrium conditions, the fraction of adsorbed units should be unity aboveEA/kBTffi 2.

Hence, the interface polymer chains can be taken as entities trapped in their non-equilibrium

states at EA/kBT> 1. At higher temperature, lower value of EA/kBT enables the chain to

equilibrate, but the kinetics of equilibration adopts the non-exponential form so common for

polymer at low temperature. This behavior can be well described by the Kolraush-Williams-

Watt (KWW) function,� exp�ðt=tÞb, where t is the average relaxation constant and b is the

stretching exponent being of value less than unity. Hence, this equilibration represents

a nonDebye highly cooperative relaxation process, where the rate of conformation dynamics

of one unit is “caged” by its neighbors. For the case of one stickermodel, the behavior was very

similar to the two-sticker version over broad range ofN, but the equilibrium limit was identified

at higher values of EA/kBTffi 2.Worthy of note that the slow conformation dynamics simulated

by Chakraborty et al. [31, 48, 49] correlates well with the experimentally measured data [5, 33,

37, 38, 50]. Segmental dynamics of polymer chains close to the adsorption sites on the

nanofiller surface exhibits manifestations resembling behavior of polymers at low temperature

even for the case of relatively weakly interacting systems. This involves loss of ergodicity

within the particle-polymer interphase.

On the other hand, one should keep in mind that the decreased conformational dynamics is

rather localized to the units close to the sites on filler surface, where adsorption occurred.

According to MD simulation results published by Adolf and Ediger [51] the transmition of

rotational cooperativity should be of the order of 10 backbone bonds along the chain giving the

extent around 1 nm. Secondly, the sites of filler-polymer adsorption in real systems represent

temporary junctions with lifetime given not only by the ratio EA/kBT, but also affected by the

mechanical bias (Payne effect) [2, 52].

The presence of temporary junctions in form of the adsorbed trains of monomer units on

the nanofiller surface has an effect even on the normal mode relaxations of bridging chain

segments, chain loops and other chains trapped by the adsorbed chains due to their

uncrossability. This has been proved both experimentally [32, 53–55] and by computer

simulations [56, 57]. Pryamitsin and Ganesan [56] have used a coarse-grained model of

polymer melt of chains of various lengths simulated using the dissipative particle dynamics

method. In addition to the immobilization phenomenon, they also investigated the effect of

particle jamming and inhomogeneous stress–strain field in detail. The particle jamming is,

however, an effect becoming important only if the filler volume exceeds vfffi 0.5 (even in the

Theoretical Modeling and Simulation of Rubber Nanocomposites 667



sense of local inhomogeneity of filler concentration). Within the frame of the bead-spring

approximation considered in Rouse as well as reptation model, the term EA/kBT can be

conveniently involved in the effective monomer friction coefficient, z. The effectively

increased friction due to the chain-surface interaction is responsible for the slowing down

the normal relaxation modes. Rubinstein and coworkers [54] have brought a successful

concept for the description of the normal mode relaxation of long polystyrene chains in

presence of silica and poly(2-vinylpiridine) surface. The suggested theory concept was shown

to be in good agreement with experimental results based on the secondary ion mass

spectroscopy measurements of the tracer diffusion coefficient. In their theory analysis, the

chain friction coefficient was shown to be composed of two contributions – free and adsorbed

monomer units:

zchain ffi zadsorbedN
1=2þ z0N: ð23:27Þ

Resulting characteristic time of the chain diffusion – the time of chain reptation motion was

estimated as follows:

trep ffi NL2

D0

ffi b2N5=2

2kBTNe

ðzadsorbedþ z0N
1=2Þ: ð23:28Þ

It was demonstrated that this kind of relaxation is responsible for the recovery after the high

strain amplitude perturbation of the nanocomposite structure – the Payne effect [55]. The high

strain oscillations lead to the chain mobilization at the filler-polymer interface. This is

evidenced by the decreased storage modulus of elasticity [52]. As the interphase structure

recovers after this mechanical excitation, the value of the nanocomposite storage modulus

increases to the original value on the time scale well estimated by the Rubinstein model [54].

It has been shown that the chain adsorption followed by the chain immobilization is the

primarymechanism leading to the rubbery nanocomposite reinforcement. The immobilization

makes the nonGaussian chain behavior mechanically active in the form of interphase regions

commonly forming the stiff transient filler-polymer network. The attractive interaction

between nanofiller and polymer leads to the break of dynamical ergodicity resembling to

the dynamics of polymers at low temperatures. This is connected with strong spatial

heterogeneity of segmental dynamics. This property of rubbery nanocomposites represents

current issue in the field of computer simulations leading to the discussion about the connection

between continuum and discrete matter, representative volume of matter and so on. These

aspects will be discussed in the following section.

23.6 Structural Peculiarities of Rubbery Nanocomposites

Microscopic relaxation processes occurring on the molecular level govern the macroscopic

viscoelastic response of an amorphous polymer. These molecular relaxationmodes range from

local vibrations being the primary mode in the glassy state to the nonlocal normal mode

relaxations operating above the Tg of the amorphous polymer (Figure 23.8). Above Tg, the

enormous number of conformation transitions allows the chain to be in a high entropy state. As

a result, the chain size and shape can greatly fluctuate. In the case of stiff filler nanoparticles

dispersed in an amorphous polymer matrix, one can compare the characteristic volumes of

relaxation modes with those of filler particles (Figure 23.8).
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In order to account for the structural features of a given material, the representative volume

element (RVE) is defined. The RVE can be defined as the smallest volume of the material

possessing the average properties of amacroscopic solidmade of the samematerial. The size of

the RVE (SRVE) is related to the structural heterogeneity of the material, and, thus,

determining the RVE (SRVE) becomes a crucial task in developing reliable models capable

of predicting mechanical properties as a function of structural variables.

In ordered systems such as metal crystals, the RVE is of the order of Angstroms and the

classical continuum mechanics was developed as a local theory. The average strain, hei, and
stress, hsi, in a representative volume element, V, can be expressed as follows:

hsi ¼ 1

V

ð
V

sðxÞdV; ð23:29Þ

hei ¼ 1

V

ð
V

eðxÞdV: ð23:30Þ

In disordered solids, and, especially, in amorphous polymers, the extent of nonlocality is

several orders of magnitude greater than in the ordered media [10]. This results in

substantially larger RVE which can further be increased by adding filler particles, especially

in the case when the size of the filler particles is of the order of the average end-to-end

distance of the polymer chains.

Above the glass transition temperature of polymer matrix, the reinforcement is primarily

given by the immobilization contribution,FðAf ; . . .Þimmobilization, involvingmechanically active

network of nonGaussian segments in form of the interparticle bridges and surface loops þ
decreased segmental dynamics due to the surface–polymer interaction occurring on the

extensive filler–polymer contact area. Under these conditions, it is difficult to define both

Figure 23.8 Schematic scaling of the structural and dynamical entities in a polymer composite
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the average stress and strain, since for volumes smaller than approximately 1000 nm3, the

matter has to be considered discrete.

An attempt to make a multiscale modeling of polymer nanocomposites involving the

immobilization effect has been published by Borodin et al. [58]. Their methodology was

composed ofMD simulations of coarse-grained chains to obtain the shearmodulus of elasticity

from the analysis of the polymer-beadmean square displacement. The dependence of the shear

modulus versus position fromnanofiller surface, bulk polymer and solid particle shearmodulus

was further used for the calculation of the average composite properties. This was carried out

based on the material-point-method (MPM) simulation representing a continuum-based

numerical model. The transition from the discrete molecular structure to the continuum-based

structure composed of a single nanoparticle surrounded by isotropic layers of varying stiffness

was achieved by replacing the continuous polymer density profile by a series of discrete

isotropic layers. The model qualitatively describes well the experimentally observed trends

shown in Figure 23.6.

However, real polymer nanocomposites usually exhibit a very heterogeneous structure

involving filler agglomerates and a transient polymer–filler network. Within the transient

polymer–filler network, a broad distribution of interparticle distances can be recognized.

Moreover, in the case of X-linked matrices, significant heterogeneities in the matrix

molecular structure can be identified as well. In such a case, it is very difficult to determine

the correct size of the representative volume element. Consequently, deformation within the

network will become significantly non-affine. Seeking the RVE is important in molecular

simulations (MC or MD), because the selection of suitable RVE and averaging procedure to

determine an average property of a dynamically changing system. The averaging represents

some kind of homogenization bringing mean value of a property, which itself can fluctuate in

the system very substantially.

The structural homogenization of a matrix occurs due to high number of conformation

transitions (RIS jumps) of chain bonds. The conformation transitions hierarchically build the

normal mode fluctuations of chain segments as well as chain as a whole. Thus, the length of

chains in given system affects the homogenization time, because the normal mode relaxa-

tions are scaled as tnm/N2–3.7. If a part or several parts of a chain are kinetically constrained

the structural homogenization is greatly retarded and exhibits spatially heterogeneous

nature. This, of course, leads to the loss of matrix ergodicity (bonds become kinetically

non-equivalent). The stronger is the constraint (average energy barrier related to the

constraint) the stronger is this effect.

In nanocomposites, the structural inhomogeneities and fluctuations can survive over long-

time scale even above the matrix Tg. For instance, in polymer nanocomposite there are regions

typical of very different values of the following structural ratio being very important for the

formation of the transient filler–polymer network:

r0=dpp; ð23:31Þ
where dpp is the average particle-to-particle distance and r0 is the end-to-end distance of a chain

or a strand of crosslinked network. The average value of the ratio r0=dpp can vary depending on
the averaging procedure involving time, ensemble over many realizations or other. The

distribution of interparticle distances in nanocomposite is far from the case of ideal simple

cubic lattice distribution [2]. Rather broad range of the r0=dpp ratios can be expected in

the nanocomposite structure and its fluctuation can achieve very large amplitudes. Hence, it is
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a question, whether the average value of the ratio r0=dpp is sufficiently representative for the

simulation of the viscoelastic response of polymer nanocomposites.

Furthermore, one can consider for instance the chain normal mode of p¼ 1 (23.11) of

relaxation time given by the relation:

and ln tnm / ln z0 / EA=kBðT�T0Þ; ð23:32Þ
where EA is the activation energy of relaxation transition. The average time constant htnmi can
be taken as a limit of the transient filler–polymer network lifetime. Similar as before, the

distribution of energy barriers can vary very substantially especially at the filler–polymer

interface [31]. Spatially heterogeneous distribution of activation barriers of diffusivemotion of

chain units and segments, EA, can be very broad.

In conclusion, various structural as well as dynamical units in a polymer can be

recognized. Some of them are a consequence of equilibrium between contending repulsive

and attractive physical forces acting among various structural assemblies of matter and

some of them are a result of kinetically driven processes. These structural units involve

hierarchically atoms, monomer units, chain segments, network strands or nonlocal chain

entanglements (effective tube), polymer coils and filler particles. Fluctuations on each

particular submicroscopic level are characteristic of respective relaxation times needed for

the unit positional or shape rearrangement. Thus, in considering heterogeneity of rubbery

nanocomposites one has to involve filler-dispersion heterogeneity, molecular heterogeneity

as well as dynamical heterogeneity of polymer matrix (Figure 23.9). Bridging the gap

between the small-scale mechanics of the discrete level being of statistical nature (and

tending to be non-affine) on one hand and continuum mechanics on the other hand

represents current issue for composite scientists.

Figure 23.9 What is the representative structural element on the nanoscale?
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23.7 Concluding Remarks

In this chapter, a brief introduction of basic aspects of reinforcement of rubbery nanocomposites

waspresented.AbovethematrixTg,polymerchainsnear thenanofillersurfacebecomeextensively

perturbedinrespecttotheirdynamics.Thisconstraintoccurringonthenanometer(molecular)level

causes severe effects detectable on themicro- andmacroscopic levels. Due to the large nanofiller

surface–polymermatrixinteractionarea, thefillernanoparticlesareabletocausesignificanteffects

evenatvery lowfiller loadings. Interestingly,Droste andDiBenedetto [29]havealreadyaddressed

the immobilization phenomenon in polymers filledwith high specific surface area fillers in 1960s

although very poor computer simulation possibilities were available at that time.

Currently, no universal theory is available to predict quantitatively the effects of chain

immobilization on the reinforcement of nanocomposites above their Tg. Methods of molecular

simulations advanced very substantially during the past 20 years. Now we are able to model

behavior of polymer chains at the nanoscale. Unfortunately, the gap between the discrete

molecular levels covered by molecular models and continuummodels operating on the micro-

and macroscopic levels has not been overcome. Moreover, the reduced and spatially hetero-

geneous dynamics of interphase chains in rubbery nanocomposites is principally connected

with the glass transition phenomenon, which is an issue still unresolved yet.

Undoubtedly, routes toreinforcingpolymerswithnanometer-sizedparticlesandexploringthe

various possibilities given by the selection of the polymer/filler combination represent very

attractive field for both academic scientists and industrial engineers bringing both experimental

and theoretical challenge. Theoretical modeling of the actual reinforcing mechanisms intro-

duced by adding nano sized solid particles into both crosslinked and linear polymer matrices

usable above theirTg represents thefirst step in adeeper understandingof the structure–property

relationships in these industrially important materials. Very likely, the viscoelasticity of a large

rubber nanocomposite article such as a tire will not directly reflect the peculiarities of

the nanoscale effects due to property “homogenization” occurring during the transition from

the nano- to the macroscale. Hence, the classical models assuming uniform “average” affine

deformationofanetworkcansuccessfullybeusedinpredictingshort termbehaviorof largefilled

rubber articles. However, due to the heterogeneity of both localized chain relaxation and

composition,a locallynon-affinedeformationfieldhasbeenpredicted,whichmayresult inwear,

fatigue and degradation being directly controlled by the nanoscale effects similarly to the

behavior of thin polymer nanocomposite films and polymer melts. Hence, it seems realistic to

assumethat intheforeseeablefuture,successfulproducts intherubber industrywillbedeveloped

using the modeling strategies considering the nanoscale peculiarities described above.
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24.1 Introduction

Rubber nanocomposites have gained increased attention in both academic and industrial

research in recent years. From the definition, a nanocomposite is considered as a polymer

composite in which the occluded phase has at least one nanoscale dimension, that is, one

measuring from 1 to 100 nanometers (nm). In keeping with the definition of a composite as a

multiphasematerial comprising a continuousmatrix embedding anothermaterial that hasmore

desirable properties, any application of such a material should utilize some synergistic

combination of the component properties of the two major components, the matrix polymer

and the reinforcement. Nanocomposites have already showed improved performance

(compared to matrices containing conventional, micron-sized fillers) due to their high surface

area and significant aspect ratios. Improved properties (increased stiffness and, to some extent,

strength, reduced elongation to failure, improved resistance to crack growth and tearing and,

finally, various modifications of abrasion, dynamic and fatigue properties) are being achieved

at much lower additive concentrations compared to conventional systems. Particulate conven-

tional fillers such as carbon black and fumed silica are incorporated in the rubber as reinforcing

fillers to enhance the mechanical properties, to improve the barrier properties or to increase the

resistance to fire and ignition [1].
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24.1.1 Rubbery Matrices

Rubbery polymers serving as matrices in nanocomposite materials can be categorized as

crosslinked systems (chemically crosslinked during a curing process) and thermoplastic

elastomers, TPEs (physically crosslinked elastomeric materials). Classic elastomers, such as

polybutadiene rubber and polyisoprene rubber, are used as general purpose rubbers in high

volume products such as tyres, hoses, belting while styrene-butadiene TPEs are special

rubbers for footwear applications, sound-deadening materials, wire insulation and flexible

automotive parts [2].

World rubber consumption in 2006 was in a range of 21.5� 106 t, including 8.95� 106 t of

natural rubber and 12.55� 106 t of synthetic rubber (Figure 24.1). The largest consumption

market is in the tire industry (59–63% synthetic rubbers, 68–71% natural rubbers). Other

industrial sectors (mainly automotive) consume 25% of the total annual production.

The largest world production of rubbery goods is constantly growing, mainly in China

(Figures 24.2 and 24.3), while total production in other large countries is rather stable.

An increasing trend in consumption is also observed for thermoplastic elastomers (4.5% per

year in Europe). Almost 30% is used in automotive industry. The world production of

thermoplastic polyurethanes was 13� 106 t in 2005, predominantly in rigid and elastic foams.

24.1.2 Nanofillers

The conventional fillers most highly used in the rubber industry include carbon black and

silicone dioxide (silica), while organically modified layered clays, carbon nanotubes or

polyhedral oligomeric silsesquioxanes are opening up new points of access [3].

An obvious example is carbon black-reinforced rubber, since the primary carbon black

particles, and even some aggregates, fall within the nanoscale range. SAF, the highest

Figure 24.1 Rubber consumption worldwide in 2006
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reinforcing type of carbon black, has a particle size of only 20 nm [4]. Some other potential

nanoscale reinforcements include particulate silica and other metal oxides, silsesquioxane

molecular cages and silica-based molecular networks [5], smectic-layered silicates (either

intercalated or exfoliated), haloysite tubular silicates, fullerenes, carbon nanotubes, carbon

nanofibrils and graphite platelets.

Figure 24.3 Natural rubber consumption 2001–2006

Figure 24.2 Synthetic rubber consumption 2001–2006
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The common and traditional rubber reinforcement, carbon black, can be varied in both its

aggregate structure and particle size.While a higher structure leads to higher modulus at lower

loading and therefore less hysteresis, producing a high resilience and low rolling resistance, a

smaller particle size, especially in grades with a more active surface chemistry, leads to greater

interfacial effects that ultimately enhance traction and abrasion resistance, though with the

penalty of greater hysteresis (due to molecular slippage at the interface under high stresses).

Thus, strong tethering of polymer chains to the surfacewould be desirable to reduce hysteresis,

which results in high heat build-up and rolling resistance. It has long been, and still currently is,

a high objective of tire rubber formulators to achieve all of these beneficial performance criteria

simultaneously. Perhaps nanotechnology can play a role.

The fullerenes, another form of particulate carbon, can potentially provide good reinforce-

ment and a low Payne effect in rubber from high rubber bonding (producing physical

crosslinks) due to their highly curved active surface. Unfortunately, they are toxic and at this

point of development are very expensive. There is still interest in utilizing their potential by

synergistic blending with more conventional carbon black or silica reinforcements to cost-

effectively extend the “magic triangle” of tread performance.

Multiwall carbon nanotubes ranging from 2 to 20 nm in diameter, present the ultimate in

carbon-based nanoscale reinforcement, having a 1 TPa modulus and about 60GPa tensile

strength. While still quite pricey, their cost is going down as volume production increases with

more efficient manufacturing processes. They can be best incorporated into rubber matrices by

solution processing. Their high reinforcing efficiency can increasemodulus dramatically along

with simultaneously increasing elongation to fail, thus resulting in a compound that is both

stiffer, stronger andmore ductile, up to about 3wt% concentration; at higher levels themodulus

actually accelerates its increase, but elongation diminishes.

Silica reinforcement is available in a size range between fumed (nanoscale) and ground

(microscale) as a potential replacement for carbon black. BET surface area of commercial

products varies from 150 to 230m2/g. In the finer grades a high viscosity results from strong

particle–particle forces, making dispersion and flow processing difficult. Furthermore, its high

acidity retards the sulfur vulcanization of the rubber formulation. Fortunately, silane treatment

of the particles can be employed to reduce the particle–particle interactions and increase

particle–polymer interactions to improve dispersion (HDS grades) and enhance reinforcement

(to even higher levels than carbon black, producing a high modulus at high strain even while

modulus is kept low at low strain) and abrasion resistancewithout increasing hysteresis (Payne

effect), rendering it suitable for tire treads. A typical silane for bonding silica while also

preventing interference with rubber cure is TESPT, bis(3-triethoxysilylpropyl)-tetrasulfide. It

should be noted that the silane gives some property improvement on its own, even without the

presence of silica. While a successful treatment, its cost is unfortunately high.

The typical layered silicate employed in commercial applications is montmorillonite, which

has a high surface area (�800m2/g) and a high aspect ratio (�100–200), both of which

contribute to efficient reinforcing potential. The gallery surfaces are commonly treated

with cationic surfactants to tailor the interfaces for compatibility with the polymer matrix.

Polarity matching should be observed, so that a nonpolar ammonium cation, substituted for

example with hydrogenated tallow, is preferred for nonpolar rubbers, such as EP, EPDM, BR,

isoprene, IR and even SBR or NR, while a more polar hydroxyethyl substituent is better suited

to polar rubbers like NBR and BIIR [3]. The nonpolar organoclays (whose gallery walls are

decorated with primary or tertiary ammonium cations) readily exfoliate in BIMS,
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producing increased mechanical properties and glass transition temperature with decreases in

tand and cure time [6]. They also exfoliate in maleic anhydride-grafted IIR to generate a 5�
increase in tensile strength and 60% reduction in nitrogen transmission rate. In highly nonpolar

rubbers like BR, the use of a carboxylic acid-terminated rubber compatibilizer is helpful,

producing in BR, for example, an 80% reduction in water vapor transmission rate. While

montmorillonite usage in plastic polymers predates and overshadows rubber applications, the

latter are now in an accelerating pattern of development.

Since layered silicates, while efficient polymer reinforcements in general, are less effective

than carbon black in strengthening rubber, and in addition are subject to high hysteresis [7] they

are typically not selected for structural applications, such as stress-supporting tire components.

In addition, the flexing experienced in rotating tires causing repetitive high strains would

result in cracking of components containing layered silicates. In this sense, they resemble

discontinuous microfiber reinforcement despite their overall smaller size, perhaps because of

their microscale dimensions in two spatial directions. In both cases, the high aspect ratio

(macroscale length/microscale diameter for fibers, microscale width/nanoscale thickness for

layered silicate platelets) makes them more suitable for stiffening than strengthening of the

polymer matrix.

Nanocomposite attributes that drive commercial applications include:

. Efficient reinforcement;

. Low density, as property development obtains at low concentration levels;

. Good balance of stiffness with toughness and tear resistance;

. Good dimensional stability;

. Permeation and absorption resistance;

. Flame retardancy;

. Chemical resistance;

. Easy flow processing with low abrasiveness (nanocomposite viscosity is typically high

relative to that of the polymer matrix at low shear rates, but diminishes significantly under

typical flow processing conditions);
. Good appearance with smooth surfaces, as exemplified by the scanning electron micrograph

in Figure 24.4.

As the processing of thermoset rubbers inevitably involves vulcanization, the effects

of embedded nanoplatelets of surfactant-modifiedmontmorillonite on the rate of cure as well
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as the ultimate density of the crosslinked network must be taken into account. It is now

known that the presence of ammonium ions on the gallery surfaces has an accelerating

effect upon sulfur vulcanization, as demonstrated by the data reported in Table 24.1 [8]

and Figure 24.5.

Figure 24.4 Scanning electron micrograph of a cryofractured nanocomposite of montmorillonite in

nitrile rubber [10]

Table 24.1 Comparative cure properties of an SBR rubber and its nanocomposite

Cure property SBR rubber SBR þ 20A clay

t90, min 10.5 8.8

G0, MPa 1.50 1.33

t1, min 0.35 0.38

t2, min 0.45 0.53
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Figure 24.5 Comparative cure of another SBR rubber and its nanocomposite [10]
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Thus, cure time is reduced, and the shear modulus at cure temperature is also reduced by the

presence of the treated clay, indicating a looser crosslink network. Interestingly, the scorch time

is slightly lengthened.

Another study [9] found octadecyl amine to accelerate the vulcanization by itself, though

even more effectively as a cation in the clay gallery; there was no change in vulcanization

characteristics of a pristine clay composite.

Reinforcement depends upon the degree of delamination and dispersion of the layered

silicates in the rubber matrix. Al-Yamani and Goettler [8] report the addition of a dispersion

agent to the treated clay that serves to increase M400 rubber modulus an additional 20% by

promoting the degree of dispersion of the clay platelets. Since they possess two mesoscale

dimensions (between 100 and 1000 nm) in the plane of the platelet, montmorillonite can

be added as a secondary reinforcement to nanoscale carbon black or silica. Unfortunately,

while tensile strength of a gum rubber may be increased by some 400% at a volume loading of

only 2%, layered silicates confer little further reinforcement in black rubber compounds.

Furthermore, hysteresis loss is generally increased, perhaps due to incomplete tethering of the

rubber chains to the large interfacial areas representing the walls of the silicate galleries.

Synergy, however, is achieved in nanoscale–microscale hybrid composites, such as the dual

reinforcement of nitrile rubber with layered silicates and wood cellulose pulp fibers [10], with

regard to tear resistance. Layered silicate inclusions enhance tear resistancewith or without the

presenceofmicroscale cellulosefibers,whichby themselves are detrimental to tear resistanceat

highconcentrationwhen the tears caneasilypropagateparallel to thedirectionof locally aligned

fibers. The nonlinearity of the tear dependence on clay and cellulose content indicates a

synergistic effect that exceeds linear additivity. However, cellulose fibers provide more rein-

forcement for tensile strength than do nanoscale platelets. Thus, the combination of these two

reinforcements produces amultiscale compositewith both enhanced strength and tear resistance.

With their similar discontinuous nature characterized by high aspect ratio, layered silicate

nanoplatelets can be expected to open up design and processing opportunities in reinforced

rubber analogous tomicroscale short fibers, with the additional advantage ofmaintaining a less

heterogeneous structure due to their smaller size. Thus, applications in industrial rubber goods

such as hosing, belts, seals andmoldings should be feasible, although these are largely yet to be

satisfactorily demonstrated for commercial manufacture. Two important differences, however,

need to be taken into account: mechanically, the layered silicates have the potential for

imparting higher stiffness due to their higher modulus (versus flexible cellulose fibers) or

greater aspect ratio (versus brittle glass fibers), while imparting a lesser degree of strengthening

that can be attributed to their smaller size and generally inadequate adhesion to the rubber

matrix. Furthermore, while both forms of reinforcement improve dimensional stability, the

layered silicate’s two-dimensional shapewill develop less anisotropy in the fabricated part than

the one-dimensional fiber that ismore easily oriented by the fabrication flows. In both cases, the

benefits of the resiliency and elasticity of the rubber matrix may be sacrificed [11].

Any type of discontinuously reinforced composite will benefit from the good economics of

flow processing, although some aspects of processability such as mill banding (due to reduced

shrinkage) and drawability (due to reduced die swell and extension in the green state) may be

impeded at higher concentration level [12]. For application as a filler in transmission v-belts,

the layered silicate platelets could serve to resist compressional stresses in the pulley grooves,

while still allowing some measure of axial flexibility. Orienting the platelets in the plane of

sheeting material would impart longitudinal stability in die cut nanocomposite seals, while
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facilitating swell in thickness in order tomaintain a tight joint. Such an orientation should result

naturally from the squeezing flow used to form the sheet. In hoses, the orientation should be

transverse to the extrusion direction to provide the necessary resistance to hoop and swelling

stresses, while maintaining hose flexibility. Extrusion dies like those demonstrated by Goettler

et al. [13] for forming effective short fiber reinforced rubber hoses may be similarly operative

with layered silicate nanocomposite rubber stock.

24.2 Rubber Nanocomposites in Tire Engineering Applications

The incorporation of nanocomposites into tire components is driven by potentially higher

overall performance, especially focused on fuel efficiency through reduced weight and energy

absorption from rolling resistance and more favorable economics deriving from easier

processing, reduced complexity of construction and substitution of less expensive polymers.

These general motivations translate into specific development targets regarding:

. Extension of the magic triangle of tire tread performance:

� Reduced heat build-up (rolling resistance);

� Improved traction;

� Better wear.
. Enhanced air retention;
. Colorability/transparency;
. Reduced heat build-up, leading to fewer tire failures;
. Elimination of halogenated butyl resulting in easier disposal and/or recyclability.

While specialty rubber types are usually employed in specific tire components, a generic

formulation for an SBR rubber nanocomposite matrix might comprise (see Table 24.2):

24.2.1 Tread

Incorporation of silica, Boehmite (alumina) and fullerene black into tire tread formulations

allow relaxation of formulation constraints in balancing heat build-up, traction and abrasion

resistance, thus allowing greater latitude in composition and better optimization of overall tire

performance.

In SBR tread compounds, AlOOH produces 8–20% hysteresis reduction, about the same as

for silica reinforcement. It is estimated that a 20% reduction in hysteresis yields 4% fuel

Table 24.2 Baseline formulation for SBR nanocomposite

Ingredient Phr

Rubber 100

Carbon black 50

Oil 15

Stearic acid 1

Zinc oxide 5

Sulfur 2

Accelerators 2
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savings, which amounts to about 5� 109 gallons (19� 109 l) or US$ 10� 109 savings to

consumers annually [14]. As a consequence, there are also reduced CO2 emissions.

Fumed silica particles are used in tire applications, but they have becomemore important since

the introduction of the Green Tire premium product by Michelin Europe in 1992 [15],

representing a combination of HDS silica, TESPT silane, high Tg solution SBR and low Tg
BR in the tire tread. As a filler, silica has greater reinforcing power, such as improving tear

strength, abrasion resistance, age resistance and adhesion properties, compared to carbon

black [16–18]. However, due to the strong interparticle hydrogen bonds between hydroxyl

groups, the agglomeration nature of silica is generally believed to be responsible for considerable

rolling resistance in tire applications. To improve silica–rubber interaction and, in turn, to reduce

the rolling resistance, different strategies were developed including chemical modifications of

rubbers byattaching functional groups interactingwith silica and surface treatments of silicawith

different silane coupling agents. Compounding with silica enables tire technicians to reduce the

filler content due to great reinforcing power of silica. A decrease in filler content corresponds to a

higher amount of elastic rubber in proportion to the damping filler phase in the compound and is

an effectiveway to reduce rolling resistance by 20%, fuel usage by 3–4% and hysteresis by 50%.

Carbon blacks of high surface area provide good traction and abrasion resistance in tire

treads; those of large particle diameter orwide range of aggregate size (structure) reduce rolling

resistance. Fullerene carbons having a lower specific gravity than conventional carbon black

can be used economically along with carbon black to optimize the performance characteristics

of tread compounds [19].

NanoProducts Corporation had reported in 2003 the successful use of its nanoscalematerials

to produce tires (currently commercially available) with improved skid resistance and reduced

abrasion [20]. According to the inventors, silicon carbide was used to prepare elastomeric

nanocomposites that exhibit superior properties over conventional materials [20]. The

performance data published in the patent demonstrated the successful dispersion of nanoscale

materials in elastomers as well as the highest improvement in wet skid resistance (over other

tested materials) and a nearly 50% reduction in abrasion. As reported by the inventors, silicon

carbide-derived nanocomposites perform better than products with no additives or composites

with conventional additives such as nanoscale fumed silica. Improved wet skid resistance

resulted in superior safety, and reduced abrasion provided extended life.

It has been already demonstrated that the use of brominated isobutylene-co-paramethylstyr-

ene (BIMS) improved dynamic properties of wet and winter traction tire treads [21]. Silane-

coupled and silica-filled compounds were prepared with BIMS, cis-polybutadiene (BR) and

natural rubber (NR). It has been found that vehicles having tireswithBIMSwinter treads showed

reduced braking distances on an indoor ice surface, on a snowy glacier, on a wet asphalt surface

and on a dry surface compared to both the control and reference winter treads.

Innovative carbon blacks, silicas and a new rubber silane were used in tire systems for

improved rolling resistance [22, 23]. In particular with the new silane VP Si363 a significant

reduction of the rolling resistance of passenger tires by more than 10% was achieved.

Simultaneously the emission of volatile organic compounds (VOCs) was cut by up to

80%. A new class of silicas with an exceptional morphology provided also a significant drop

in hysteresis and simultaneously improved the reinforcement of rubber compounds. It has been

also found that carbon black with extremely low surface area provided an excellent compro-

mise between hysteresis and abrasion resistance and therefore was especially dedicated for

application in truck tire treads.
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Natural rubber vulcanizates were reinforced with in situ formed nanoscale silica particles of

around 40 nm diameter using a sol-gel process [24]. The prepared sol-gel nanocomposites

showedmuch higher London dispersive component of free energy comparedwith conventional

melt-mixed composites. Also, much lower frictional coefficients were found for the sol-gel

nanocomposites. The abrasion resistance of the nanocomposites was proven to be superior to

that of meltmixed composites. Similar behavior in terms of significantly improved modulus

and tensile strength was found for natural rubber or SBR rubber matrix vulcanizates prepared

with organoclay (fluorohectorite modified by octadecylammonium with interlayer distance

2.24 nm) [25, 26], suggesting that reinforcement and hysteresis are related to the anisotropic

nature of the aggregates and concomittant orientation during strain.

24.2.2 Innerliner

The room temperature gas permeability of classical elastomers (Table 24.3) is high relative to

glassy polymers. Nevertheless, many pneumatic products, including tire innerliners, are made

from elastomers and they must be periodically refilled with air.

Therefore, many attempts have beenmade to improve the barrier properties of elastomers by

incorporating high aspect ratio fillers (such as exfoliated clay minerals) [27–29]. Their high

asperity planar geometry makes exfoliated layered silicates ideal barriers for permeation, as in

retarding air loss through the tire innerliner. A commonly accepted mechanism for this

accomplishment is the increase in path tortuosity experienced by a permeating small molecule

species, thus lengthening the diffusion path and so reducing the concentration gradient and

hence the diffusive flux (Figure 24.6).

A two-dimensional idealized model for the permeation rate reduction according to these

concepts is given by Nielsen [30] as Pf/Pp¼Vp/[1 þ (L/2W)Vf]. Following earlier work by

Kojima et al., [31] the permeability of intercalated layered silicate NBR nanocomposites has

been found [32] to decrease substantially with increasing clay loading according to this model,

though barrier enhancement can be further augmented through optimal selection of the cationic

surface treatment. Another model, for aligned randomly dispersed platelets [33], is P/Po¼ exp

(�(x/xo)b), wherex is the product of platelet aspect ratio and its volume fraction, f. The authors

found a good data fit using b¼ 0.71 and x0¼ 3.47. If the platelets are in addition randomly

oriented, their barrier efficiency drops to around 50% [32, 34].

Table 24.3 Oxygen permeability of selected rubbers

Rubber O2 [cmm3�mm/m2�day�atm]

Silicone rubber 100 000

Natural rubber 5000

SBR 1000

Neoprene 500

Butyl rubber 100
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A secondary effect on permeability derives from molecular changes in the matrix in the

vicinity of the platelet interface. In addition, the cross-sectional area available for transport

through the film is reduced.

By using exfoliated vermiculite as a layered silicate filler, for example, elastomeric

dispersions have been developed as a new class of elastomeric nanocomposite barrier coat-

ings [35, 36] with good dispersion and stability of the exfoliated vermiculite in butyl rubber. In

this way, coatings that maintain a high degree of flexibly alongwith excellent barrier properties

have been developed. These coatings will enable rubber products to be developed with good

barrier properties.

Isobutylene-based polymers are well known to exhibit a high resistance to small molecule

permeation from their tight molecular packing that finds application in tire innertubes and

innerliners. A baseline bromobutyl rubber innerliner formulation is given in Table 24.4 (TDA

Research [14]). Inclusion of usually an alkyl-based organomontmorillonite clay further

enhances the permeation barrier through its favorable, though restricted dispersion. Organo-

clay effects on the vulcanization of these like other rubbers can be problematic.

As developed by ExxonMobil using Exxpro polymers, a brominated isobutyl methylstyrene

(BIMS) rubber blend nanocomposite with montmorillonite reduces air permeation by 38%
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Figure 24.6 Increased path tortuosity for permeation through a layered silicate nanocomposite contain-

ing exfoliated platelets

Table 24.4 Innerliner formulation

Ingredient Phr

Bromobutyl resin 100

Carbon black 55

Naphthenic oil 6.0

Stearic acid 1.0

Phenolic resin tackifier 4.0

Struktol 40 MS 8.0

Magnesium oxide 0.15

Zinc oxide 2.0

Sulfur 0.5

MBTS 1.5
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below that of a totally bromobultyl rubber formulation without the smectic clay [37].

Moreover, this technique is less expensive and offers weight savings of up to 1 kg for large

truck tires that results in a higher fuel efficiency. Additional benefits are that tire curing is

speeded up by the higher thermal conductivity induced by the clay, which also dissipates hot

spots at local failure points in service; and the resulting tires are 20% more durable due to the

improved inflation retention. Further, thermal stability is enhanced by the clay simultaneously

limiting oxygen diffusion through the liner into the internal tire rubber.

In another publication, by Tsou and Measmer [38], ExxonMobil reports on the permeation

barrier generated by organolayered silicate dispersion in BIMSM and BIIR rubbers. Aspect

ratios of the dispersed silicates back-calculated from permeation data according to the

Gusev–Lusti equation showed BIMSM to be the preferred dispersant and the presence of

carbon black to be inconsequential.

Butyl rubber nanocomposites made by exfoliating octadecyl primary ammonium organo-

philic clay via melt intercalation withMA-g-IIR compatibilizer produced a 2.5� gas barrier at

15 phr clay concentration [39].

TDA Reseach, Inc. (Wheat Ridge, Colo., USA) reports [14] that Boehmite AlOOH

nanoparticles measuring 1–2 nm thick, 10–20 nm wide and 2–200 nm long incorporated at

5–10% loading in BIIR can produce 20% OTR reduction with little change in mechanical

properties. It should be noted that oxygen permeation rates are controlling for air retention

since the nitrogen component’s permeation is considerably slower.While carbon nanotubes are

considered to engage in network formationwithin rubber nanocomposites, theywould not be as

effective in permeation resistance as platy montmorillonite inclusions.

Novel SBR copolymer nanocomposites comprising rectorite, a 1 : 1 type layered structure

with aspect ratio higher thanmontmorillonite, prepared by co-coagulating latex and the layered

silicate in a water suspension achieve a good permeation barrier in comparison to N330 carbon

black reinforcement [40].

The technology developed in 1996 between Michelin and Hoechst Celanese, further

patented by InMat [41] gave more potential in the tire market through special tire liners

containing smectic silicates enabling tires to hold air longer with reduced weight, which led to

better gas mileage. InMat’s Air D-Fense product combines butyl rubber with exfoliated

vermiculite in a 20-mmcoating that can be applied in tire innerliners. Thinner coating that used

less butyl rubber also made recycling tires easier and more environmentally friendly.

Different layered clay minerals in the range 100–1400 mm dispersed in the elastomer

matrix [42] allows the production of tire innerliners having sufficiently low air permeability.

The polymer matrix suitable for preparation of such innerliners can be made of natural rubber,

polybutadiene and its copolymers, copolymers of isobutylene, isoprene, paramethyl styrene, to

mention only a few. Layered materials useful for preparation of such systems include natural

and syntheticminerals capable of being intercalated and having individual layer thickness up to

20 nm and a diameter up to 10mm, such as montmorillonite, hectorite and vermiculite,

to mention only a few. Importantly, these clay minerals should have a cation exchange

capacity up to 150 milliequivalents per 100 g. Such layered minerals can be modified with

swelling agents by contacting the layered mineral with the swelling agent in an appropriate

liquid or flowable dispersant.

Mulhaupt and coworkers prepared rubber nanocomposites based on butadiene rubber (BR)

and styrene/butadiene rubber (SBR) containing organophilic-layered silicates [43]. The

authors prepared organophilic silicates swollen in a rubber/toluene solution, thus achieving
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an interlayer distance increased from 1.26 nm for montmorillonite to 2.59 nm for

the organoclay.

Intercalation of a montmorillonite nanoclay with a tetralkylammonium salt gave a rubber

compound (a carbon black filled NR/SBR) with lower hysteresis, lower heat build up under

dynamic conditions and significantly reduced compression set [44]. Good results in terms of

well dispersed silicate layers in the rubber matrix were obtained by Kojima who prepared

montmorillonite cation-exchanged with amine terminated butadiene oligomer (ATBN) in a

solvent mixture of N,N0-dimethylsulfoxide, ethanol and water [45]. After this, organophilic

montmorillonite was blended with acrylonitrile/butadiene rubber (NBR) by roll milling, and

the rubber was vulcanized with sulfur. According to TEMobservations, the silicate layers were

well dispersed in the rubber matrix. The tensile stress at 100% elongation of this rubber–clay

nanocomposite, containing 10 phr of montmorillonite, was equal to that of rubber containing

40 phr of carbon black. In this rubber-clay nanocomposite, the permeability of hydrogen and

water decreased by 70% bymeans of adding 3.9 vol%montmorillonite. In general, the benefits

achievable through the use of nanocomposites in innerliners, particularly in the area

of permeability reduction, are one of the most important considerations for advanced

rubber technology [46].

Exfoliated graphite dispersed into nanosheets having a thickness from 100 to 400 nm was

intercalated with polybutadiene, styrene-butadiene rubber, and polyisoprene elastomers to

produce pneumatic tires (for passenger cars, motorcycles and trucks) [47]. Other related

pneumatic applications utilizing the permeation reduction produced by incorporation of

layered silicates could include tire innertubes, air springs and curing bladders [48].

The various mechanisms of rubber reinforcement by active fillers and related to the specific

properties of high performance elastomer goodswere considered [49]. In particular, an analysis

of filler flocculation and clustering on nanoscopic and mesoscopic length scales gave some

quantitative insight into the morphology of filler networks. Based on this analysis, a scaling

approach for the variation of the small strain modulus with filler concentration was described

as well as a recently developed micromechanical material model of stress softening and

filler induced hysteresis of reinforced rubbers, considering the breakdown and reaggregation of

filler clusters.

24.2.3 Other

Layered silicate nanoscale reinforcements are also applicable to bead filler and chafer strips for

stiffening of the upper sidewall, and to belt edge stiffening [37]. There are no benefits

mentioned to chipping and chunking resistance in heavy duty tires, unlike the case for

cellulose short fibers. There are similarly no reports of layered silicates reducing cord

shadowing in tire innerliner applications.

24.3 Rubber Nanocomposite Membranes

Traditionally, the addition of impermeable particles to rubbery polymeric membranes reduces

light gas and vapor permeability as particle loading increases. This phenomenon is well known

for barrier materials. The reduced gas and liquid permeability of nanofilled polymers makes

them attractive membrane materials. According to theoretical predictions [50], the higher the
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aspect ratio of the filler, the larger is the decrease in permeability. The effect of the different

aspect ratio of organoclays such as montmorillonite (MMT) and fluorohectorite (FHT) bearing

the same type of intercalant (that is, octadecylamine, ODA) was best reflected in the oxygen

permeation measurements for hydrogenated nitrile rubber (HNBR)/organophilically layered

silicate nanocomposites [51]. Increasing aspect ratio (MMT<FHT) resulted in higher stiffness

under uniaxial tensile loading. The dispersion state (“secondary structure”) of the organophilic

layered silicates reduced dramatically the oxygen permeability of the rubber matrix based on

the labyrinth principle. The lowest oxygen permeability was measured for the HNBR/FHT-

ODAfilms in which the layered silicates had the highest aspect ratio. According to the authors,

the organo fluorohectorite created a more extended tortuous path against gas penetration

compared to organomontmorillonite, thus, lower permeation values.

Recently, nonporous metal oxide nanoparticles (primary particle diameter as low as 2.5 nm)

have been dispersed in rubbery polymer to make membranes that have over an order of

magnitude higher light gas (that is, CO2, N2, O2, H2) permeability with little or no change in

selectivity relative to the neat polymer, which runs counter to traditional filler rubbery

polymers [52]. For example, the CO2 permeability was 1100 barrers in filled 1,2-butadiene,

as compared to 52 barrers for the unfilled polymer. For both materials, the CO2/N2 selectivity

was 14, at 35 �Cand 3.4 atm. Furthermore, nanocomposites with rubberymatrices often exhibit

significantly improved gas transport behavior at low temperatures. Both light gas permeability

and selectivity increases substantially with decreasing temperature. However, in some of these

materials the gas transport enhancements are limited by the onset of nanoparticle-induced

polymer crystallization, as characterized by permeation and DSC experiments.

Nanocomposite films of polypropylene/styrene-ethylene-butylene-styrene (PP/SEBS) and

organoclay were sheet-extruded with differing clay concentrations [53]. Blends were com-

pounded using a high shear single screw reciprocating kneader. Results demonstrated that

higher clay content increased the Shore A hardness of the films but induced a significant

improvement in both O2 and CO2 barrier performance.

NBR/graphite nanocomposites possess significantly improvedwear resistance andgas barrier

properties, and superior electrical/thermal conductivity [54]. Such versatile functional proper-

ties make NBR nanocomposites a promising new class of advanced materials. Rubber–pristine

clay nanocomposites prepared by co-coagulating rubber latex and clay aqueous suspension

prepared by latex compounding containing graphite nanosheets into elastomeric polymer

matrix gave high-performance elastomeric nanocomposites with improved mechanical and

functional properties.

Nanostructured layered silicates compounded with natural rubber (NR), carboxylated

styrene butadiene rubber (XSBR) and their 70/30 latex blend were investigated for mem-

brane applications and their solvent resistance properties were measured by the equilibrium

swelling method using benzene, toluene and p-xylene [55]. The layered nanostructured

sodium bentonite and sodium fluorohectorite were used as nanofillers. Nanocomposite of

natural rubber (NR), carboxylated styrene butadiene rubber (XSBR) and their blends showed

reduced swelling rate due to the tortuosity of the path and the reduced transport area in

polymeric membrane.

Excellent gas barrier properties were found for butyl rubber/vermiculite nanocompo-

sites [56]. The formulations consisting of a butyl rubber latex (the rubber particles are about

1mm in diameter) to which exfoliated vermiculite was added (at 30 wt%) for which an

independent gas sorption isotherm experiments for CO2 were measured and found to be larger
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than that in butyl rubber possibly due to adsorption on the vermiculite. It was also found that the

transient tortuosity factor defined by the time lag was significantly larger than the steady-state

tortuosity factor defined by permeability.

Significantly decreased gas permeability was found for several rubber–clay nanocompo-

sites, including styrene butadiene rubber (SBR)–clay, natural rubber (NR)–clay, nitrile

butadiene rubber (NBR)–clay, carboxylated acrylonitrile butadiene rubber (CNBR)–clay

nanocomposites, prepared by directly co-coagulating the rubber latex and clay aqueous

suspension [57]. X-ray diffraction (XRD) patterns and transmission electron microscopy

(TEM) micrographs showed that these nanocomposites possessed a unique structure, in which

the rubber molecules “separated” the clay particles into either individual layers or just silicate

layer aggregates of nanometer thickness without the intercalation of rubbermolecules into clay

galleries, different from intercalated and exfoliated clay nanocomposites. According to the

authors, this unique structure resulted in increased glass transition temperature and the tensile

strength, where for the SBR–clay nanocomposite containing 20 phr clay, the strength was 6.0

times higher than that of the conventional SBR–clay composite. The gas permeability of

separated rubber–clay nanocomposites containing 20 phr decreased 50% as compared with the

corresponding gum vulcanizates.

24.4 Applications of Rubber Nanocomposites in Sporting Goods

Using butyl rubber as the matrix, and very high aspect ratio vermiculite filler, flexible coatings

with gas permeability 30–300 times lower than butyl rubber have been produced. These

coatings have been shown to be undamaged by strains up to 20%. The first commercial

application of this technology (sold under InMat’s trademark Air D-Fense) is inWilson’s new,

longer life, Double Core tennis ball, the official ball of the Davis Cup [39, 58]. With its

functional nanocomposite coating approach, InMat implemented solutions to a generic

problem in the rubber industry – too high a permeability for most of its applications. A thin,

flexible coating that combines butyl rubber polymers with vermiculite forms the unique

coating. The new tennis balls using this coating retain air longer, and are able to bounce twice as

long as ordinary balls (improvement in air retention).

Another interesting solution for sport applications is nanosized CaCO3 used in combination

with different elastomers [59]. The reinforcing effect of nanoCaCO3 in different compounds –

NR andNR/NBR blends was used in sports goods such as laminated sheet for inflated balls and

NR based cycle tubes with improved barrier properties and air retention.

A golf ball with an intermediate nanocomposite layer contains exfoliated graphite nanos-

tructures having a thickness <5 nm dispersed in elastomeric matrix of NR, polyisoprene,

polybutadiene, SBR, styrene-propylene or ethylene-diene block copolymer rubbers, to

mention only few [60].

Thermoplastic elastomer polyurethanes (TPU) used for footwear applications as shoe soles

have already well established position on the market. However, different new formulations

containing nanoparticles were developed to improve the dry sliding behavior of TPU of various

types and hardness values [61]. Organoclays with various intercalants were incorporated at 5 wt%

in the TPUs. It was found that the friction and wear characteristics were moderately influenced by

the type of the organoclay albeit the dispersion state of the latter was highly different in the

corresponding TPUnanocomposites. The organoclay reinforcement altered thewearmechanisms,
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compared to the neat versions. TPU systems with high hardness showed lower friction coefficient

and higher resistance to wear than those of lower hardness. The fact that friction and wear

characteristics did not changemuch by contrast to the clay dispersionwere attributed to changes in

the (super)molecular structure of the TPU owing to the organoclay modification.

24.5 Advanced Nanocomposites for Airspace Applications

With rapid advancement of nanotechnology in rubber industry, organoclay and other nano

fillers are introduced to HNBR elastomers as a new filler system leading to high-performance

nanocomposites to meet the increasing demand of aerospace industry [62] for extremely high

operating temperatures and extended material service lifetime (improved thermal stability and

air/water/oil resistance of HNBR elastomer at extremely high temperatures) [63]. In HNBR/

clay nanocomposites exposed to high temperature the organoclay layers provide effective

barriers and tortuous path to heat, oxygen, water and oil evolved, thus slowing the rate of mass

loss during thermal decomposition of HNBR/clay nanocomposites.

Metal Rubber is the first material of its kind, a self-assembled free-standing electrically

conductive elastomer in aerospace areas [64]. Metal Rubber is a novel nanocomposite formed

via the self-assembly processing of metal nanoparticles and elastomeric polyectrolytes. This

type of processing allows for control over bulkmechanical and electrical properties and requires

only ppm quantities of metal to achieve percolation. The use of nanostructured precursors also

results in transparent, electrically conductive nanocomposites. Metal Rubber elastomers are

being developed as sensors to detect fatigue, impact and large strain for aerospace applications.

This novel material may be formed as a conformal coating on nearly any substrate or as free

standing films [65]. There are other aspects of using nanocomposites in aerospace applications.

Polymer composites containing ferrites are increasingly replacing conventional ceramic

magnetic materials because of their moldability and reduction in cost [66]. They are also

potential materials for microwave absorbers, sensors and other aerospace applications. These

flexible magnets or rubber ferrite composites are made possible by the incorporation of

magnetic powders in various elastomer matrices. This modifies the physical properties of

the polymer matrix considerably. g-Fe2O3 dispersed natural rubber exhibited fine dispersion

of iron oxide particles in the rubber matrix. The dispersed particles had irregular shape and

showed agglomeration.

Electromagnetic absorbers are a critical part of electronic systems in applications such as

electromagnetic shielding for air vehicles and wireless communications [67]. However, the

existing electromagnetic absorption materials have several drawbacks: heavy, less durable and

effective only over fixed frequency bands. One way to improve the current electromagnetic

absorbers is to exploit polymer composites reinforced with magnetic nanoparticles (NPs). The

polyurethane (PU) composites reinforced with magnetic NPs having an iron core/iron oxide

shell structure were fabricated by the surface-initiated polymerization (SIP) method. SIP was

observed to fabricate a high particle loading of up to 65wt% in a polyurethanematrixwhile still

maintaining the structural integrity. The calculated metal-backed reflection loss indicated that

the Fe-PU nanocomposite can be used at a substantial weight savings in a discrete frequency

absorption application, when compared with the CIP-PU composite and the commercially

available electromagnetic absorbers. These findings offer the feasibility of developing lighter-

weight microwave absorbers by using magnetic nanocomposites.
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24.6 Nanorubbers in Medicine and Healthcare

Oneof the best knownexample of elastomer used inmedicine is amedical grade silicone elastomer

filled with silica and saline-filled mammary prostheses for breast augmentation and reconstruc-

tion [68]. Different data, however, confirmed that silicone implant patients responded immuno-

logically to the silicon dioxide contained in mammary prostheses and used as a reinforcing

agent [69]; therefore their usage, although again approved by FDA, is still controversial.

Milliken Chemical Speciality Elastomers offers an Elastoguard, a pro-active antimicrobial

rubber (HNBR- or EPDM-based) that provides residual protection against microbial contami-

nation due to silver nanoparticles, thereby dramatically reducing the necessity for a traditional

routine decontamination service agenda [70]. It incorporates a zirconium phosphate-based

ceramic, ion-exchange resin containing silver, which is acknowledged to be safe for human

contact, and it recognised for its antimicrobial effectiveness against a broad spectrum of

microorganisms. Unlike most organic biocides, Elastoguard can be used in food contact

situations and is designed for use in pharmaceutical and medical industries.

InMat’s elastomer nanocomposite is also tested as coatings formedical packaging.Metal Rubber,

successfully tested for airspace applications has also been evaluated at NASA’s Jet Propulsion

Laboratory to determine its suitability for artificial muscles [71]. Another interesting material for

medical applications is natural rubber latex (NRL) containing silver salt. Silver nanoparticles are

formed in a natural rubber matrix via photo reduction of film cast. The nanoparticles, diameters

ranging between 4 and 10 nm, are dispersed within distinct interfaces which correspond to the

interparticle boundaries of the NRL particles that form the matrix. A comparison with the results of

formation of silver in different rubber matrices suggests that the protein in natural rubber is

responsible for the formation of stable silver nanoparticles in the natural rubber (NR) matrix [72].

A novel nanocomposite coating was developed by researchers from Dundee University to

create antibacterial coatings [73]. The coating applied on a polymer by a low-temperature

plasma deposition technique consisted of silver (Ag) and platinum (Pt). The Ag-Pt together act

as “nanoelectrodes”, using the body fluids ormucosa as electrolyte to control silver ion release.

The negatively charged biocompatible polymer attracts silver cations to the device surface to

kill any local or approaching bacteria and inhibit silver ions releasing into the body fluids,

providing extended protection. Such an Ag-Pt polymer system is very promising for urinary

catheters since it can provide greatly improved antimicrobial efficacy and much longer

duration antimicrobial efficacy.

Inherent properties of elastomers such as elasticity which allows good sealing properties,

low gas andwater permeability, excellent oil resistance and a low level ofmigrating substances

from rubber products are relevant for the application of NBR rubbers in food, pharmaceutical

and cosmetics [74].

Nanocomposites comprising biocompatible thermoplastic elastomer matrices and inorganic

nanoparticle fillers represent a new group of composite biomaterials for tissue engineering

scaffolds and biomedical implants and devices. It has been demonstrated that addition of ceramic

nanoparticles, suchasalumina or titania, to polymermatricesgreatly influences theirmechanical,

physical and biological properties [75, 76]. Recently, thermoplastic multiblock polyester

elastomers were fabricated by in situ polycondensation with TiO2 (0.2 wt%) nanoparticles

giving an impressive improvement of fracture strength (100%) and elongation at fracture (300%;

Figure 24.7). The potential of these elastomeric nanocomposites is seen in soft tissue engineering

(tendon implants or shells of breast implants after additional modification).
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Figure 24.7 Stress–strain curves for thermoplastic elastomer (poly(ethylene terephthalate)PET/ester of

dilinoleic acid, DLA) and its nanocomposite with 0.2 wt% TiO2

Table 24.5 Some trade names of rubber nanocomposites

Trade name (supplier) Rubber Nanofiller Note

Air D-Fense, Willson

Double Core

(InMat LLC)

Butyl rubber Vermiculite Innerliners and

sporting goods

NanoTech Elite H-Dþ
(Zhermack)

Vinylpolysiloxanes Silicate Dentistry

Metal Rubber

(NanoSonic Inc.)

Piezoelectric or

conductive rubber

Nanoclusters of Pt, Pd,

Ni, Ti and metal

clusters

Electrically conductive

elastomer for

aerospace

applications

Elastoguard�
(Milliken Chemical

Speciality

Elastomers)

H-NBR, EPDM Silver Antimicrobial

properties, medical

and pharmaceutical

applications
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24.7 Conclusions

Although much progress has been made in nanocomposite development (Table 24.5),

continuing advances would facilitate a broader range of applications. Further commercializa-

tion of rubber nanocomposites will likely depend on optimizing their structure, dispersion and

interfacial properties for broader mechanical and physicochemical performance. Better

economics will ensue as volumes grow along with methodolgies for efficient and consistent

manufacturing. But enhanced reliability in applications will depend on rapid and accurate

characterization procedures that can be used for quality assurance and control. Finally, health

and environmental issues must be identified and addressed.
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