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Preface

It is known that at least 3,000 years before the first Europeans saw natural rubber,
and the Mesoamerican communities had developed ways of collecting it and
forming it into a variety of objects such as toys, domestic products, and items
related to ritual sacrifice to tribute payments [1]. However, rubber became an
indispensable factor of industry and of daily life after one of the effective discov-
eries and developments of mankind, namely the vulcanization technology in years
1839-1844 by Charles Goodyear and Thomas Hancock, i.e., the transformation of a
material, which is sticky when warm and brittle when cold, to a high-deformable
chemically cross-linked elastic solid. Since that time the rubber industry was estab-
lished and has shown a markedly progressive development over the last period
of more than 100 years. Developments in the field of synthetic elastomers have
progressed so rapidly that the whole concept of rubber technology has changed
several times and became adapted to changing demands from society. Currently, a
larger number of activities are directed to ways to improve fuel economy, having in
mind that world population is growing and the demand for transportation vehicles is
increasing rapidly, especially in developing countries. One example to improve fuel
economy — with respect to rubber materials — is by reducing the rolling resistance of
tires. For every rotation of a tire, it consumes energy as it deforms going through the
footprint area in contact with the road surface. Under the condition that other tire
properties such as wear, abrasion, and wet skid properties will not fail, this goal can
be reached to a large extent by the development of new tire tread rubbers.

In order to produce high-performance elastomeric materials, the incorporations
of different types of nanoparticles such as layered silicates, layered double hydro-
xides, carbon nanotubes, and nanosilica into the elastomer matrix are now growing
areas of rubber research. However, the reflection of the “nano effect” on the pro-
perties and performance can be realized only through a uniform and homogeneous
good dispersion of filler particles in the rubber matrix.

Furthermore, another advantage of nanofillers is not only to reinforce the rubber
matrix but also to impart a number of other properties such as barrier properties,
flammability resistance, electrical/electronic and membrane properties, and poly-
mer blend compatibility. In spite of tremendous research activities in the field of
polymer nanocomposites during the last two decades, elastomeric nanocomposites

ix
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are still in a stage of infancy as far as their application is concerned. The major
challenge in this regard is the replacement of carbon black and silica which are
mostly used in bulk amount in rubber compositions by a small amount of nanofillers
to achieve desirable combination of properties. Corresponding recent research
activities are described in the contributions of Bhowmick et al. and Das et al.
within the prevailing volume about Advanced Rubber Composites. In both con-
tributions, the reader finds also useful information about how the emergence of
advanced characterizing techniques has facilitated the present surge in the field of
rubber nanotechnology. Insightful research has combined the advances in diverse
disciplines to elucidate the structure—property bonhomie in polymer nanocompo-
sites. Developments in synthesis and processing have enabled formation and
monitoring of engineered nanoassemblies, while giant steps in analytical techni-
ques such as microscopy and diffraction studies have enabled the precise determi-
nation of structural evolution across various length scales in the rubber material.

The contribution of Noordermeer et al. reports about progress how plasma poly-
merization of acetylene, thiophene, and pyrrole is used to modify the polar nature of
silica and carbon black powders as reinforcing fillers for rubber. Silica turns out to
be very easy to modify with plasma polymerization because of its reactive surface
containing a large amount of siloxane and silanol species. These research activities
are straightforward directed to “green tires” because the potential advantages of
silane-coupled silicas for reducing rolling resistance in high-performance passenger
car tire treads were demonstrated in tire results since approximately 15 years.

The contribution of Babu and Naskar gives a comprehensive overview on the
recent developments of the thermoplastic vulcanizates (TPVs) with special refer-
ence to the technological advancement. TPVs combine high volume molding capa-
bility of thermoplastic with elastomeric properties of thermoset rubber. Therefore,
they land themselves to broad area of applications in various fields.

The last contribution in the prevailing volume deals with the application of a
relatively new class of materials based on the addition of (electron-beam) activated
polytetrafluoroethylene (PTFE) powder in rubber matrixes for preparing PTFE-
based elastomeric composites. Besides other properties, the remarkably lower
friction coefficient of PTFE enables its utilization for tribological applications.
However, PTFE in rubbers has not been fully explored mainly due to its inherent
chemical inertness and incompatibility. The present work signifies the electron
modification of PTFE powder to improve its compatibility with rubber matrixes,
the state of the art regarding its application in rubbers, and the preparation of PTFE-
based elastomeric composites for several tribological applications.

Dresden Gert Heinrich
April 2010
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Morphology-Property Relationship
in Rubber-Based Nanocomposites: Some
Recent Developments

A.K. Bhowmick, M. Bhattacharya, S. Mitra, K. Dinesh Kumar, P.K. Maji,
A. Choudhury, J.J. George, and G.C. Basak

Abstract Recently, rubber nanocomposites reinforced with a low volume fraction
of nanofillers have attracted great interest due to their fascinating properties.
Incorporation of nanofillers such as layered and fibrillated silicate clays, carbon
nanotubes and nanofibers, calcium carbonate, metal oxides, or silica nanoparticles
into elastomers can significantly improve their mechanical, thermal, dynamic
mechanical, electrical, aging, barrier, adhesion, and flame retardancy properties.
These also significantly alter the rheological behavior of polymers, even at low
filler loading. The properties of nanocomposites depend greatly on the structure of
the polymer matrices, the nature of nanofillers, and the method by which they are
prepared. It has been established that uniform dispersion of nanofillers in rubber
matrices is a general prerequisite for achieving desired mechanical, rheological,
and physical characteristics. This review paper addresses some recent develop-
ments on the morphology—property relationship of rubber-based nanocomposites
reinforced with various nanoparticles. New insights into understanding the proper-
ties of these nanocomposites and morphology development will be discussed.

Keywords Clay - FElastomer - Mechanical properties - Morphology
Nanocomposite - Nanofiller - Rubber
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Symbols and Abbreviations

XAB Rubber—solvent interaction parameter
Xcp Clay—solvent interaction parameter
10A Cloisite 10A

15A Cloisite 15A

20A Cloisite 20A

30B Cloisite 30B

ACM Acrylic rubber

AFM Atomic force microscopy

BIMS Brominated poly(isobutylene-co-para-methylstyrene)
BR Polybutadiene rubber

Ch Chloroform

CNF Carbon nanofiber

CNT Carbon nanotube

CPE Chlorinated polyethylene

CR Chloroprene rubber

DMA Dynamic mechanical analysis
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DS-LDH

EB
EELS
EG

EMI
ENR
EPDM
EPR
EVA
FEM
FKM
Fmax
FTIR/IR
HNBR
HPU
HRTEM
IAF

iPP

k

K*-
LDH
MD
MEK
MWCNT

NA
NBR
NR
o-MMT
PEB
phr
PNC
PP
PPU
PS
PU
PVA
RF
SAF
SALS
SANS
SAXS
SBR
SEBS

Laboratory-synthesized organophilic dodecyl sulfate-intercalated
layered double hydroxide

Electron beam

Electron energy loss spectroscopy

Expanded graphite

Electromagnetic interference

Epoxidized natural rubber

Ethylene propylene diene methylene rubber
Electron paramagnetic resonance

Ethylene vinyl acetate

Finite element method

Fluorocarbon elastomer

Maximum force value

Fourier transform infrared spectroscopy
Hydrogenated acrylonitrile-butadiene rubber
Hyperbranched polyurethane

High resolution transmission electron microscopy
Interface area function

Isotactic polypropylene

Consistency index

MMT Potassium montmorillonite clay

Layered double hydroxide

Molecular dynamics

Methyl ethyl ketone

Multiwall carbon nanotubes

Flow behavior index

Unmodified sodium montmorillonite clay, Cloisite Na*
Acrylonitrile-butadiene rubber

Natural rubber

Organically modified sodium montmorillonite clay
Polyethylene butylene

Parts per hundred parts rubber

Polymer nanocomposite

Polypropylene

Polyester polyurethane

Polystyrene

Polyurethane

Polyvinyl alcohol

Reinforcement factor

Surface area factor

Small angle light scattering

Small angle neutron scattering

Small angle X-ray scattering

Styrene butadiene rubber
Poly(styrene—ethylene-co-butylene—styrene) triblock copolymer
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SEM Scanning electron microscopy

Si-69 Bis(3-triethoxy silylpropyl) tetra sulfide

SP Sepiolite clay

SPM Scanning probe microscopy

SSEBS Sulfonated poly(styrene—ethylene-co-butylene—styrene) triblock co-
polymer

SSNMR  Solid state nuclear magnetic resonance

STEM Scanning tunneling electron microscopy

TEM Transmission electron microscopy

TEOS Tetraethoxysilane

T, Glass transition temperature

THF Tetrahydrofuran

TPU Thermoplastic polyurethane

WAXD Wide angle X-ray diffraction

XRD X-ray diffraction

1 Introduction

In the last two decades, the omnipresence of nanomaterials in polymeric systems
has ushered in a new era of nanostructured polymeric materials. Proliferating in the
realm of interdisciplinary sciences, the prodigious growth of these advanced mate-
rials has obliterated the boundaries of the conventional academic disciplines of
chemistry, biology, materials science, and engineering. The exemplary interfacial
interaction between the matrix and the nanofiller particles via small-scale design
enables these organic—inorganic hybrid materials to play important roles as struc-
tural composites [1].

Interfacial structure is known to be different from bulk structure, and in poly-
mers filled with nanofillers possessing extremely high specific surface areas, most
of the polymers is present near the interface, in spite of the small weight fraction of
filler. This is one of the reasons why the nature of the reinforcement is different in
nanocomposites and is manifested even at very low filler loadings (<10 wt%).
Crucial parameters in determining the effect of fillers on the properties of compo-
sites are filler size, shape, aspect ratio, and filler—matrix interactions [2-5]. In the
case of nanocomposites, the properties of the material are more tied to the interface.
Thus, the control and manipulation of microstructural evolution is essential for the
growth of a strong polymer—filler interface in such nanocomposites.

The emergence of advanced characterizing techniques like high resolution
transmission electron microscopy (HRTEM) [6], scanning probe microscopy
(SPM) [7], small angle X-ray and neutron scattering [8], Raman spectra [9] etc.
has facilitated the present surge in the field of nanotechnology. Insightful research
has combined the advances in such diverse disciplines to elucidate the structure—
property relationship in polymer nanocomposites (PNCs). Developments in synthe-
sis and processing have enabled the formation and monitoring of engineered



Morphology—Property Relationship in Rubber-Based Nanocomposites 5

nanoassemblies, while giant steps in analytical techniques such as microscopy and
diffraction studies have enabled the precise determination of structural evolution
across various length scales. Finally, polymer physics and computer simulation
have not only successfully performed structure—property correlations by integrating
the observed properties with the concomitant structure, but have also been extended
to describe and prognosticate the micromechanics of these PNCs [10, 11].

The PNC properties depend not only on the properties of the individual compo-
nents, but also on the entwined morphology and interfacial characteristics of the
constituting phases. Hence, research has focused on the ability to generate and
control nanoscale structures through innovative synthetic approaches. Analogous to
polymer blends, any physical mixture of a polymer and nanoparticle does not
necessarily form a nanocomposite, and particle agglomeration tends to reduce the
strength and produce weaker materials. Lamellar nanocomposites provide oppor-
tunities to enhance the interface interactions between the two phases by rendering
the intralamellar space potentially accessible to a polymer and other foreign
species. The complete dispersion of nanolayers in a polymer optimizes the number
of available elements for carrying an applied load, deflecting cracks, conducting
electrons (through graphitic layers), and hindering solvent/fluid transport across the
matrix etc. However, it is not easy to achieve complete exfoliation of clays and,
with few exceptions, the majority of the PNCs reported in the literature were found
to have intercalated or mixed intercalated exfoliated nanostructures [12, 13]. Thus,
the importance of establishing the best-suited morphological structure to elicit the
desired performance property can never be overemphasized.

The structure—property correlation of ome rubber-based nanocomposites has
been studied by various authors in different forms by using different techniques.
For instance, brominated poly(isobutylene-co-para-methylstyrene) BIMS/clay
nanocomposites have been investigated with different nanoclays modified by
organoamines (octadecyl amine, a primary amine, and hexadecyltrimethylammo-
nium bromide, a tertiary amine) by Maiti et al. [14], while those of polyester-based
polyurethane nanocomposites have been investigated by Maji et al. [15]. They
confirmed from X-ray diffraction and transmission electron micrographs that dis-
persion of the modified nanoclay in polymer with 3% loading exhibited an excellent
improvement in tensile strength (by ~100%), thermal stability (20°C higher),
storage modulus at 25°C (by ~135%), and adhesive properties (by ~300%) over
the pristine polyurethane (PU) [15].

Mohammadpour and Katbab observed that the melt rheological behavior and
broadening of the retardation time spectra in ethylene propylene diene methylene
rubber (EPDM) rubber having high molecular weight but low branching suggests a
high degree of exfoliation, demonstrating the matrix microstructure dependence of
nanofiller dispersion [16]. The three-dimensional (3D) state of silica or carbon
black dispersion in nanocomposites has been visualized using 3D-TEM by Kohjiya
et al. [17], and the authors found a kind of network structure being formed in the
rubber. Conjoining the resistivity results with a structural parameter, i.e., the nearest
neighbor distance from 3D-TEM images, between carbon black aggregates
revealed that enhanced electron conductivity in such carbon black composites



6 A.K. Bhowmick et al.

was because of electrons hopping over the rubber phase (which is an insulator) into
the black aggregates.

The morphology and mechanical behavior of styrene-based block copolymer/
silicate nanocomposites tailored through selective incorporation of silicate via
domain-targeted in situ sol-gel reactions were studied by Kwee and Mauritz
using transmission electron microscope (TEM) and mechanical testing and were
found to exhibit frustrated morphologies [18]. Vaia et al. observed deconvolution
of in situ X-ray scattering during deformation, indicating that carbon nanotubes
(CNTs) not only brings about mechanical enhancements, but also impacts the soft-
segment crystallization in TPU nanocomposites [19]. This is attributed to the
change in yield and strain hardening characteristics of the nanocomposites with
deformation-induced morphological changes. Similar insights have been provided
by Krishnamoorti and coworkers with regard to the rheological [20] and viscoelas-
tic properties of nanocomposites based on polymer blends [21].

In rubber—plastic blends, clay reportedly disrupted the ordered crystallization of
isotactic polypropylene (iPP) and had a key role in shaping the distribution of iPP
and ethylene propylene rubber (EPR) phases: larger filler contents brought about
smaller, less coalesced and more homogeneous rubber domains [22]. Clays, by
virtue of their selective residence in the continuous phase and not in the rubber
domains, exhibited a significant effect on mechanical properties by controlling the
size of rubber domains in the heterophasic matrix. This resulted in nanocomposites
with increased stiffness, impact strength, and thermal stability.

Microstructure—property correlations in dynamically vulcanized thermoplastic
elastomers based on polypropylene (PP)/EPDM have shown that clay was nearly
exfoliated and randomly distributed into the continuous polypropylene phase [23].
SEM photomicrographs revealed that the size of rubber particles increased with
clay incorporation. Also, the clay layers act as nucleating agents, resulting in higher
crystallization temperature and reduced degree of crystallinity.

Multiscale modeling and simulation strategies have been devised to obtain
fundamental understanding of the hierarchical structures and behaviors necessary
for development of polymeric nanocomposites. Till date, some theoretical efforts
have addressed the structural changes in polymer chains due to the addition of
spherical nanoparticles. The variables like particle size, particle loading, chain
length, and particle—polymer interaction strength have been studied. Sharaf and
coworkers [10, 24] found that the volume fraction and/or the size of nanoparticles
as well as their spatial arrangement in a polymer matrix significantly affect the end-
to-end chain distance. Buxton and Balazs [11] used a lattice spring model to
investigate the effects of filler geometry and intercalation and/or exfoliation of
clay platelets. They attributed the reinforcement efficiency to the volume of poly-
mer matrix constrained in the proximity of the particles.

In order to understand the effects of filler loading and fillerfiller interaction
strength on the viscoelastic behavior, Chabert et al. [25] proposed two microme-
chanical models (a self-consistent scheme and a discrete model) to account for the
short-range interactions between fillers, which led to a good agreement with the
experimental results. The effect of the filler—filler interactions on the viscoelasticity
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of filled crosslinked rubber was studied by Raos et al. [26] via dissipative particle
dynamics simulation, and filler—filler interactions were found to have a clear effect
on the dynamic shear modulus.

The effect of polymer—filler interaction on solvent swelling and dynamic
mechanical properties of the sol-gel-derived acrylic rubber (ACM)/silica, epoxi-
dized natural rubber (ENR)/silica, and polyvinyl alcohol (PVA)/silica hybrid nano-
composites was described by Bandyopadhyay et al. [27]. Theoretical delineation of
the reinforcing mechanism of polymer-layered silicate nanocomposites has been
attempted by some authors while studying the micromechanics of the intercalated
or exfoliated PNCs [28-31]. Wu et al. [32] verified the modulus reinforcement of
rubber/clay nanocomposites using composite theories based on Guth, Halpin—Tsai,
and the modified Halpin—Tsai equations. On introduction of a modulus reduction
factor (MRF) for the platelet-like fillers, the predicted moduli were found to be
closer to the experimental measurements.

New strategies for multiscale modeling and simulation may be essential for
accurate prediction of the physicochemical properties and material behavior, which
link the methods from microscale to mesoscale and macroscale levels [33]. In this
chapter, we have highlighted the current research on rubber nanocomposites using a
broad gamut of nanofillers, with particular reference to enhancement of typical
properties. In addition, we have tried to provide newer insights into understanding
morphology—property correlations.

2  Morphology Development During Preparation
of Nanocomposites

2.1 Understanding Morphology and Its Characterization
in Polymer Nanocomposites

A thorough knowledge of the morphological traits encountered in PNCs is the first
prerequisite for any attempt at comprehension and analysis of their performance
and properties. Depending on the strength of interfacial interactions, the intrala-
mellar composition, and the length scales of lamellar separation, lamellar nano-
composites can be divided into two distinct classes: intercalated and exfoliated. In
the former, the polymer chains alternate with the inorganic layers in a fixed
compositional ratio and have a well-defined number of polymer layers in the
intralamellar space. The result is a well-ordered multilayer structure of alternating
polymeric and inorganic layers, with a repeat distance between them. Intercalation
causes typically less than 2—3 nm separation between the platelets [34].

In exfoliated nanocomposites, delaminated structures are obtained if a large
number of polymer chains are present between the layers and the layers stand
>10 nm apart. Thus, the interlayer expansion is comparable to the radius of
gyration of the polymer rather than that of an extended chain, as in the case of
intercalated hybrids [35].
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Microcomposite Exfoliated nanocomposite Intercalated nanocomposite

Fig. 1 Types of lamellar polymer-nanocomposites

When the polymer is unable to intercalate between the lamella (for example, in
silicate sheets) a phase-separated (aggregated) composite is obtained, whose prop-
erties are in the same range as for traditional microcomposites. The two types of
lamellar PNCs are depicted in Fig. 1.

The exfoliation or delamination configuration is of particular interest because it
maximizes the polymer—clay interactions, making the entire surface of layers
available for a polymer, and thereby yields better properties than intercalated ones.

2.2 Influence of Mean-Field-Lattice-Based Theory on the
Morphology Development of Polymer-Based Nanocomposites

Choudhury et al. [36] in their work on hydrogenated nitrile butadiene rubber
(HNBR)-nanoclay systems showed the thermodynamic aspects of nanocomposite
formation using the mean-field-lattice-based description of polymer melt inter-
calation, which was first proposed by Vaia and Giannelis [37]. Briefly, the free
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energy change per interlayer volume, Afy, associated with polymer intercalation, is
expressed as [37]:

Afy = Aey — TAs,, D

where Ae, and As, are the internal energy and the entropy change per interlayer
volume, respectively, given as:

As, = NaKp [Ashn 4 Aghobmer]

2 (a2 @
- ffwen - ST G ]

1/2 2
AeV = ¢1¢2 é (h() Esp,sa + r283p> . (3)

As, is expressed as the sum of the entropy change associated with organically
modified silicate As,™", and the entropy change associated with confinement of
the polymer, As,P*Y™". N, is Avogadro’s number and Ky is the Boltzmann
constant. g and / are the initial and final gallery heights after polymer intercalation,
respectively. m;, v;, @;, 1;, and a; are the number of segments per chain, the molar
volume per segment, the interlayer volume fraction, the radius of the interaction
surface, and the segment length of the ith interlayer species. u is a dimensionless
excluded volume parameter, Q is a constant near unity, and ys and ygo are the
fraction of interlayer volume near the surface at height / and A, respectively, which
influence the potential chain conformations. &,, represents the pairwise interaction
energy per area between the aliphatic chains and the polymer, and &g 5o = &p — &sas
is the difference between the pairwise interaction energy per area between the
aliphatic chain and the surface (&g,) and that between the polymer and the surface
(€ap)- Xs(h) can be constructed as:

1s(h) = %cos2 (g hi> . 4)

The values of As, and Ae, calculated for different nanocomposites from (2) and
(3) are listed in Table 1.

It is well known that mixing of two components is most favorable when the free
energy change (AGs or Af,) of the system, is negative. Table 1 shows that Ae,, for S1-
30B-4 is negative and lowest. Hence, AGs or Af, is lowest for these two nanocom-
posites. In the case of S1-NA-4, Aey is +0.84 nm ', indicating the fact that mixing of
this clay in the rubber matrix is not favorable. Table 1 also shows that the entropy

Table 1 Values of internal energy (Ae,) and entropy change (As,) for different nanocomposites

Sample name Ae, (nm ™) Asy, K ' mol™ ' m™3) x 1073
S1-30B-4 —0.20 1.58
S1-15A-4 —0.05 0.77
S1-NA-4 +0.84 -20

S1 hydrogenated nitrile butadiene rubber
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change per interlayer volume for S1-30B-4 and S1-15A-4 is positive, while for S1-
NA-4 it is negative. These results prove that for S1-NA-4, the interaction between
polymer and clay is not favorable and, hence, it forms agglomerates when added into
the rubber matrix. Qualitatively, when the polymer chains enter and become trapped
in the rubber matrix in the initial stage as in S1-30B-4, then motion is restricted and as
a result ASg is expected to be negative. However, in the later stage, the polymer
chains break the layer structure of the clay until complete exfoliation occurs and the
silicates are distributed throughout the matrix, accounting for a highly positive ASc
and compensating the entropy loss in the initial stage. Hence, the overall entropy
change ASj is expected to be positive, making AGs negative. ASg, ASc and ASs are
the entropy increments associated with the mixing process for the elastomer, the
nanofillers and the system, respectively.

2.3 Important Characterization Techniques for Study
of Morphology

For appropriate comprehension of morphology and the concomitant structure—
property correlations in nanocomposites, knowledge of the state and extent of
nanofiller dispersion in the matrix is of paramount importance. Numerous methods
have been reported in the literature in this regard, for instance, WAXD [6, 38],
SAXS [8, 39], SANS [40], SEM, TEM [6, 41], AFM [7, 42], HRTEM, STEM,
EELS [43], SSNMR [44], EPRS [45], UV/vis/NIR, FTIR [46], Raman spectroscopy
[9], and SALS [47].

Amongst all those listed above, the two methods often used to determine the
structure of nanocomposites are WAXD and TEM. Although WAXD offers a
convenient and often-practiced method to determine the interlayer spacing, it cannot
be considered all-conclusive. The absence of Bragg diffraction peaks alone means
that it cannot be used to determine the formation of an exfoliated structure, as it
might lead to false interpretations. Several factors such as clay dilution, peak
broadening, and preferred orientation make XRD characterization of PNCs suscep-
tible to errors. To supplement the deficiencies of WAXD, TEM can be used [6, 48].
XRD data are averaged over all the regions of the specimen, whereas TEM can
provide a qualitative understanding of the internal structure, spatial distribution of
the various phases and, hence, the morphology of the nanocomposites.

In subsequent discussion, we will demonstrate the use and interpretation of some
of these techniques. Figure 2a shows typical XRD traces of nanocomposite systems
of styrene butadiene rubber (SBR) containing unmodified and modified nanoclay,
describing an exfoliated and intercalated nanocomposite [S5]. TEM photographs of
these systems are also given in the same figure (Fig. 2b, c¢). In the present case, the
information obtained from both the techniques is complimentary.

AFM is a state of the art technique for characterizing nanocomposites. Ganguly
et al. [49] used AFM for qualitative phase morphological mapping as well as for
quantitative investigation of surface forces at constituting blocks and clay regions
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Fig. 2 a XRD spectra of nanoclays and SBR-based nanocomposites. b-¢ TEM images of SBR-
based nanocomposites

Fig. 3 AFM tapping mode phase morphology of the SEBS/ 20A nanocomposites

of these thermoplastic elastomeric nanocomposites [49]. Figure 3 shows the tap-
ping mode phase morphology of the poly(styrene—ethylene-co-butylene—styrene)
(SEBS) nanocomposites using the AFM technique.

Mapping of the elastic modulus of the glassy and rubbery blocks and clay
regions was probed by employing Hertzian and Johnson—-Kendall-Roberts (JKR)
models from both approaching and retracting parts of the force—distance curves. In
order to determine the elastic properties of SEBS nanocomposites in its different
constituting zones, the corrected force—distance curve was fitted to the Hertz model:

_mkA(1 —?)
9= 2Ftano, ©)
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where 0 is the depth of penetration on the domains, and E is the modulus from load
curve (the contact portion of force curves). o is the half angle of the tip geometry,
and kA gives the force exerted on the SEBS sample.Modulus (Esumpie) can be
calculated from 0, using:

5 1/3
| (Rtip + Wsample) (1- Vgample)

d* 2/3 ( 6)
Esz'ampleR[iPI/VS'dele ( )

0= ( —d*) =0.825

and assuming the AFM tip apex as sphere and the AFM cantilever as a spring
attached to the sphere in series. The penetration by the tip, 0, is measured from the
difference between cantilever traversed (z* — d*), where |z* = z — zp| is the dis-
tance traversed from just-contact point (z*) to present z scan position (zq) calculated
from force plot, and the term |d* = d — dp| is the difference between non-contact
deflection (dy) and present deflection (d) at present z position. kis the spring
constant (0.12 nm™ ') for contact mode AFM tip; Rypis the radius of curvature of
the hemispherical portion of the apex of the contact mode tip, ~10 nm; and Wgample
is assumed to be the lamellar width or thickness of the domains or the clay regions
on the surface of nanocomposite under investigation. Vgample is Poisson’s ratio of
the selected segments on the surface, namely soft PEB (0.5), harder PS (0.33) and
clay (0.25).

Values of Eg,mpie Were calculated for the constituting domains of SEBS (PS and
PEB) and for the nanoclay regions in the SEBS/clay nanocomposite using (6) and
are provided in Table 2. The modulus of the clay platelets was found to be
100 MPa, whereas the modulus for PS and PEB blocks was determined to be 22
and 12 MPa, respectively. These modulus values tallied with the slow strain-rate
macromechanical tensile data of 26 MPa for the SEBS/clay nanocomposite
(Table 2). The lower calculated modulus values of nanoclays compared to the
literature might be due to adhering soft rubber on the nanoclays, which reduces
the overall modulus of clay regions in the composite.

Due to adhesive interaction in the retracting portion of the force—distance (f~d)
curve, the JKR model registered better insight into nano-mechanical measurements

Table 2 Modulus of SEBS/clay nanocomposites from models and the actual bulk modulus

Block and clay Modulus from Localized Modulus from Bulk modulus®

regions of SEBS Hertz model sample JKR model of SEBS/clay

nanocomposite (Esample)» MPa deformation (Eg;%ple), MPa nanocomposite,
(9), nm MPa

Soft PEB block 12 +£1 50 15+1 26 £ 1

Hard PS block 22 +1 30 24 +£1

Clay regions 100 £ 5 02 105 £5

*Measured with 50 mm min~" strain rate in Universal Testing Machine Zwick 1445 (Zwick, Ulm,
Germany)
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of forces, where large deformation and adhesive energy were involved. Elastic
modulus of the sample could be obtained from JKR theory by:

adh(1 - Vz)

F
EXR - ~0.95 , 7
RO

Sample

where Fq, is the pull-off force, v is Poisson’s ratio, R is the radius of curvature of
the probe tip, and 0 is the localized sample deformation in PS, PEB, or clay regions
in the SEBS/clay nanocomposite.

From the calculation in (7), the softer PEB region was shown to have maximum
adhesive force in nature with the calculated modulus in the range of 15 + 1 MPa
(Table 2). The harder PS domains found to have modulus in the range of 24 £ 1
MPa in the SEBS/clay nanocomposite. The non attractive clay regions generally did
not fit the JKR model. This was the reason for obtaining much less modulus than
that of the literature values for clays in the GPa range. The discussion infers that the
bulk modulus of the SEBS/clay nanocomposite (26 + 1 MPa as shown in Table 2)
was dictated by the contribution from PS domains in the matrix.

SAXS presents itself as significant tool when the layer spacings exceed 6—7 nm
in intercalated nanocomposites or when the layers become relatively disordered in
exfoliated nanocomposites. The effects of nanoclay on the order structure of SEBS
have been studied by Ganguly et al. [50] by comparing the intensity versus
scattering vector plots by SAXS (Fig. 4a) for neat SEBS and its nanocomposites.
All the samples show at least two-order scattering with the peak position ratio of
1:2, indicating the layered (lamellar) structures (Fig. 4a). With nanoclay loading,
the corresponding lengths calculated from scattering vector positions (q, nm "), for
both the first and the second order peaks, are found to increase. Among these, the
incorporation of 2 pbw (parts per 100 parts rubber by weight) loading of Cloisite
20A shows the maximum increase, with 4 pbw depicting an almost similar effect as
shown in the Lorentz corrected SAXS profiles in Fig. 4a, b. In order to further
confirm the effects of nanoclays on SEBS, 2D SAXS studies clearly detect a distinct
pattern at 2 pbw of Cloisite 20A loading. Isotropic circular rings are observed in the
2D SAXS pattern for the as-cast sample films. These rings were ascribed to
diffraction resulting from 1D alternating lamellar microdomains and the ratio of ¢
values for the first and second diffraction rings can relatively be assigned to 1:2.
After 4 pbw loading of Cloisite 20A, the patterns become more and more diffused
and corroborated well with the SAXS profile (Fig. 4b).

However, caution must be exerted with regard to overreliance on scattering
techniques used for delineation of nanoscale morphologies. The underlying
reason is the fact that phase information is lost in scattering and, as more than
one morphology could account for the observed scattering, one cannot uni-
quely determine the structure. Electron microscopic imaging, on the other hand,
corresponds to real-space analysis and thus is in principle more powerful than
small-angle scattering (reciprocal-space analysis) for a description of nanoscale
morphologies [51].
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2.4 Development of Characteristic Morphologies During
Preparation

The delayed development of elastomeric nanocomposites, compared to thermo-
plastic or thermoset nanocomposites, can be attributed to the fact that for elastomers
to exhibit real-life functionality, several ingredients (e.g., curing agents, coagents,
processing aids, reinforcements, and fillers) have to be incorporated into them.
These additives might interact with the nanofillers and hinder the development of
the requisite and desirable morphology. Hence, it was a great challenge. It is
necessary to recognize and utilize the best mixing technique for dispersing nano-
fillers in rubber matrices. Once researchers understood this prerequisite, there was a
spur in activities in this field. The ensuing development of rubber nanocomposites,
from the very nascent stages, has been collated in two review papers [5, 52].

The effects of the type of nanofiller, its loading, the modifier, and the nature of
the rubber used etc. all have a bearing on the eventual property manifestations.
However, the preparation of these nanocomposites through their actual processing
and curing conditions casts the final die with regard to mechanical [53], barrier [54],
thermal [55, 56], flame retardance [57], electrical [58], and optical properties [59].
Various techniques have been explored for achieving the often illusive exfoliated
morphology [5]. These include solution blending [9, 50, 60—-64], latex compound-
ing [65-69], melt intercalation [49, 70—78], and in situ polymerization [79-82]. For
instance, unmodified-clay-loaded SBR [83] and natural rubber (NR) [84] nanocom-
posites showed agglomeration when prepared using melt mixing technique. Inter-
estingly, a few rubbers like nitrile butadiene rubber (NBR) [83], SEBS, and
fluorocarbon elastomer (FKM) [85] could even exfoliate unmodified clay, thus
leading to enhanced properties of the nanocomposites. It must be noted here that
the latter nanocomposites were all prepared using the solution mixing technique.
Also, it is common knowledge that the nature of solvent used to prepare the
nanocomposites affects the morphology and properties [86].

2.4.1 Solution and Melt Mixing

Ganguly et al. [49] compared two processing techniques, namely, solution and melt
blending, from the point of view of morphological differences. With state-of-the-art
AFM, they showed distinctly different morphologies in nanocomposites prepared
through solution and melt processing. Figure 5 shows the morphology of SEBS
nanocomposites prepared by solution mixing techniques. The morphology changes
as soon as different techniques for the preparation are adapted. The lamellar
thickness of the soft phases of SEBS was widened in nanocomposites, where the
layered clay silicates were embedded in the soft rubbery phases in the block copoly-
meric matrix of the nanocomposite (also shown in Fig. 3). In the new morphology,
when nanoclays are embedded in the matrix, the soft phases are widened to
50-75 nm patches from their original width of 12—15 nm.
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Fig. 5 a Surface phase morphology of melt-processed neat SEBS. b Height and phase images of
bulk melt intercalated SEBS/20A; the inset shows the hexagonal packed morphology of PS blocks.
¢ Solution-cast bulk phase morphology of SEBS/20A showing lamellar architecture with clay
positioning

Figure 5a shows the regular array along with some frustrated portions (marked
with the triangular boxes within the image) due to the high pressure and tempera-
ture associated with melt processing of neat SEBS. Extrusion and subsequent mold-
ing of SEBS/20A nanocomposite also generates a regular array-like morphology
for both the surface and the bulk morphologies of the nanocomposites (Fig. 5b).
However, this type of morphology undergoes transformation during solution blend-
ing into a worm-like morphology (Fig. 5c).

2.4.2 In Situ Preparation and Solution Mixing

Morphological structures and properties of a series of poly(ethyl acrylate)/clay
nanocomposites prepared by the two distinctively different techniques of in situ
ATRP and solution blending were studied by Datta et al. [79]. Tailor-made PNCs
with predictable molecular weights and narrow polydispersity indices were prepared
at different clay loadings. WAXD and TEM studies revealed that the in situ approach
is the better option because it provided an exfoliated morphology. By contrast,
conventional solution blending led only to interlayer expansion of the clay gallery.

The dispersion behavior of organoclay affected the visual appearance of the
hybrid composites (Fig. 6a, b). The composites containing Si particles predominantly
as a finely dispersed phase were transparent, e.g., PNCI2 [nanocomposite prepared in
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Fig. 6 TEM micrographs of the PNCs: a PNCSL2 and b PNCI2

situ by atom transfer radical polymerization (ATRP) with 2 wt% of 30B nanoclay
loading], whereas the composites having some localized agglomerated Si particles
were optically translucent in nature, e.g., PNCSL2 (nanocomposite prepared by
solution blending with 2 wt% of 30B nanoclay loading). As shown in Fig. 6a, the
nanocomposites prepared by solution blending had parallel stacks of clay lamella
(dark contrast), and this also supported the intercalated structure obtained from the
XRD data.

The same group carried out ATRP of EA in bulk at 90°C in the presence of
organically modified nanoclay as an additive. They found remarkable enhancement
in the rate of polymerization as compared with the ATRP of EA without nanoclay.
Interestingly, the resulting nanocomposites had exfoliated clay particles, as evident
from WAXD and TEM studies [80].

The necessity of dispersion of nanofillers for enhancement of properties of
nanocomposites has been well-documented. Literature describes various techni-
ques used for preparation of the rubber-based nanocomposites [5]. These processes
have their inherent pros and cons, but seldom have these issues been quantitatively
documented or the processes combined together to synergize and overcome the
failings of a technique.

2.4.3 Mixing in an Extruder

Dennis et al. [87] described morphology generation using extruders having differ-
ences in screw design and flow rates. They concluded that the degree of delamina-
tion and dispersion of nylon-6/clay nanocomposites were affected by the type of
extruder and its screw design. The nonintermeshing twin screw extruder yielded the
best results. A balance was found to be necessary between the residence time and an
optimum shear intensity to dissociate the clay particles first and then to allow
polymer to enter the clay galleries and peel the platelets further apart for successful
exfoliation.
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Sadhu et al. [88] reported interesting observations when they processed their
nanocomposites through a capillary using the Monsanto Processability Tester. They
found that different morphologies were formed and more ordering took place
because of the shearing of the nanocomposites through the capillary.

2.4.4 Effect of Curing Techniques and Ingredients

Maiti et al. [64] took typical fluorocarbon-based exfoliated nanocomposites and
observed that they reagglomerate while they are processed in a hydraulic press
during the curing operation. Their XRD studies revealed that the level of exfoliation
was, however, not disturbed if oven curing was performed, instead of press curing.

The morphology of rubber-based nanocomposites also seems to change in the
presence of compounding ingredients [89, 90]. HNBR, when melt-compounded
with organo-modified sodium montmorillonite clays (o-MMTs) prior to sulfur
curing, resulted in the formation of nanocomposites with exfoliated or intercalated
structures. In stark contrast, under similar conditions HNBR compounded with
unmodified sodium montmorillonite clays (NA) formed microcomposites [90].
This was traced to its reactivity with the sulfur in the presence of amine-type
organomodifiers.

Similar observations were made by Bhattacharya and Bhowmick [91] for the NR
matrix. They found that entrapment of the curatives in close proximity to the
nanoclay not only altered the cure and rheological behavior favorably, but also
catalyzed the formation of a supramolecular structure by helping the formation of
sulfur—amine complexes involved in sulfur curing.

Das et al. [89] observed that both sulfur and peroxide vulcanizations of NBR
filled with organoclay lead to intercalated-exfoliated structures of the layered
silicate. They also reported that the use of excess stearic acid could lead to
exfoliation of the clay layers in NBR when cured with sulfur.

2.4.5 Latex, Melt, and Latex-in-Melt Mixing

For the first time, Bhowmick et al. [92] merged and compared two different mixing
and curing techniques on a single platform. They prepared nanocomposites by
conventional and latex mixing, and also a combination of both in which the clay
was preexfoliated using latex blending, after optimizing the swelling (stirring) time
and clay concentration from an exploratory survey. Other ingredients were there-
after mixed in an open two-roll mill and then compression molded. It has been
reported in the literature that conventional mixing and subsequent press curing
leads to the considerable reaggregation of individual silicate layers dispersed in the
nanocomposite [93]. Thus, the as-prepared latex-blended nanocomposites were
also subjected to in situ curing in the latex stage itself by means of prevulcanization.
Although such techniques cater to very different types and grades of the rubber, the
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obvious benefits of combining the two techniques are reflected in the morphology
development and concomitant enhancement of properties.

Figure 7 shows the representative bright field HRTEM images of nanocompo-
sites of NR and unmodified montmorillonite (NR/NA) prepared by different pro-
cessing and curing techniques. It is apparent that the methodology followed to
prepare the nanocomposites by latex blending facilitates the formation of exfoliated
clay structure, even with unmodified nanoclays. It has been reported in the literature
that hydration of montmorillonite clay leads to extensive delamination and break-
down of silicate layers [94, 95]. It has also been shown that NA disperses fully into
the individual layers in its dilute aqueous dispersion (clay concentration <10%)
[94]. This is truly reflected in the morphology of the uncured clay preexfoliated
rubber nanocomposite films (Npy NA) prepared by the latex blending method
(Fig. 7a). Curing the NR/NA nanocomposites in situ prevulcanization (N pNA)
does not alter the arrangements of dispersed clay layers greatly, as seen from the
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Fig. 7 Bright field HRTEM images showing the development of morphology in 4 phr NA-filled
NR nanocomposites under different processing and curing conditions: a latex-blended uncured NC
(NLUNA); b prevulcanized NC (NLPNA); and ¢ conventionally cured NC (NMNA). d X-ray
diffractograms of NA and its nanocomposites
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Fig. 7b. In both cases, near fully exfoliated morphology is observed, with almost no
sign of any clay particle agglomeration. However, conventional curing of NR/NA
nanocomposites (NyNA) generates an interesting morphology (Fig. 7c). The NA
clay platelets are aligned in the molding/flow direction. In all the HRTEM images,
well distributed individual NA clay platelets can be seen easily, along with a few
intercalated clay layers consisting of a few clay platelets stacked together. How-
ever, it seems that conventional processing and subsequent curing increases the
tendency of reagglomeration of clay platelets (Fig. 7c). It can be noted here that the
advantage of using the preexfoliated clay suspension to form NR nanocomposites is
partially suppressed after conventional processing, as evident from the evolved
morphology.

The XRD traces of NA and its nanocomposites prepared using the different
techniques corroborate the above observation (Fig. 7d). NA has a peak at 7.3°
(Fig. 7d). The XRD peaks of melt-mixed NR-unmodified montmorillonite (N.NA)
at 4 phr (parts per hundred parts rubber) loading hover around the same position, at
7.0°, suggesting slight intercalation. These peaks correspond to d-spacings of 1.18
and 1.45 nm, respectively. Of special interest is the fact that all the samples that
were latex-blended (N yNA, N pNA, and N,NA) exhibit high degrees of exfolia-
tion when swollen for 72 h.

Morphology evolution is thus found to be dependent on the processing technique
applied to disperse the nanoparticles. The latex-blended and prevulcanized nano-
composites show predominant exfoliation with some intercalation, especially in
uncured and prevulcanized samples. In conventionally cured but latex-blended
nanocomposites, realignment of NA particles is visible, with a greater tendency
of NA platelets towards agglomeration. In solid state mixing, the dispersion is still
poorer. XRD studies also corroborate the above observations.

3 Influence of Morphology on Properties

3.1 Rheological and Processing Behavior

The evolution of nanocomposite structure and morphology as described above has
direct consequences on its rheological and processing behavior. The knowledge of
rheological and processing characteristics of rubber-based nanocomposites plays a
vital role in determining the design and subsequent fabrication aspects of any
finished product. Therefore, it is of great interest to investigate the rheological
and processing behavior of rubber-based nanocomposites. Many researchers have
studied the dynamic oscillatory and steady-shear rheology of rubber-based nano-
composites [96—102]. The dependence of rheological properties on the nanocom-
posite morphology has also been reported in the literature [96, 97]. Kim et al.
reported that use of o-MMT in NBR resulted in an increase in Mooney viscosity and
torque values [96]. The rheological behavior of o-MMT-filled NR/ENR blend
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nanocomposite systems was investigated through Mooney viscosity measurements
[97]. Tt has been observed that the viscosity of NR blend nanocomposites increases
slightly with the incorporation of the organoclay (5 phr). The increase in viscosity
was attributed to the improvement in the filler—rubber compatibility by the addition
of ENR, which not only causes a better dispersion of the clay particles in the
rubber matrix with an increase of interphase, but also increases the filler—rubber
interactions and decreases the agglomeration of filler particles. In the presence of
ENR, the blend nanocomposites showed predominately exfoliated morphology due
to the better dispersion of the clays. Lim et al. reported the rheological properties of
organophilic montmorillonite clay and polyepichlorohydrin rubber nanocomposites
prepared by the solvent-casting method [102]. It was found that the steady shear
viscosity increased with the clay loading, and the shear thinning viscosity data were
fitted well with the Carreau model. The above investigations, in general, revealed
enhancement in viscosity values as compared to the pristine rubber matrix and can
be attributed to the formation of an intercalated or exfoliated network structure by
the clay platelets.

However, in one of the seminal works on the rheology of elastomer-based
nanocomposites, Sadhu and Bhowmick reported the unique rheological behavior
of unmodified and modified montmorillonite clay-based NBR, SBR, and polybuta-
diene rubber (BR) nanocomposites studied using the Monsanto Processability
Tester (capillary rheometer) [88]. Interestingly, the shear viscosity decreased with
increasing shear rate and with the incorporation of the unmodified and the modified
clays up to a certain loading when compared to the unfilled rubbers. The nanocom-
posites were prepared by solution blending using NBR having 19% acrylic rubber
(ACN) content (19NBR), 34% ACN content (34NBR), and 50% ACN content
(50NBR), SBR with 23% styrene content (23SBR) and BR, and nanoclays (NA
and o-MMT). The effect of nanoclay loading (0, 2, 4, 8 phr) on the rheological
properties of polar 34NBR is shown in Fig. 8. The viscosity decreases with
increasing filler loading up to 4 phr, beyond which it increases. All the systems
show well-defined pseudoplastic or shear thinning behavior and obey the power law
model. Interestingly, the modified-clay-filled system 34NBRo-MMT4 generates
lower shear viscosity when compared to its unmodified counterpart (34NBRNA4)
at 4 phr loading. This has been explained with the help of the XRD data [62],
whereby the modified clays have been shown to be well-dispersed and best-inter-
calated at 4 phr loading. The gallery distance is maximum at this loading among all
the 34NBRo-MMTs. The orientation of the dispersed modified clays in the present
systems causes a decrease in viscosity in 34NBRo-MMT4. They start forming
agglomerates above this loading. This has been well supported by TEM images
[62]. As reported in Table 3, in the case of SBR, the viscosity of 23SBRNA4 is
lower than that of gum rubber (23SBR). However, with addition of the modified
filler, the viscosity of 23SBRo-MMT4 decreases even further (Table 3). The TEM
images and the XRD of 23SBR nanocomposites also confirm the orientation of the
exfoliated clay particles in the matrix, which can behave as capillaries [62]. As a
result, due to the better orientation and dispersion of the exfoliated clay layers, the
viscosity decreases in comparison to the gum or the unmodified-clay-filled
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Fig. 8 The log shear viscosity versus log shear rate plot of 34NBRo-MMT at various filler
loadings

Table 3 Shear viscosity, die swell, flow behavior index, and consistency index of various samples
at a shear rate of 61.2 s™'

Sample designation  Shear viscosity  Die swell (%)  Flow behavior  Consistency index

(kPa-s) index (n) (k) (x10™* kPa-s)
BR 2.88 52.9 1.00 8.87
BRNA4 2.90 46.4 1.00 8.12
BRo-MMT4 3.26 59.7 1.00 9.93
23SBR 4.60 39.1 1.00 8.06
23SBRNA4 4.13 38.4 1.00 9.35
23SBRo-MMT4 3.94 34.8 1.00 6.87
19NBR 4.53 49.7 0.99 10.63
19NBRNA4 452 37.7 0.37 10.05
19NBRo-MMT4 4.48 44.4 0.36 54.83
34NBR 3.23 62.2 0.36 4336
34NBRNA4 3.03 52.0 0.39 37.00
34NBRo-MMT4 1.94 49.1 0.56 11.90
50NBR 3.65 61.2 0.35 51.28
50NBRNA4 2.68 55.5 0.43 26.24
50NBRo-MMT4 2.06 52.2 0.43 20.46

composite of 23SBR. In the case of BR, the unmodified-clay-filled system
(BRNA4) shows almost the same viscosity as the gum rubber (BR). The modified
clay (BRo-MMT4) at 4 phr loading, on the other hand, shows a marginal increase in
viscosity (Table 3). It has been observed that the above effects become more
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prominent with an increase in matrix polarity that is either changing from nonpolar
to polar rubber, or with an increase in the acrylonitrile content in the case of NBR.
The consistency index (k) and the flow behavior index () of the systems are also
reported in Table 3. The values show that the nonpolar BR and 23SBR systems
behave predominantly as Newtonian fluids, whereas the NBRs generate pseudo-
plastic behavior. This is mainly due to the more polar nature of NBR.

The die swell values, which are a measure of elastic recovery, consistently
decrease with the increase in clay loading irrespective of matrix or clay type.
Figure 9 illustrates the plot of die swell versus shear rate for 34NBR and its
nanocomposites. Addition of 4 phr of both unmodified and modified nanoclay
reduces the die swell of 34NBR considerably. The trend is more prominent with
polar rubber and with an increase in polarity such as for 34NBR and 5S0NBR
(Table 3). There is a 14.7% decrease in die swell in SONBR, just by incorporation
of 4 phr of o-MMT. SBR behaves similarly. I9NBR and BR, however, register a
decrease with NA, but a marginal increase again with o-MMT. In all cases, the
exfoliated clay, due to better dispersion and interaction in the case of SBR or to
higher extent of intercalation in the case of NBR, is responsible for the reduction of
die swell. But, if the clay is agglomerated, the die swell becomes higher. However,
the lower die swell of the nanoclay-filled samples is due to lower volume fraction of
the rubber.
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Fig. 10 SEM micrographs of the extrudates of a 23SBR, b 23SBRNA4, and ¢ 23SBRo-MMT4 at
20x magnification. Scale bar: 1 mm

The lowering of die swell values has a direct consequence on the improvement
of processability. It is apparent that the processability improves with the incorpora-
tion of the unmodified and the modified nanofillers. Figure 10a—c show the SEM
micrographs of the surface of the extrudates at a particular shear rate of 61.2 s~ for
the unfilled and the nanoclay-filled 23SBR systems. The surface smoothness
increases on addition of the unmodified filler, and further improves with the
incorporation of the modified filler. This has been again attributed to the improved
rubber—clay interaction in the exfoliated nanocomposites.

Similar observations were noted when FKM/o-MMT clay nanocomposites were
prepared by melt blending and the as-prepared nanocomposites showed both inter-
calated as well as exfoliated structure [103]. The apparent shear viscosity of the
FKM/o-MMT nanocomposites was lower than that of the pristine polymer at all
shear rates and temperatures. The nanocomposites exhibited reduced equilibrium
die swell with a smooth extrudate appearance. A comparison of the flow properties
of the nanocomposites with the conventional composites revealed that the nano-
composites exhibited improved processability.

Rubber-based nanocomposites were also prepared from different nanofillers
(other than nanoclays) like nanosilica etc. Bandyopadhyay et al. investigated the
melt rheological behavior of ACM/silica and ENR/silica hybrid nanocomposites in
a capillary rheometer [104]. TEOS was used as the precursor for silica. Both the
rubbers were filled with 10, 30 and 50 wt% of tetraethoxysilane (TEOS). The shear
viscosity showed marginal increment, even at higher nanosilica loading, for the
rubber/silica nanocomposites. All the compositions displayed pseudoplastic behav-
ior and obeyed the power law model within the experimental conditions. The



Morphology—Property Relationship in Rubber-Based Nanocomposites 25
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reinforcement factor (RF) calculated from the ratio of the viscosities of the filled
and the unfilled systems was found to increase with nanosilica content at a particu-
lar shear rate. The plot of RF versus nanosilica content at a representative shear rate
of 98 s~ ' is shown in Fig. 11. ENR/silica nanocomposites display a higher incre-
ment of RF when compared to the ACM/silica system, which has been attributed to
the better polymer—filler interaction in the former (Fig. 11). The RF remained
almost constant for both the systems with the variation of temperature. For both
ACM and ENR nanocomposites, the hybrid nanocomposites showed lower die
swell values than the gum rubber systems, which is again ascribed to the poly-
mer—filler interactions, reduction in polymer content per unit volume of the com-
posites, decrease in elastic nature and development of relatively higher viscosities.
As a result of this, nanosilica-filled hybrid nanocomposites showed distinctly
smoother extrudate profile with an enhancement in overall processability.

3.2 Mechanical Properties

Filler in a polymer matrix can enhance the mechanical properties of the composites.
It can increase composite properties either by inhibiting propagation of cracks
for failure, or by imparting additional strength and toughness through its own
high mechanical strength, or by changing the structure of the polymer layer near
the filler surface. It is generally well established that the enhancement is dependent
on the filler properties, e.g., particle size, shape and aspect ratio, dispersion of filler
in the polymer matrix and interaction with polymer. With reduction of filler size
from macro- to nano-level, a significant improvement in mechanical properties of
the composites has been noticed. A general reason for improvement of the elastic
modulus after incorporating filler to polymers is due to reinforcement mechanisms
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described by theories for composites, which have been thoroughly illustrated in the
literature [28, 105]. The Halpin—Tsai and Mori—Tanaka relations are two equations
that are frequently used for composite calculations; the former shows a higher level
of reinforcement whereas the latter shows lower reinforcement in comparison to
experimental reinforcement values [106, 107]. The theories only predict the effects
of simple reinforcement mechanism instead of any “nanoeffects” and consider only
the aspect ratio, volume fraction, and orientation of filler in the matrix; the absolute
filler particle size does not take part in the calculations. Paul and Robeson, in their
review paper, have discussed in detail the reinforcement mechanisms of nanofillers
in polymers [108]. Zeng et al. [33] in their review paper have covered in great
detail the contribution made by various researchers on computer modeling and
simulation methods for determining mechanical properties of the PNCs. These
include molecular scale (e.g., molecular dynamics, Monte Carlo), microscale
(e.g., Brownian dynamics, dissipative particle dynamics, lattice Boltzmann, time-
dependent Ginzburg—Landau method, dynamic density functional theory method),
mesoscale and macroscale (e.g., micromechanics, equivalent-continuum and self-
similar approaches, finite element method), among others. They have also summar-
ized the recent advances in the fundamental understanding of PNCs reinforced by
nanofillers (e.g., spherical nanoparticles, nanotubes, and clay platelets) and stimu-
lated further research in this area.

Many researchers have shown that incorporation of nanoscale dimension parti-
cles (inorganic fillers, nanotubes, nanofibers etc) into a polymer matrix enhances
the mechanical properties of the polymer without significantly raising its density or
sacrificing its light transmission property. For instance, the Toyota research groups
[2] were the first to show the influence of nanoclays on the mechanical properties of
polymers. They have introduced nylon-6/clay nanocomposites by the in situ method
and observed that such nanocomposites exhibit 40% improvement in tensile
strength, 60% in flexural strength, 68% in tensile modulus, and 126% in flexural
modulus as compared to pristine polymer [4]. Ganter et al. [109, 110] have prepared
rubber nanocomposites based on SBR and BR containing o-MMT. The o-MMT
vulcanizates exhibit enhanced hysteresis when compared with the silica-filled
vulcanizates and the results have been explained by the orientation and sliding of
the anisotropic silicate layers as evidenced from online WAXS measurements
during cyclic testing. Kojima et al. have incorporated laboratory prepared organo-
clay in NBR and noticed that 10 phr organoclay is necessary to achieve tensile
strength comparable to the 40 phr carbon-black-loaded NBR composites [111].
Similarly, Joly et al. have observed that NR nanocomposites loaded with 10 wt%
0-MMT show a comparable modulus value to that achieved by NR composites
containing conventional fillers at very high concentrations [112]. Similar behavior
has also been observed by Arroyo et al. [76]. Wang et al. have prepared NR/NA and
CR/NA clay nanocomposites by coagulating the rubber latex and the aqueous clay
suspension. Compared to NR/carbon black composites, 10 phr clay-loaded NR or
CR nanocomposites exhibit high hardness, modulus, and tear strength values [113].
Wang et al. [114] have also compared the mechanical properties of both NA and
0-MMT-based SBR nanocomposites by solution and latex blending techniques.
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They have observed that clay/SBR nanocomposites prepared by the latex-blending
technique show better properties than nanocomposites prepared by the solution
technique. Lopez-Monchado et al. [115] have investigated the physical and
mechanical properties of nanocomposites based on NR/o-MMT by both solution
and mechanical mixing procedures. Varghese and Karger-Kocsis have shown that
NR-based nanocomposites with 10 wt% natural sodium bentonite and synthetic
sodium fluorohectorite layered silicates display better mechanical properties than
commercial clay-loaded NR composites [65]. Varghese and Karger-Kocsis have
produced composites based on sulfur-cured NR containing organophilic and pris-
tine layered silicates of natural and synthetic origin by a melt compounding
procedure (two-roll mill) and have ranked the property improvement by filler
loading as organophilic clays > sodium fluorohectorite > sodium bentonite >
precipitated silica [78]. Schon and Gronski have investigated the contribution of
filler network to SBR loaded with silica and o-MMT. The magnitude of properties
is greatly enhanced by incorporation of organoclay, due to its anisotropic structure,
in comparison to silica-filled samples [116]. Usuki et al. [117] have prepared
EPDM/o-MMT clay hybrids by mixing with EPDM and o-MMT and vulcanizing
them using five different types of accelerator: thiourea, thiazole, sulfenamide,
thiuram, and dithiocarbamate. They noticed that among the various accelerators
used, thiuram and dithiocarbamate show maximum improvement of properties
(e.g., tensile stress of the vulcanized hybrids was 40% higher than that of gum
EPDM rubber). They have explained in a mechanistic way that thiuram- and
dithiocarbamate-containing EPDM/o-MMT hybrids show good properties due to
the better dispersion and exfoliation of silicate layers in EPDM rubber. Similar type
of work has also been done by Gatos et al. [72]. Netrabukkana and Pattamaprom
have studied the effect of compatibilizing agents on the mechanical properties of
natural rubber/montmorillonite clay nanocomposites and observed that surface
treatment of the clays with Si-69 gives superior tensile strength to the rubber
compound [118]. Jia et al. [119] have investigated the combined effect of nanoclay
and nanocarbon black on the properties of NR nanocomposites and observed
that there is a synergistic effect of the fillers. Kim et al. have studied the effect of
nanoclays on the properties of NR/BR blends [120]. Chang et al. [121] have
modified the sodium montmorillonite by using octadecyl ammonium ions and
incorporated the modified nanoclay into EPDM. They have observed the tremen-
dous improvement in tensile and tear strength. Peeterbroeck et al. have investigated
the effects of the nature of the clay and organic modifiers on mechanical properties
[122]. Petrovic et al. [123] have prepared PU/silica nanocomposites and observed
that the nanocomposites display higher strength and elongation at break but lower
modulus than the corresponding micrometer-sized silica-based nanocomposites.
Several researchers have prepared the nanocomposites from polymer latex and
studied the mechanical properties [124—126]. The effect of carbon nanoparticles,
nanotubes, and graphite nanoparticles on the mechanical and physical properties of
NR nanocomposites has also been studied [127-129]. Zhou et al. [126] have
prepared CNT-filled powder SBR composites by spray drying of the suspension
of CNTs in SBR latex and found that the hardness, tensile and tear strengths of the
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composites filled with 60 phr CNTs are enhanced by 73.9%, 327.7%, and 191.1%,
respectively, in comparison to the unfilled SBR.

Sadhu and Bhowmick have studied the preparation and properties of SBR
nanocomposites based on NA, o-MMT, bentonite, and potassium montmorillonite
(K*-MMT). They have also examined the effect of variable chain lengths of organic
amine modifiers [130]. They reported that the tensile strength, elongation at break,
modulus, and work to break all improve with the addition of nanoclays into SBR.
The tensile strength increases with increasing chain length of the amine modifiers
used in the clays. Among the various clays, o-MMT exhibits better mechanical
properties than bentonite and K*-MMT and this has been explained by the X-ray
data and TEM images. Compared with the SBR rubber, all the nanocomposites
displayed better mechanical properties. Sadhu and Bhowmick [131] have also
studied the effects of the styrene content in SBR, the solvent used for preparation
of nanocomposites, the curing systems, and aging on the mechanical properties of
the nanocomposites prepared from SBR rubber and o-MMT nanoclay. All the
modified clay/rubber nanocomposites show improved mechanical strength. The
properties enhance with increasing styrene content. Dicumyl peroxide and sulfur-
cured systems display similar strength, but higher elongation and slightly lower
modulus values have been obtained with the sulfur-cured system. It has been
observed that the highest tensile strength is observed for toluene cast samples,
whereas the highest elongation at break is observed for chloroform cast samples.
This is due to decoiling of the SBR matrix in toluene because of its similar polarity
and solubility parameters. Furthermore, Sadhu and Bhowmick [132] also examined
the effects of styrene content on the morphology and mechanical properties of
SBR-based nanocomposites. In another study, the mechanical properties of NBR,
SBR and BR containing NA and o-MMT were studied by Sadhu and Bhowmick
[62]. In addition, they have also shown the effect of polarity of the NBR rubber
(19%, 34%, and 50% ACN group), concentration of nanoclay used (2, 4, 6 and 8 phr
clay loading), nature of the rubber, and structure of the clay on the mechanical
properties of these nanocomposites. A good correlation between different nano-
composites and mechanical properties has been established. In all cases, nano-
composites show improved mechanical properties. The stress—strain curves of the
unfilled and filled 19NBR (19% ACN content), 34NBR (34% ACN content),
50NBR (50% ACN content), BR, and SBR are shown in Fig. 12a—e. An improve-
ment in the mechanical properties with the degree of filler loading up to a certain
level has been observed. The changes in the mechanical properties, with changes in
the nature and polarity of the rubbers, have been explained with the help of XRD
and TEM results.

In an interesting work, Ganguly and Bhowmick synthesized SSEBS by reaction
of acetyl sulfate with SEBS [133]. SSESB/clay nanocomposites were then prepared
from NA and o-MMT at very low loading. SEBS does not show much improvement
in the mechanical properties with NA-based nanocomposites. However, on sulfona-
tion (3 and 6 wt%, S3SEBS and S6SEBS) of SEBS, NA-based nanocomposites
exhibited better mechanical properties. The microstructure of these nanocomposites
has been determined by XRD, AFM, and TEM. Figure 13a—f illustrates the
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Fig. 12 Stress—strain curves of a 19NBR, b 34NBR, ¢ 50NBR, d BR, and e SBR and their
nanocomposites with control unmodified (NA) and modified (o-MMT) montmorillonite clays

resulting morphology of SEBS and SSEBS-based nanocomposites. The improve-
ment in the properties has been ascribed to the better dispersion of NA nanoclay
particles and interaction of NA with the SSEBS matrix.

Maiti et al. [14] have studied the effects of different nanoclays (namely, NA,
10A, 20A, and 30B) on the properties of BIMS rubber. They have characterized
the clays and the rubber nanocomposites by means of FTIR, TEM, and XRD.
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Fig. 13 Bright field TEM morphology of a thick stacks of SEBS-NA4, b intercalated exfoliated
S3SEBS-NA4, c¢ exfoliated S6SEBS-NA4, d intercalated S6SEBS-0-MMT4, ande regenerated
distinct lamellae of sulfonated polystyrene (SPS) and PEB domains of exfoliated S6SEBS-NA4
nanocomposites as seen after selective staining (clays are indicated by arrows). f 3D AFM phase
image of S6SEBS-NA4 showing fine clay layers (arrows indicate thickness of 2—6 nm) impreg-
nated from SPS domains of the matrix

The X-ray diffraction peaks observed in the range of 3°~10° for the modified clays
disappear in the rubber nanocomposites. TEM photographs show predominantly
exfoliation of the clays in the range of 12 + 4 nm in the BIMS. Consequently,
excellent improvement in mechanical properties like tensile strength, elongation at
break, and modulus is observed by the incorporation of the nanoclays in the BIMS.
Maiti and Bhowmick have also studied the effect of solution concentration (5, 10,
15, 20, and 25 wt%) on the properties of fluorocarbon clay nanocomposites [64].
They noticed that optimum properties are achieved at 20 wt% solution. At the
optimized solution concentration, they also prepared rubber/clay nanocomposites
by a solution mixing process using fluoroelastomer and different nanoclays (namely
NA, 10A, 20A, and 30B) and the effect of these nanoclays on the mechanical
properties of the nanocomposites has been reported, as shown in Table 4 [93].

In addition, Maiti and Bhowmick [93] also used fluoroelastomers having differ-
ent microstructure and viscosity (Viton B-50, Viton B-600, Viton A-200, and VTR-
8550). Viton is a terpolymer of vinylidene fluoride (VF2), hexafluoropropylene
(HFP), and tetrafluoroethylene (TFE). Even with the addition of only 4 phr of
clay in Viton B-50, the tensile strength and modulus improved by 30-96% and
80-134%, respectively, depending on the nature of the nanoclays. The better
polymer—filler interaction in the case of NA clay and the fluoroelastomers has
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Table 4 Mechanical properties of different unvulcanized
fluoroelastomer-based nanocomposites

Sample Modulus at 100% Elongation Maximum

designation® elongation (MPa) at break (%) stress (MPa)
F 0.35 + 0.02 110 £ 5 0.46 £+ 0.02
FNA2 0.46 £+ 0.05 160 £ 5 0.60 + 0.02
FNA4 0.88 £+ 0.01 520 £ 5 0.90 + 0.01
FNAS8 1.04 £ 0.02 309 £3 1.20 £+ 0.02
FNA16 1.06 + 0.00 185 £ 4 1.10 £ 0.01
F10A4 0.58 £+ 0.01 175 £3 0.63 + 0.01
F20A4 0.64 + 0.01 444 £+ 5 0.70 £ 0.01
F30B4 0.65 + 0.05 265 £ 3 0.70 £ 0.01

F fluorocarbon elastomer; 2, 4, 8, and 16 correspond to the nanoclay
loading in phr

been explained on the basis of thermodynamics. The authors have calculated the
enthalpy change with the help of Fowkes’s equation and found that NA nanoclays
show negative enthalpy in comparison to other nanoclays having either zero or a
small positive value. Therefore, NA is thermodynamically more feasible for the
preparation of nanocomposites with the fluoroelastomers in comparison to other
nanoclays. In addition to this, they have explained for the first time the better
interaction between the unmodified clay and fluoroelastomer in terms of surface
energy. Maiti and Bhowmick have also prepared fluoroelastomer nanocomposites
in which the layered silicates (such as montmorillonite and hectorite) used have
been synthesized in the laboratory. Furthermore, structure-property relationships of
these nanocomposites have been established, with special reference to the char-
acteristics of the synthesized nanoclays [134, 135]. Synthetic-clay-filled samples
show better properties than the natural-clay-filled samples. For example, the
synthetic-hectorite-filled sample exhibited a 75% increment in tensile strength
and 24% improvement in the 100% modulus (elastic modulus at 100% elongation)
compared with the natural-hectorite-based system. The results were well explained
with the help of thermodynamics and morphology [135].

Choudhury et al. [86] have studied the effect of polymer—solvent and clay—
solvent interaction on the mechanical properties of the HNBR/sepiolite nanocom-
posites. They chose nine different sets of solvent composition and found that
chloroform/methyl ethyl ketone (Ch/MEK) (i.e., HNBR dissolved in Ch and sepio-
lite dissolved in MEK) is the best solvent combination for improvement in mechan-
ical properties. XRD, AFM, TEM, and UV-vis spectroscopy studies show that the
dispersion of clay is best in the Ch/MEK solvent combination and hence polymer—
filler interaction is also the highest. TEM images shown in Fig. 14a, b clearly
elucidate the aforementioned phenomena. Consequently, the tensile strength and
modulus are found to be higher (5.89 MPa and 1.50 MPa, respectively) for the
Ch/MEK system due to the minimum difference in interaction parameter of
HNBR-solvent (yap) and sepiolite—solvent (¥cp). Choudhury et al. have also
studied the effect of different nanoclays [NA, 30B, 15A, and sepiolite (SP)] and
nanosilica (Aerosil 300) on the mechanical properties of HNBR [36]. The tensile
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Fig. 14 TEM photographs of HNBR/SP nanocomposites in a chloroform/MEK and b chloroform/
ethanol solvent combinations
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Fig. 15 Stress—strain curves of a neat HNBR and its nanocomposites with different fillers at 4 phr
loading, and b HNBR and SP-based nanocomposites at variable clay loadings

stress—strain curves are shown in Fig. 15a, b. From Fig. 15a, it is seen that 30B at
4 phr loading shows the best mechanical properties whereas, from Fig. 15b, it
can be concluded that SP at 4 phr loading shows maximum modulus at 100%
elongation. They have correlated the above results with the XRD and TEM results.

Maji et al. [136] have examined the effect of 30B loading on the mechanical
properties of hyperbranched polyurethane (PU) nanocomposites. The extent of
clay loading was varied from 2 to 16 phr. The nanocomposite containing 8 wt%
30B clay shows a ~100% increase in the tensile strength as compared to unmodi-
fied-clay-filled samples. Above 8 wt% clay loading, the mechanical properties
decrease. The efficiency and good dispersion of 30B in the hyperbranched PU40
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20 nm

Fig. 16 TEM photographs of different PU40- and 30B-based nanocomposites at various clay
loadings: a 2, b 4, ¢ 8, and d 16 phr

(hyperbranched PU prepared using fourth-generation hyperbranched polyester)
have been explained on the basis of XRD and TEM results. The TEM images
shown in Fig. 16a, b clearly demonstrate the good dispersion of 30B nanoclay in
PU40 matrix. At and above 8 phr of clay loading, considerable agglomeration of
nanoclays is observed (Fig. 16c, d).

The interaction between the isocyanate of hyperbranched PU and the OH group
of clay, which helps dispersion of clay easily in the hyperbranched PU matrix,
has been proved from FTIR analysis. The effects of NA and 30B loading on the
physicomechanical properties of polyester/polyurethane nanocomposites have been
also explored by Maji et al. [15]. They noticed that the modulus of the nanocom-
posites increases monotonically with increasing clay content. However, at higher
filler loading, the 30B/PU nanocomposites display a greater increment in modulus
than the NA/PU nanocomposites. There is ~54 and 17% increase of the 100%
modulus with the incorporation of 3 phr of the 30B and NA clays into the PU
matrix, respectively. The greater improvement of tensile modulus for 30B/PU
composites in comparison to NA/PU nanocomposites can be attributed to the better
dispersion and intercalation/exfoliation of the nanoclays, as proved from high and
low magnification TEM images. Beyond 3 wt% clay loading, the tensile strength
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decreases, which is due to formation of agglomerated clay structures that make
homogeneous dispersion difficult. The authors have established a good correlation
between mechanical properties and morphology.

The incorporation of unmodified and organically modified montmorillonite
nanoclays (namely 15A and 30B) in chlorinated polyethylene (CPE) by the solu-
tion intercalation method and their influence on mechanical properties of the
nanocomposites have been studied by Kar et al. [137]. The o-MMT-embedded
nanocomposites show enhanced tensile strength and Young’s modulus in compari-
son to the nanocomposites containing the unmodified nanoclay. They have shown
from TEM and XRD analyses that organically modified clay shows better disper-
sion in the CPE matrix. This has been further substantiated from FTIR analysis,
which proves an interaction between the CPE matrix and the clay intercalates.

Bandyopadhyay et al. [138] have also studied the distribution of nanoclays such
as NA and 30B in NR/ENR (containing 50 mol% epoxy) and NR/BR blends and
their effect on the overall properties of the resultant nanocomposite blends. They
calculated the preferential distribution of clays at various loadings in the blend
compounds from the viscoelastic property studies from DMA. The tensile proper-
ties of the 50:50 NR/ENR and 50:50 NR/BR blend nanocomposites are shown in
Table 5. It is apparent that in both the blends that the mechanical properties increase
with increasing clay concentration up to a certain extent and then decrease. These
results have been found to depend on matrix polarity and the viscosity of the blend
compounds.

Kuila et al. [139] have studied the effect of laboratory synthesized organophilic
dodecylsulfate-intercalated layered double hydroxide (DS-LDH) on the mechanical
properties of EVA/EPDM blends. They observed that maximum improvement
in mechanical properties is attained at 3 wt% DS-LDH loading (tensile strength
and elongation at break are 35 and 12% higher than neat EVA/EPDM blends).
Pramanick et al. [140] have found that ethylene vinyl acetate (EVA) containing
45% vinyl acetate content shows ~1.6 times higher tensile strength than neat rubber
at 6 wt% loading of o-MMT.

In order to prepare ENR/silica nanoscale organic—inorganic hybrid composites,
nanosilica has been generated by the sol—gel technique using TEOS as a precursor.
Their effect on mechanical properties of the resultant nanocomposites have been

Table 5 Increments in maximum force value (F,,x) and tear strength with nanoclay
loading in 50:50 NR/ENR blends and 50:50 NR/BR blends

Blend Nanoclay Clay Increment Increment in
loading in Frax (%) tear strength (%)
NR/ENR Cloisite 30B 2 14 13
4 40 29
8 55 34
Cloisite Na* 4 —4 -2
NR/BR Cloisite 30B 2 17 3
4 33 9
8 29 7
Cloisite Na* 4 29 20
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studied by Bandyopadhyay et al. [61]. The composites show superior tensile
strengths and tensile moduli compared to the gum rubber samples. Further rein-
forcement has been noticed when the rubber phase in the nanocomposites has been
cured with either benzoyl peroxide or dicumyl peroxide. The dicumyl-peroxide-
cured hybrid composites display 112% improvement in tensile strength over the
control crosslinked rubber sample, which is probably due to synergism of nano-
silica reinforcement and crosslinking of the rubber phase in the hybrids. A
similar effect has also been noticed for acrylic rubber/silica hybrid composites by
Bandyopadhyay et al. [141]. In another work, PVA/silica organic inorganic hybrid
composites have been prepared by Bandyopadhyay et al. using the sol-gel tech-
nique [142]. In this work also, TEOS has been used as the precursor for nanosilica
generation. The reaction was carried out in an aqueous medium having a pH of
1.5, with concentrated hydrochloric acid as the catalyst. A significant improvement
in the Young’s modulus and the tensile strength of the samples was observed.
Interaction at organic—inorganic interfaces because of hydrogen bonding has been
speculated from IR analysis of the hybrid composites, and uniform dispersion of
nanoparticles has been proved from TEM analysis and from results obtained from
energy dispersive X-ray mapping of silicon. Bandyopadhyay et al. [143] have
prepared ACM/silica hybrid nanocomposites using the sol-—gel technique. The
effects of a few reaction parameters, i.e., type of solvents, TEOS-to-H,O mole
ratio, and temperature of gelation at constant concentration of TEOS (45 wt%) and
pH of 1.5 have been investigated. Compared to other solvents used, THF generated
maximum silica formation in the hybrid matrix due to its maximum miscibility with
the water. Beyond 1:2 molar ratios of THF/H,O and at high temperature, aggrega-
tion of silica particles is observed. The best properties of the nanocomposites were
observed when THF was used as solvent, the THF/H,O ratio was kept at 1:2, and the
temperature did not go above room temperature. The nanocomposite exhibits
superior mechanical properties (tensile strength and tensile modulus) compared to
the microcomposites in both the cured and the uncured states. Bandyopadhyay et al.
have reported a comparative study on the structure—property relationship of ACM/
silica, ENR/silica and PV A/silica hybrid nanocomposites prepared by the sol-gel
technique at different pH levels (pH = 1.0-13.0) [110]. TEOS-to-H,O mole ratio
was maintained at 1:2 for the rubber/silica systems to accomplish the sol-gel
reaction. The silica particles have been found to exist as nanoparticles (average
diameter <100 nm) at low pH (<2.0), beyond which they form aggregates. It has
also been observed that the amount of silica generation is independent of the various
pH conditions used for all the systems. The maximum improvement of mechanical
properties was observed with the PV A/silica nanocomposites due to the higher level
of interaction between the —OH of PV A and the -OH-Si groups of the silica phase.

The effect of the microstructure of acrylic copolymer/terpolymer on the proper-
ties of silica-based nanocomposites prepared by the sol-gel technique using TEOS
has been further studied by Patel et al. [144]. The composites demonstrate superior
tensile strength and tensile modulus with increasing proportion of TEOS up to a
certain level. At a particular TEOS concentration, the tensile properties improve
with increasing hydrophilicity of the polymer matrix and acrylic acid modification.



36 A.K. Bhowmick et al.

The mechanism for improvement in mechanical properties of the hybrids has been
explained. The effect of acrylic copolymer and terpolymer composition on the
properties of in situ polymer/silica hybrid nanocomposites has been further studied
by Patel et al. [145]. They have observed that terpolymer—silica hybrids demon-
strate superior mechanical properties compared to the copolymer—silica hybrids.

George and Bhowmick have investigated the influence of reinforcement pro-
duced by unmodified and surface-modified (by electron beam, gamma irradiation,
and chemical treatment by acid, amine, or silane) carbon nanofibers (CNFs) on the
mechanical properties of EVA/CNF nanocomposites in which the percentage of
vinyl acetate in the EVA matrix is 50% [146]. An improvement of tensile strength
of 61 and 125% was observed after the addition of 1 and 4 wt% of untreated CNFs,
respectively. Further addition of untreated CNF (8 wt%) caused a decline in tensile
strength due to poor dispersion and agglomeration of filler particles, as observed in
TEM photographs. The modulus shows a remarkable increment of 350 and 520%
with the addition of 4 and 8 wt% of CNFs, respectively. By contrast, the elongation
at break shows a steep decrease with the increased amount of untreated CNF. All
the tensile properties show an increase with EB dose up to 800 kGy. On the other
hand, gamma irradiation of 1 kGy provides the best tensile properties, beyond
which there is no significant improvement. Among the chemical modifications,
silane- and amine-treated CNFs show improvement in tensile properties, whereas
acid-treated CNFs adversely affect the tensile properties due to degradation of the
CNFs. In Table 6, the tensile properties of nanocomposites reinforced with CNFs
treated with electron beam, gamma irradiation, and various chemicals are also
compared with those of virgin EVA and untreated-CNF-reinforced nanocomposites
at 1 wt% loading.

George and Bhowmick [147] have also studied the influence of the polarity of
EVA (40, 50, 60, and 70% vinyl acetate content) and the nature of the nanofiller
[expanded graphite (EG), multiwall carbon nanotubes (MWCNTs), and CNFs] on
the mechanical properties of EVA/carbon nanofiller nanocomposites. They pointed
out that the enhancement in mechanical properties with the addition of various

Table 6 Tensile properties of various EVA-based nanocomposites

Sample Tensile Elongation Modulus at 100%
designation strength (MPa) at break (%) elongation (MPa)
EVA 5.05 £ 0.15 490 + 30 0.74 + 0.17
EVA-1F 8.14 + 0.20 410 £+ 20 1.04 £ 0.21
EVA-1FEB 8.53 + 0.11 465 £+ 20 1.25 + 0.12
EVA-1Fy 8.60 + 0.15 440 £+ 15 1.38 £+ 0.15
EVA-1AF 8.25 £ 0.12 432 £ 25 1.30 + 0.10
EVA-1XF 6.86 + 0.18 323 £+ 30 1.02 + 0.16
EVA-1SF 8.50 +£ 0.10 436 +£ 15 1.36 + 0.14

EVA neat elastomer, EVA-1F EVA filled with 1 wt% of untreated CNF, EVA-
1FEB EVA filled with 1 wt% CNF treated with 800 kGy electron beam, EVA-1Fy
EVA filled with 1 wt% CNF treated with 1 kGy gamma irradiation, EVA-IAF
EVA filled with 1 wt% of amine-treated CNF, EVA-1XF EVA filled with 1 wt% of
acid-treated CNF, EVA-1SF EVA filled with 1 wt% of silane-treated CNF
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nanofillers is the highest for EVA with high vinyl acetate content. Addition of 4 wt%
of EG enhances the tensile strength of EVA having 40% vinyl acetate by 11.5%,
whereas MWCNT's and CNFs increase it by 7 and 32.8%, respectively. On the other
hand, the increments are 58, 14, and 150%, respectively, in EVA having 70% vinyl
acetate content. The high vinyl-acetate-containing polymers show more affinity
toward fillers due to the large free volume available, and allow easy dispersion of
nanofillers in the amorphous rubbery phase. The authors have confirmed the results
with morphological studies.

In a detailed review, Maiti et al. [5] have shown the influence of various
nanofillers (silicate clays, carbon nanotubes, nanofibers, calcium carbonate, metal
oxides, or silica nanoparticles) on the mechanical properties of elastomers. They
have shown that the uniform dispersion of nanofillers in elastomer matrices is a
general prerequisite for achieving desired mechanical properties. They have clearly
established that the properties of nanocomposites depend greatly on the chemistry
of polymer matrices, nature of nanofillers, and the method by which they are pre-
pared. Bhattacharya et al. [84] studied the effects of varying morphological and
chemical constitution of nanofillers and various dispersion methods on NR nano-
composites prepared by conventional processing techniques. They used various
nanofillers like montmorillonite, SP, hectorite, CNFs, and EG. The 4 phr needle-
like SP-loaded NR nanocomposite registers an increment of 26% in the modulus,
and 6 phr-loaded fluorocarbon elastomer (F) increases the tear strength by 18% over
the gum. Nanofiller dispersion has been improved by various compatibilizers such
as bis (3-triethoxysilylpropyl)-tetrasulfide, sodium lauryl sulfate, and triethoxyvi-
nylsilane. Additionally, various mixing techniques such as premixing by means of
the solution process and ultrasonication, changes in the process variables and
conditions of mixing (time, temperature, or rpm) etc. also result in better dispersion.
Incorporation of compatibilizers and surfactants results in 56 and 113% increment in
the modulus of the nanocomposites over the gum rubber vulcanizate for SP and F,
respectively. They have also noticed that for CNF-filled systems, the tear strength
is increased up to 28% over the gum. Bhattacharya et al. have also compared
the organic—inorganic nanocomposite hybrids of SBR prepared from various nano-
fillers such as modified and unmodified montmorillonite, SP, hectorite, CNFs, and
EG on the basis of mechanical properties [13]. They noticed that an increment of
230% in the tensile strength at 8 phr loading is observed for 15A, whereas increases
of the modulus and tear strength of 101 and 79%, respectively, are observed
for CNFs at 6 phr loading as compared to its gum. On chemical modification,
15A registered a 146% increase in modulus and 303% in tensile strength, while
CNF showed 150% increment in modulus and 113% in tensile strength of the
nanocomposites over the gum.

Recently, Mitra et al. have prepared chemically crosslinked nanosized gels from
different rubber lattices [148, 149]. When added in small quantity (2—16 phr), these
low moduli deformable gels have been found to influence the mechanical properties
of virgin elastomers like NR and SBR considerably. For example, sulfur prevulca-
nized nanosized SBR latex gels were prepared and characterized using various
methods [148]. The morphology of gel-filled NR and SBR systems has been studied
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using X-ray dot mapping, TEM, and AFM [148]. These show that the gels are
evenly distributed at low loadings, whereas they tend to form agglomerates at
relatively higher loadings. Addition of chemically crosslinked nanogels consider-
ably improves the tensile strength and modulus of the gel-filled rubbers compared
to the pristine one. The tensile strength (or maximum stress) and Young’s modulus
of the gel-filled elastomer systems increase with the increase in nanogel loading.
The reinforcement ability of the gels depends on their crosslinking densities. Guth—
Gold and Kerner particulate composite reinforcement models have been used to
understand the reinforcement behavior of these nanogels [149].

3.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) measures the response of a viscoelastic
material to a cyclic or sinusoidal deformation as a function of the temperature.
DMA results are interpreted in terms of three main parameters: (1) the storage
modulus (E’ or G'), corresponding to the material’s elastic response to the deforma-
tion; (2) the loss modulus (E” or G”), corresponding to the material’s plastic
response to the deformation; and (3) the loss factor (tan 9), i.e., the E"/E' (or G”/G’)
ratio, which indicates the occurrence of molecular mobility and segmental transitions
such as the glass transition temperature (T) [150]. It has already been mentioned
in Sect. 3.2 that better mechanical properties of rubber-based nanocomposites origi-
nate from stronger polymer—filler interaction and a large interfacial area per unit
volume of the filler particles. Addition of nanofillers considerably modifies the
low strain dynamic mechanical properties of the rubber-based nanocomposites,
depending on the nature of the filler used. Generally, in the case of PNCs, the
storage modulus invariably increases with the addition and subsequent dispersion
of a layered silicate in a polymer [151, 152]. This increase is more prominent
above T, when the matrix gets soft. As a result, the reinforcement effect of clay
particles becomes more pronounced. The tan & values are affected in different
ways by nanocomposite formation, depending on the polymer matrix. For example,
in PS based nanocomposites, a shift of tan & to higher temperatures has been
observed, accompanied by a broadening of this transition [153], while the opposite
effect has been reported in the case of PP-based nanocomposites [154]. Some
authors have observed a decrease in tan 0 peak heights, and considered this as
indicative of glass transition suppression in the presence of the clay.

3.3.1 Transitions in Rubber-Based Nanocomposites

The DMA of rubber-based nanocomposites has been the subject of recent research.
Many literature reports describe the dynamic mechanical behavior of rubber-based
nanocomposites [155, 156]. Das et al. have studied the DMA of CR nanocompo-
sites based on montmorillonite clay and LDH [157]. The montmorillonite clay is
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found to enhance the crystallization tendency of CR chains, whereas LDH resists it,
as observed from the DMA. The DMA results also show that the presence of a small
amount of nanoclay enhances the storage modulus of CR-based vulcanizates, which
becomes more pronounced in the case of organically modified clays. This type of
behavior is attributed to development of the “house of cards” morphology of
exfoliated montmorillonite platelets in the CR matrix due to the mechanical shear
mixing. In the case of natural rubber and layered silicate nanocomposites prepared
by melt blending, DMA with varying temperature shows that the peak of the loss
modulus broadens with increasing clay content, though the peak temperature is
scarcely affected [158]. The constraint effect of exfoliated montmorillonite layers
on EPDM chains in the case of EPDM/montmorillonite nanocomposites has been
established by the DMA technique [159]. This effect contributes to the increased
storage modulus, and increased T, in the nanocomposites.

In this laboratory, rubber-based nanocomposites have been prepared from SBR
(with 23% styrene content, 23SBR) and NBR with varying acrylonitrile content
(19%, 34%, and 50%) using NA and o-MMT clays [160]. Figure 17 illustrates the
temperature dependencies of the storage modulus for SBR and its nanocomposites.
With the addition of 4 phr of nanoclays, the clay-filled nanocomposites give higher
storage modulus values compared to unfilled SBR in both the glassy and rubbery
regions. The peak tan § value (i.e., T, shifts from —57°C in unfilled SBR to —50°C in
the case of modified-clay-filled sample. The magnitude of the tan & peak height also
reduces drastically from the control SBR (1.74) to o-MMT-filled SBR (1.10). Better
polymer—filler interaction has been attributed for the lowering in tan & peak height
and shifting of the T, towards higher temperature. It has been found that the
dynamic mechanical properties are greatly influenced by the nature and polarity
of the base rubber due to the change in degrees of intercalation and interactions. For
example, the storage modulus of o-MMT-filled NBR systems increases steadily
with nanofiller loading. However, NBR with 50% ACN content shows the maxi-
mum increment in storage modulus with clay loading.
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Fig. 18 Variation of a tan 8 versus temperature, and b log E’ versus temperature for different
fluorocarbon rubber nanocomposites (V refers to vulcanized samples)

Figure 18a shows the plot of loss tangent as a function of temperature of
different fluorocarbon-rubber-based nanocomposites having different loadings of
NA and 20A [161]. The T, of these nanocomposites has been calculated from the
peak maximum in the curve. With the addition of the unmodified clay, T shifts
towards higher temperature by 5°C, whereas a 2°C rise is observed in the modified-
clay-filled system at 4 phr loading (FNA4-V). The change in Ty is attributed to the
increase in volume fraction of the rubber, arising from the increased rubber—filler
interaction. This results in restricted segmental mobility of the polymer chains. Of
all the filler-loaded samples, the maximum shift in 7, can be observed at 4 phr
loading. The magnitude of tan §,,,, is also lowest for this nanocomposite compared
to the gum vulcanizate. At still higher loading, the tan § peak height starts to
increase. As the rubber—filler interaction increases, the available free-chains
decrease, resulting in a decrease in tan §,,,x. The lowest value of tan .., in
FNA4-V is due to better filler dispersion and higher interaction between the
fluoroelastomer and polar unmodified clay compared to the organically modified
clay. This observation has been found to be very unique for the fluoroelastomer
nanocomposite system. Over a wide range of temperatures, both the unmodified-
and the modified-clay-filled systems show increased storage modulus compared to
the gum vulcanizate (Fig. 18b). For example, at 25°C, 10% improvement in log E’
can be observed with 4 phr of unmodified clay compared to the control. The
improvement in storage modulus is higher in the case of the unmodified-clay-filled
system than for the modified clay system. The storage modulus increases margin-
ally on changing the filler loading from 4 to 16 phr in the transition region, while in
rubbery region in general it increases slightly [161].

Figure 19a, b compares the storage modulus as well as tan 6 for various nano-
composites prepared from EVA rubber having 50% vinyl acetate content and loaded
with MWCNT, as a function of temperature [162]. Throughout the experimental
temperature range of —35 to 20°C, the storage moduli show steady increase from the
virgin rubber with the increase in MWCNT level (see Fig. 19a). For example, there is
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modulus and b tan

10% increase of storage modulus with 4% MWCNT. The increase in modulus on
addition of MWCNT is due to rubber—filler interactions. In the case of tan 9, it shows
significant decrease in the peak height with increasing MWCNT concentration (see
Fig. 19b). A steady shift in the tan 8, (which indicates the T, of the system) to
higher temperature regions as a result of addition of MWCNT is also noted.

Recently, PU-based nanocomposites have been prepared from toluene diisocya-
nate, poly (propylene glycol), hyperbranched polymers (HBPs), and layered silicate
clays to investigate the effect of the layered silicate loading and the functionality of
HBP on the structure and properties [136]. T, increases almost linearly with the
increase in clay loading, whereas the magnitude of the tan § peak decreases
steadily. This is mainly attributed to good adhesion between the PU and the clay
particles, as a result of which the nanometer-sized particles can restrict the segmen-
tal motion near the organic—inorganic interface. With an increase in the functional-
ity of the HBP, the T, also increases in the resultant nanocomposites. The addition
of layered silicate clays leads to an increase in the storage modulus, which is due to
the reinforcing action of the nanoclays. However, the enhancement in modulus is
lower at higher concentrations of clays, which has been attributed to intercalation
and agglomeration of the clays [136].

On the other hand, Bhattacharya et al. have reported the plasticization effect of
organically modified layered silicates on dynamic mechanical properties [13]. In
this work, nanocomposites of SBR have been prepared using various nanofillers
like modified and unmodified montmorillonite, SP, hectorite etc. It has been
observed that the T, shifts to lower temperature in all the nanocomposites, except
for systems from hectorite and NA. This is due to the fact that clay layers form
capillaries parallel to each other as they become oriented in a particular direction.
Due to wall slippage of the unattached polymer through these capillaries, the T,
is lowered, which could be even more in the absence of organo-modifiers [13].
A similar type of plasticization effect is also noted in the case of the low
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temperature storage modulus of the nanocomposites prepared from modified mont-
morillonite clay.

3.3.2 Effect of Frequency and Strain

Bandyopadhyay et al. have studied the effect of nanosilica concentration on the
frequency dependence of the dynamic storage modulus of the nanocomposites
prepared from ACM-based (ACMD) and in situ generated (prepared by the sol—
gel technique using TEOS) nanosilica at 50°C [27]. The frequency sweep plot of
ACM nanocomposites having 10% (ACMDI10), 30% (ACMD30) and 50%
(ACMDA50) nanosilica respectively with control ACM is depicted in Fig. 20. The
nanocomposites containing higher silica concentration show higher modulus,
which increases with the increase in frequency. With the increasing frequency, in
the case of the neat elastomer, maximum increase in the storage modulus is
observed from the initial value, compared to their nanocomposite counterparts,
up to 8 Hz frequency. The low frequency region corresponds to the behavior at
higher temperature, whereas the high frequency region is equivalent to low temper-
ature characteristics. The consistent increase in dynamic modulus with frequency in
ACM/silica nanocomposites, indicates more time acquired for the relaxation of
the polymer chains. It can be seen from Fig. 20 that the slopes of the modulus—
frequency curves are slightly higher at higher frequency (beyond 8 Hz) in the ACM/
silica nanocomposites compared with those in ACM, because of the easier detach-
ment of the polymer chains in nanocomposites under high frequency or higher
deformation conditions. Similar results are also obtained in the case of other
nanocomposites systems [161].
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Fig. 20 Plots of log storage modulus versus frequency at 50°C for the hybrid ACM/silica
nanocomposites
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Fig. 21 Plots of log dynamic
storage modulus versus strain 6.4
amplitude for ACM/silica
hybrid nanocomposites at
different silica concentrations
at 50°C

6.3

624 —m— ACMD

Log (Storage modulus)(Pa)

—&— ACM D10
614 —a— ACM D30
—w— ACM D50
6.0 4
0.0 0.5 1. 1.5 2.0

Strain amplitude (%)

The same authors have also studied the effect of dynamic deforming strain on the
storage modulus of ACM/silica nanocomposites [27]. Figure 21 illustrates the
dynamic strain dependence of storage modulus for the above system at 50°C.
It can be clearly seen that the storage modulus of the neat polymer (ACMD) does
not change appreciably with the increase in applied strain amplitude over the
experimental range. At very low strain (up to 0.2%), the modulus is independent
of the applied strain and shows linear viscoelastic behavior. After that, it reduces
slightly with the increasing strain, indicating the onset of a nonlinear viscoelastic
regime. However, in the case of ACM/silica nanocomposites, the storage modulus
decreases drastically with the increasing strain in the nonlinear viscoelastic portion.
This type of behavior is commonly known as the Payne effect, which has also been
observed extensively in the case of carbon-black-filled rubber composites [163].

3.3.3 Time-Temperature Superposition

Very recently, Kumar et al. [164] have studied the variation of storage modulus (E)
and loss modulus (E”) against reduced frequency for the pristine uncured BIMS
rubber (B) and 8 phr of NA-filled uncured BIMS rubber (BCLNAS). Figure 22a, b
shows the logarithmic plots of E’ and E” master curves against frequency for
samples B and BCLNAS. The storage modulus values of nanoclay-loaded sample
are higher in the entire frequency range in comparison with the unfilled sample.
This suggests the reinforcing action of nanoclay in the BIMS matrix. The effect
of nanoclay reinforcement on the important molecular parameters of elastomers,
such as relaxation times (terminal relaxation time, 7, and onset of transition zone
relaxation time, 7,) and monomer friction coefficient ({,), have been estimated
from the different crossover frequencies (as shown in Fig. 22a, b), and the values
are reported in Table 7. The terminal relaxation time 7, is the time required for a
molecule to completely rearrange its configuration by snaking itself through
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Fig. 22 a E' and E” master curves for B at 25°C. b E’ and E” master curves for BCLNAS at 25°C

Table 7 Relaxation time (1), self-diffusion coefficient (D), and monomer friction coefficient ({y)
of unfilled (B) and nanoclay-filled (BCLNAS8) BIMS rubber

Sample T (X10778)  TyeTrep () R o Log o (gm s™")
designation D= % (x107'm?s7")

rep
B 2 15,848 9.1 -1.39
BCLNAS 3 25,118 5.7 —0.64

T is transition zone relaxation time, 7. is terminal relaxation time, .., is reptation time

numerous entanglements [150]. The onset of terminal relaxation time 7, is the
measure of the time required for complete configurational rearrangement of a piece
of macromolecule caught between two crosslinks or two entanglements [150]. The
monomer friction coefficient ({y) is the average resistance force per monomer unit
encountered when a polymer chain moves through its surroundings at a unit speed
[150]. From Table 7, it is seen that the addition of nanoclay increases the relaxation
times and the monomer friction coefficient values of BIMS rubber. This has been
attributed to the reinforcement effect of nanoclay in BIMS matrix and also to the
topological constraints imposed by the nanoclay particles for the BIMS rubber
molecules to move.

3.4 Thermal Properties

3.4.1 Thermal Degradation Behavior of Rubber-Based Nanocomposites

The formation of polymer—filler nanocomposite affects the thermal behavior of the
matrix because the well-dispersed nanofillers lead to modification of the degrada-
tion pathways [165—-168]. This concept was first introduced by researchers from
Toyota [169] who discovered the possibility to build nanocomposites from nylon-6
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and organophilic clay. Recent studies on these clay nanocomposites reveal that
inclusion of this nanoclay improves the barrier properties and lowers the coefficient
of thermal expansion of the polyimide films. In addition to the mechanical proper-
ties, heat release rates from cone calorimetric experiments have also been reduced
typically by 50% or more for bot