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Preface

This book focuses on the subject of foams generated with polymer nanocomposite
materials. Polymer nanocomposites have been developed continuously for the last
two decades. These advancements have led to their application in many fields such
as automotive, packaging, insulation, and so forth. Foams are one product, which
is common to many application fields and also has high commercial value. Use of
nanocomposites in the formation of foams enhances the property profiles such as
porosity control, strength, stiffness, and so on, significantly, which enables the appli-
cation of such materials in conventional areas ranging to more advanced ones.

The generation of nanostructured foams is affected by a large number of factors
such as the nature of the polymer, the methods used to achieve the cellular structure,
the interaction of the polymer with the filler surface, the dispersion state of the filler,
and so forth. A small change in the process variables completely affects the structure
and properties of the resulting foams, thus a thorough understanding of the vari-
ous factors affecting the foams’ structure—property correlations is needed. The book
aims to compile the advancements in the various aspects of nanocomposite foams
with the objective of providing background information to readers new to this field
as well as to serve as a reference text for researchers in this area.

In Chapter 1, different synthesis and processing techniques used to prepare
poly(methyl methacrylate) (PMMA) nanocomposite foams are reviewed. The effects
of nanoparticles on foam morphology and properties are discussed.

In Chapter 2, the strategies of toughening polymer foams, particularly rigid
polymer syntactic foams, are discussed. A general introduction of toughness and
the toughening mechanism in brittle polymer systems is provided followed by a
description of successful and effective toughening strategies for thermoset/hollow
sphere syntactic foams using microfibers and nanoparticles. In Chapter 3, the effect
of nanoclay addition on the foaming behavior of polypropylene is summarized. In
general, the presence of well-dispersed nanoclay-enhanced cell nucleation and
suppressed cell coalescence, result in a significant increase in cell density by two or
three orders of magnitude and foam expansion. Chapter 4 describes various routes,
such as fiber and nanoclay incorporation, to starch foams to improve the perfor-
mance of these materials. Chapter 5 reviews the recent progress in achieving light-
weight polymer nanocomposite foams with high performance without sacrificing
mechanical properties. Chapter 6 focuses on the development and main properties
of hybrid polyurethane nanocomposite foams, flexible as well as rigid, focusing
on the influence of processing and incorporation of various types of nanometric-
sized fillers in the structure and mechanical properties, transport properties, and
other significant properties of the resulting foams. In Chapter 7, nanocomposite
morphologies, types of polymer-clay nanocomposite production, and modifications
in polymer and montmorillonite structures, which allow them to be used in nano-
composite preparation, are explained. In addition, the concepts involving foam
production and its morphology are presented. Chapter 8 discusses recent advances

vii



viii Preface

in the field of carbon nanotube/polymer nanocomposite aerogels and related mate-
rials. There is an emphasis on the relationship between the preparation method and
the most characteristic properties of these materials such as density, surface area,
electrical conductivity, mechanic strength, and so on. The book concludes with
Chapter 9, which presents a review of the nanocomposite foams generated from
high-performance thermoplastics.

Vikas Mittal
Abu Dhabi
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1.1 INTRODUCTION

PMMA is an important polymer for mechanical and optical applications due to its
feasibility, good tensile strength and hardness, high rigidity, high transparency in
the visible wavelength range, high surface resistivity, good insulation properties,
and thermal stability. In the last two decades, PMMA nanocomposites incorporat-
ing nanoscale particles have attracted increasing attention from both academia and
industry because of the high potential for new and/or improved properties enabled
and/or enhanced by these nanoparticles (Burda et al., 2005).
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Separately, intense research activities in PMMA foams have generated a class of
lightweight and cost friendly materials. Their porous structure makes them ideal for a
variety of applications ranging from packaging, insulation, cushions, and adsorbents
to scaffolds for tissue engineering (Darder et al., 2011; Zeng et al., 2010). Moreover,
the rapid development of applying supercritical carbon dioxide foaming technology
promises an environmentally friendly process, compared with the traditional chloro-
fluorocarbon (CFC) foaming methods. However, the applications of these foams are
limited by their inferior mechanical strength, poor surface quality, and low thermal
and dimensional stability (Lee et al., 2005).

In recent years, novel PMMA nanocomposite foams have been investigated as
an emerging and interdisciplinary topic at the boundary between materials science,
process, and nanotechnology. The combination of functional nanoparticles and
porous structure enable their versatile use as new materials that are lightweight and
have a high strength-to-weight ratio and well-defined functions or are multifunc-
tional (Lee et al., 2005; Siripurapu et al., 2005; Sun, Sur, and Mark, 2002; Zeng
et al., 2003).

In this chapter, we summarize the highlights of the major developments in this
area during the last decade. First, the different synthesis and processing techniques
used to prepare PMMA nanocomposites are briefly reviewed. This is followed by
a brief review of foaming processing methods. The effects of nanoparticles on the
foam morphology and properties are then discussed in great detail. Finally, the pro-
cessing and application of PMMA nanocomposite foams are addressed.

1.2 SYNTHESIS OF PMMA NANOCOMPOSITES

The enormous interest in using nanoparticles in polymer matrices is due to the exceptional
potential to enhance a wide range of properties, such as electrical conductivity, thermal
stability, mechanical enhancement and strength, and barrier performance. Typically,
nanoparticles can be classified as three different types (Ashby, Ferreira, and Schodek,
2009): (1) zero-dimensional (0D), (2) one-dimensional (1D), and (3) two-dimensional
(2D), as shown in Figure 1.1. 0D nanoparticles are materials where all dimensions are
in nanometer scale, for example, spherical silica particles (Chen et al., 2004; Goren
et al.,, 2010; Yang et al., 2004). A variant of this type of particle are the highly porous
particles. While the dimension of the particle may be in the order of microns, the pore
size is in the order of nanometers (Luo, 1998). 1D nanoparticles have two dimensions in
the nanometer regime (< 100 nm) and the typical particles include nanowires, nanorods,
nanofibers, and nanotubes (Chen, L., et al., 2010, 2011, 2012; Chen, Z., et al., 2011;
Gorga et al., 2004; Zeng et al., 2010, 2013). The third type of nanoparticles is 2D nano-
materials, which only have one dimension in the nanometer scale which are platelet
like. Nanoclay (Jo, Fu, and Naguib, 2006; Zeng et al., 2003) and graphene (Ramanathan
et al., 2007; Zhang et al., 2011) are good examples of this type of nanoparticles. All
these nanoparticles have been used in PMMA nanocomposite foams.

The ubiquitous challenge in polymer nanocomposite preparation, that is, estab-
lishing a good nanoparticle dispersion in the host polymer matrix, is also the
main issue for PMMA nanocomposite fabrication (Bauhofer and Kovacs, 2009;
Chatterjee, 2010; Moniruzzaman and Winey, 2006). Good dispersion of the fillers is



Poly(Methyl Methacrylate) (PMMA) Nanocomposite Foams 3

Zero-dimension

O Qo o

@)
Q d <100 nm
O o

One-dimension

%

d <100 nm

Two-dimension

!

t <100 nm

FIGURE 1.1 Schematic of different nanoparticles.

important to realize the exceptional properties of the fillers in the nanocomposites.
However, this is a difficult task because of the high specific surface area and strong
intermolecular forces associated with these nanoparticles. Moreover, since the pre-
dominant nanoparticles are inorganic and the surfaces are usually hydrophilic, they
need to be modified/functionalized for improving interaction and compatibility with
the typically hydrophobic polymers. Of equal importance are the nanocomposite
preparation methods, which oftentimes need to be optimized in conjunction with
nanoparticle surface functionalization to achieve good particle dispersion. In this
section, we briefly discuss the most common methods for nanocomposite processing
and their applications in PMMA nanocomposite preparation.

1.2.1 SorutioN BLENDING

In solution blending, a solvent or solvent mixture is employed to disperse the
nanoparticles and dissolve PMMA (Moniruzzaman and Winey, 2006; Zeng et al.,
2010). The common problem with most processing methods is proper dispersion of
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the nanoparticles in solvents. Choosing a good solvent system is important to the
separation of the nanoparticles due to the weak van der Waals interactions where
the polymer chains are able to coalesce with the nanoparticles (Lee et al., 2005).
Nanoparticles typically agglomerate or cluster together during and after processing,
causing nonuniform dispersion within the polymer matrix. To address this, typically
solution blending is done by sonication, which uses sound waves to separate nanopar-
ticle clusters in liquid solvents. Once the sonication is complete, the PMMA nano-
composites can be prepared using two methods: solvent casting (SC) and antisolvent
precipitation (ASP). In the SC process, the PMMA-nanoparticle-solvent mixture is
casted and nanocomposites are obtained after solvent drying. In the ASP process, an
antisolvent is added to the mixture and the polymer nanocomposite precipitates. It is
then collected and dried.

Du, Fischer, and Winey (2003) and Zeng et al. (2010) used both methods in
attempts to produce the PMMA/carbon nanotube (CNT) nanocomposites. They
found ASP resulted in better CNTs dispersion. Unlike the solvent casting process
where nanoparticles may agglomerate during solvent evaporation, in ASP, the
rapid precipitation of PMMA-CNTs very effectively lock down the well-dispersed
structure.

1.2.2  MELT BLENDING

Instead of using solvent as the medium, nanoparticles can be mixed directly with a
molten PMMA either statically or under shear. Unlike the solution blending, melt
blending does not require solvents, and is compatible with industrial polymer extru-
sion and blending processes. Thus, it offers an economically attractive route in fab-
ricating polymer nanocomposites (Lee et al., 2005). However, very careful attention
needs to be paid to finely tune the nanoparticles’ surface chemistry to increase the
compatibility with the polymer matrix. In addition, processing conditions have pro-
found effects on the structure evolution of polymer nanocomposites (Wang et al.,
2001). Control of the shear force is essential in order not to damage the nanoparticles
and degrade the nanocomposite properties (Lee et al., 2005).

Intercalated PMMA /clay nanocomposites were prepared by melt mixing (Kumar,
Jog, and Natarajan, 2003; Zeng et al., 2003) using organically modified nanoclays.
Upon PMMA intercalation, interlayer spacing was expanded as confirmed by X-ray
diffraction. Wang and Guo (2010) reported the synthesis of PMMA/clay nanocom-
posites with styrene-maleic anhydride copolymers (SMA). SMA and the required
amount of clay were dry mixed and then fed into the molten PMMA,, and melt blended.
As evidenced by X-ray diffraction (XRD), the organoclay was well intercalated in the
PMMA matrix. The transmission electron microscopy (TEM) studies also showed
that the nanoclay was intercalated and randomly dispersed in the PMMA matrix.

1.2.3 IN SiTU POLYMERIZATION

Another technique that has been used to make PMMA nanocomposites is in sifu
polymerization since the 1960s (Blumstein, 1965; Huang and Brittain, 2001; Lee
and Jang, 1996). It is a method involving dispersing nanoparticles in a monomer
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followed by polymerization of the solution (Zeng and Lee, 2001). In comparison to
solution blending, in situ polymerization uses little or no solvent. The low viscosity
of monomer (compared to melt viscosity) is beneficial for mixing and better disper-
sion of fillers, making in sifu polymerization an attractive route for nanocomposite
synthesis. On the other hand, the process is more complicated and more difficult to
implement.

Zeng and Lee (2001) prepared PMMA/clay nanocomposites via in-situ bulk
polymerization. The compatibility of the initiator and monomer with the clay surface
was found to profoundly affect the clay dispersion. Furthermore, by using a nanoclay
(MHABS) that was modified by a surfactant containing a polymerizable group (the
chemical structure is shown in the top right of Figure 1.2), exfoliated PMMA/clay
nanocomposites with excellent clay dispersion were synthesized.

0
CH CH
(CHy), ( I o) i

| Br~ N+ == (CH,),™ O0==C C s CH,
CH, = (CH,), ;== N*CI~ {-
| (CIH»n_l

(i:HZ)n—l

CH,

FIGURE 1.2 Intercalated (PMMA/20A) and exfoliated (PMMA/MHABS) nanocompos-
ites. Shown on top are the surfactants to modify the nanoclay (middle). Note the acrylate dou-
ble present in the surfactant on the right. Shown on bottom are TEM micrographs showing
the nanoclay dispersion. (Reprinted with permission from Zeng C. et al., Advanced Materials
2003, 15, 1743-1747. Copyright 2003, John Wiley & Sons; Reprinted with permission from
Lee L. et al., Composites Science and Technology 2005, 65, 2344-2363. Copyright 2005,
Elsevier.)
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Wang et al. (2002) compared various in situ polymerization methods for the
preparation of PMMA /clay nanocomposites. It was found that the particular prepara-
tive technique that is used has a large effect on the type of nanocomposites (in terms
of nanoclay dispersion) that may be obtained. Solution polymerization of MMA
only yields intercalated nanocomposites regardless of the presence of polymerizable
double bond in the intergallery region. On the other hand, emulsion, suspension, and
bulk polymerization can yield either exfoliated (with intergallery double bond) or
intercalated (without double bond present) nanocomposites.

Yeh et al. (2009) prepared PMMA /organoclay nanocomposite systems by in situ
polymerization using benzoyl peroxide (BPO) as the initiator. It was found that when
mixed, an intercalated—exfoliated structure of nanocomposite material was formed.
The molecular weights of extracted PMMA were found to be significantly lower
than that of neat PMMA, indicating polymerization is structurally confined in the
intragallery region of the clay, and the nature of clay—oligomer interactions, such as
adsorption, may play a role during polymerization.

1.3 PMMA NANOCOMPOSITE FOAM PREPARATION

The synthesized PMMA nanocomposites can be used to produce PMMA nano-
composite foams. The main method used to produce foams is the direct utilization
of foaming agents. Two types of foaming agents are often used: chemical blowing
agents (CBAs) or physical blowing agents (PBAs). Almost exclusively, studies to-
date focus on foaming using a physical blowing agent. In particular, supercritical
carbon dioxide (scCO,) as a physical blowing agent has attracted wide attention due
to its marked advantages, such as low cost, environmental benignancy, and easily
accessible supercritical conditions (7, = 31°C, P, = 7.38 MPa), as well as the tunabil-
ity of physicochemical properties (such as density and mobility) by varying pressure
and temperature (Cooper, 2000; Johnston and Shah, 2004).

Typically, physical foaming is a three-step process: (1) mixing: a blowing gas
is dissolved in the polymer to form a homogeneous solution; (2) bubble nucleation:
subsequent pressure release or temperature increase induces phase separation due to
the thermodynamic instability, and gas starts to form nuclei; and (3) bubble growth
and stabilization.

1.3.1 NoNconNTINUOUS FOAMING

Noncontinuous foaming, or batch foaming, is commonly used in foaming research.
In batch foaming, the polymer nanocomposite is placed in a pressurized vessel and
saturated with the foaming agent under predetermined temperature and pressure.
If the temperature is higher than the glass transition temperature, T, the release
of pressure would result in supersaturation and cell nucleation and growth. Cell
structure is usually fixed by cooling the materials to a temperature below the 7. This
is commonly referred to pressure quench technique. On the other hand, when the
saturation temperature is lower than 7,, the cell is unable to nucleate and grow after
the release of pressure even when the gas is in the supersaturation state because of
the glassy nature (high rigidity) of the matrix. Foaming may occur when temperature
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FIGURE 1.3  Schematic of a typical batch foaming setup. (Reprinted with permission from
Zeng C. et al., Polymer 2010, 51, 655-664. Copyright 2010, Elsevier.)

is raised above T,. This is referred to as temperature jump technique. Both are
routinely used in batch foaming studies. Cell structure is again fixed by cooling.
Batch foaming is usually carried out at temperatures far below the polymer flowing
temperature. The saturation time is usually very long (from hours to days depending
on the gas diffusivity). This greatly limits the productivity. Figure 1.3 shows a typical
high pressing foaming system.

1.3.2 ContiNnuous FoaMING

Continuous extrusion foaming is the most commonly used technology in the foam
industry. Continuous foaming is used through the extrusion method. Both single- and
twin-screw extruders can be used for plastic foaming. A schematic of a typical extru-
sion foaming system is shown in Figure 1.4 (Han et al., 2003). Multiple temperature
zones and pressure sensors may be implemented. Extrusion foaming is performed
by injecting a foaming gas (typically by a syringe pump for precise metering) into an
extrusion barrel, combined with the polymer nanocomposite. When the homogenous
polymer/gas mixture passes through a die, a rapid pressure drop induces phase sepa-
ration and cell nucleation. Pressure drop rate is particularly important in controlling
cell nucleation. A shaping die can be used to control the product shape and foam
expansion. The foamed materials continue to expand until the extrudate temperature
is lower than 7, and the foam product is vitrified.

1.3.3 RETROGRADE FOAMING

Most polymer-gas systems have a single glass transition temperature at a given gas
pressure or gas concentration, which often decreases linearly with gas pressure or
gas concentration in polymers. PMMA-CO, is one of the few polymer systems that
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FIGURE 1.4 Schematic of a typical continuous extrusion foaming setup. (Reprinted with
permission from Han X. et al., Polymer Engineering and Science 2003, 43, 1261-1275.
Copyright 2003, John Wiley & Sons.)

exhibit a unique phenomenon: retrograde vitrification. Due to the intricate behavior
and interplay between the solubility and the resultant plasticization and reduction
of glass transition temperature (T,) by the dissolved carbon dioxide, these polymer
CO, systems possess two T,s (Condo, Paul, and Johnston, 1994; Handa and Zhang,
2000; Handa, Zhang, and Wong, 2001). Shown in Figure 1.5a is the glass transition
temperature as a function of CO, pressure for a PMMA-CO, system (Handa and
Zhang, 2000), where two T,s exist over a wide pressure range. Upon being cooled
below the low T, the systems change from glassy state to rubbery state. In the
retrograde phase, the solubility in PMMA is exceptionally high. Furthermore, the
rubbery state ensures possible foamability. Both will be beneficial for producing
foams with exceptionally high cell density and small cell size. Indeed, PMMA
foams with exceptionally high cell density were prepared from the retrograde phase
(Handa and Zhang, 2000; Handa, Zhang, and Wong, 2001). Shown in Figure 1.5b is
a PMMA foam prepared by retrograde foaming by our group (Chen, Z., 2011). The
foam exhibits high cell density (10" cells/cm?) and small cell size (average 1~2 um).
The PMMA foam also exhibits a fairly uniform cell size. Even small size and higher
cell density were reported in the literature (Handa and Zhang, 2000; Handam,
Zhang, and Wong, 2001).
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FIGURE 1.5 PMMA foaming from the retrograde region. (a) Glass transition temperature as a
function of CO, pressure; dashed line is the vapor-liquid phase boundary. (Reprinted with per-
mission from Handa Y. P. and Zhang Z., Journal of Polymer Science: Part B: Polymer Physics
2000, 38, 716—725. Copyright 2000, John Wiley & Sons.) (b) SEM micrograph of a PMMA
foam prepared by foaming from retrograde phase. (Reprinted with permission from Chen Z.
etal.,, SPEANTEC 2011, 69, 2678-2682. Copyright 2011, Society of Plastics Engineers.)

Retrograde foaming of PMMA nanocomposites have been studied. Zeng
etal. (2003) prepared clay nanocomposite foam by retrograde foaming of PMMA-5%.
MHABS nanocomposite and submicron cellular foams were prepared (Figure 1.6).

Chen et al. (2011) prepared PMMA-CNT nanocomposite foams by retrograde
foaming and identified two additional complications that might occur. First, as will
be discussed in great detail in Section 1.4.1.2, the exceptionally high nucleation rates
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FIGURE 1.6 SEM of a PMMA/5% MHABS nanocomposite foam by retrograde foaming.
The average cell size is around 0.3 pm and the cell density is around is 1.86 x 10" cells/cm?.
(Reprinted with permission from Zeng C. et al., Advanced Materials 2003, 15, 1743-1747.
Copyright 2003, John Wiley & Sons.)

impose significantly more stringent requirements on the nanoparticle dispersion in
order to obtain a uniform cell size distribution; second, while a strong polymer—CNT
interaction is beneficial for nanoparticle dispersion, when coupled with the relatively
low foaming temperature used, significantly increases matrix rigidity (which by
itself is already very high as a relatively low temperature is used in retrograde foam-
ing) as the result of well-dispersed nanoparticles, and foaming may be prohibited.
Such phenomenon was observed in the retrograde foaming of PMMA-2wt% CNT
nanocomposite foams (Figure 1.7).

1.4 MORPHOLOGY AND PROPERTIES

Recently, foaming of polymer nanocomposites has emerged as a novel means to
expand the accessible range of foam morphology, and produce novel multifunctional
materials with enhanced properties (Ibeh and Bubacz, 2008; Lee et al., 2005). The
impact of nanoparticles on the polymer foams are mainly twofold: (1) alteration
of morphology resulting from the introduction of nanoparticles; and (2) change of
properties as a combined effect of morphological change and properties enabled/
enhanced by the nanoparticles.

The properties of the polymer nanocomposites are dictated by the types of
nanoparticle used and the foam morphology. The foam morphology, in turn, is largely
determined by the nanocomposite synthesis (nanoparticle dispersion) and foaming
conditions. Due to the complicated nature of the interactions between nanoparticles,
bubbles, and matrix, the influence of nanoparticles on the properties of nanocompos-
ite foams is still not fully understood (Bauhofer and Kovacs, 2009; Chen, Ozisik, and
Schadler, 2010; Moniruzzaman and Winey, 2006).
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FIGURE 1.7 SEM of a PMMA-2wt% CNT nanocomposite foamed from the retrograde
phase (a) low and (b) high magnifications. No cellular morphology was observed and foaming
was prohibited. Note that cellular morphology was obtained at the same foaming conditions
for neat PMMA (Figure 1.5b) and PMMA-0.5wt% CNT nanocomposite. The CNTs interact
strongly with PMMA to form a core-sheath structure where PMMA wraps around the nano-
tube. The arrow in (b) indicates one such structure. (Reprinted with permission from Chen
Z.etal., SPEANTEC 2011, 69, 2678-2682. Copyright 2011, Society of Plastics Engineers.)
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1.4.1 MORPHOLOGY

Nanoparticles are now commonly used to foam cell morphology manipulation
because they significantly affect both cell nucleation and cell growth, the two most
important processes in foaming.

Nanoparticles are highly effective bubble nucleating agents, leading to foams
with higher cell density and smaller cell size. This has been observed in numerous
foams utilizing different types of nanoparticles: this results in the reduced cell size
in the foams because the available gas for bubble growth is lowered as a greater
number of nucleated bubbles grow simultaneously. Moreover, the nanoparticles can
significantly increase the melt viscosity, which hinders cell growth and leads to a
reduced cell size.

The high nucleation efficiency of nanoparticles has been shown to be particularly
advantageous for manufacturing microcellular foam (cell size <10 um, cell density
>10° cells/cc’®) (Martini-Vvedensky and Waldman et al., 1982). The nucleation effi-
ciency of the nanoparticles is dependent on the particle geometry, aspect ratio, dis-
persion, concentration, and particle surface treatment. These are discussed in detail
in this section. The resulting changes in foam structure (bubble density, bubble size,
and size distribution) and matrix properties have profound influence on the foam
mechanical properties.

1.4.1.1 Effect of Nanoparticle Geometry and Concentration

Compared to conventional microsized filler particles used in the foaming processes,
nanoparticles offer unique advantages for enhanced nucleation. The extremely fine
dimensions and large surface area of nanoparticles provide much more intimate con-
tact between the fillers, polymer matrix, and gas. Furthermore, a significantly higher
effective particle concentration can be achieved at a low nominal particle concentra-
tion. Both could lead to improved nucleation efficiency.

While the efficiency of nanoparticles for enhancing nucleation has been widely
reported and superior to micron-sized particles, the effects of particle size and geom-
etry in general (shape, aspect ratio, and surface curvature) require further elucidation.

Fletcher (1958) ascertained the effects of particle geometry on the nucleation effi-
ciency and this is briefly summarized below.

Based on the classical nucleation theory (Abraham 1974; Laaksonen, Talanquer,
and Oxtoby, 1995), the heterogeneous nucleation rate is expressed as

Nhet = VherChet exp(_AG;;et/kT) (11)

where C,,, is the concentration of heterogeneous nucleation sites, k is the Boltzmann
constant, 7 is temperature, v,,, is the frequency factor of gas molecules merging with
the nucleus, and AGy,, is the critical Gibbs free energy to form a critical embryo on
the nucleating sites, that is,

AGhy, = AG% f(m,w) (1.2)
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where AGhon is the homogeneous Gibbs free energy, which is a function of polymer-
gas surface tension, 7,,, and the pressure difference (AP) between that inside the criti-
cal nuclei and that around the surrounding liquid. Assuming that the polymer is fully
saturated by CO, and the partial molar volume of CO, in the polymer is zero, can
be considered to be the difference between the saturation pressure and atmospheric
pressure. f is the critical energy reduction factor due to the inclusion of nucleants,
which is a function of the polymer-gas-particle contact angle 6 and the relative cur-
vature of the nucleant surface to the critical radius of the nucleated phase (Equations
1.6 through 1.10). " is the critical radius.

Using the above set of equations, the critical energy reduction factor as a func-
tion of surface curvatures under a series of contact angles is computed and shown
Figure 1.8. The critical Gibbs free energy decreases with decreasing contact angle
(improved wetting). Moreover, a large surface curvature leads to higher reduction
of critical energy and enhanced nucleation rate. Against intuition, this implies that
larger nanoparticles are more efficient nucleation agents.

The above analysis was first adopted by Shen, Zeng, and Lee (2005) to compare
the nucleation efficiency of nanoparticles of different geometry (single-walled carbon
nanotubes, carbon nanofibers, and clay nanoparticles) in polystyrene foams. They
found that consistent with the theoretical prediction, among the three nanoparticles
studied, the single-walled carbon nanotubes exhibited the lowest nucleation efficiency
because of the smallest size and curvature. Carbon nanofibers have the highest nucle-
ation efficiency and nanoclays (with flat surface) have an efficiency in between.

Later, Goren et al. (2010) conducted a more systematic study on the size effect
using nanoparticles with the same base geometrical shape (spherical). They pre-
pared PMMA silica nanocomposite foams using two nanosilica of different sizes
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FIGURE 1.8 Reduction of critical Gibbs free energy for nucleation as functions of surface
curvature and contact angle. The numbers atop the curves are the contact angle values used
for the construction of the particular curve.
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FIGURE 1.9 Influence of nanoparticle surface chemistry and size on supercritical carbon
dioxide processed nanocomposite foam morphology. (Reprinted with permission from
Goren K. et al., Journal of Supercritical Fluids 2010, 51, 420—-427. Copyright 2010, Elsevier.)

(150 nm and 15 nm) and found that reducing the size of nanoscale silica led to
decreased nucleation efficiency because of the increased nucleation free energy due
to the surface curvature effect. Nevertheless, the reduction in nucleation efficiency
was countered by the fact that decreasing the particle size would provide many more
nucleation sites, and ultimately higher bubble density. Their study of the particle
size on the nucleation efficiency is summarized in Figure 1.9, which also contains a
discussion on the surface chemistry effects (Section 1.4.1.3).

For anisotropic nanoparticles, the aspect ratio would play a role in nucleation effi-
ciency and is a direct consequence of the surface curvature effect. In the studies by
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FIGURE 1.10 SEM micrographs: (a) Neat PMMA. (b) M100 nanocomposites. (¢c) M20
nanocomposites foamed at 17.9 MPa (top row). (d) Neat PMMA. () M100 nanocomposites.
(f) M20 nanocomposites foamed at 15.8 MPa (bottom row). Scale bar = 4 um. (Reprinted
with permission from Chen L. et al., Polymer 2010, 51, 2368-2375. Copyright 2010, Elsevier.)

Chen, Ozisik, and Schadler (2010) and Chen et al. (2012) multi-walled carbon nano-
tubes (MWCNTs) with controlled aspect ratio were used to alter the bubble density
in PMMA/MWCNTs nanocomposites. It was found that the PMMA nanocomposite
foams with shorter MWCNTs (M20) had higher bubble density than those with lon-
ger MWCNTs (M100) under the same foaming conditions and CNT concentration,
as shown in Figure 1.10. They provided the reasoning based on Fletcher’s theory.
Both the ends and sidewalls of carbon nanotubes can act as heterogeneous bubble
nucleation sites, but the ends (flat surfaces) have larger surface curvatures than the
sidewalls (curved surfaces) and therefore are more effective nucleation centers. At
the same CNT concentration, short nanotubes would possess more tube ends than
long nanotubes and therefore more nucleation sites and higher bubble density.

The effect of particle concentration on the PMMA foam nucleation was inves-
tigated (Zeng, 2004). The cell density was found to increase linearly versus clay
concentration at low clay concentration, and starts to level off as clay concentration
further increases, arguably resulting from the deleterious particle dispersion as the
concentration increases.

1.4.1.2 Effect of Nanoparticle Dispersion

The effect of nanoparticle dispersion on the foam cell morphology is readily
understood by the nucleation theories described above (Equation 1.1). As nanopar-
ticles were better dispersed, higher effective particle concentration (C,,,) would have
been achieved at the same nominal concentration. However, dispersion is critically
important in obtaining good foam morphology. If the nanoparticle dispersion is not
sufficient, nonuniform cellular structure may result (Manninen et al., 2005).

Zeng et al. (2003) prepared PMMA nanoclay nanocomposites with different
dispersions: intercalated (PMMA/20A) versus exfoliated (PMMA/MHARBS).
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The clay dispersion was shown in Figure 1.2. Figure 1.11 shows a comparison
between PMMA and PMMA nanocomposite foams. The exfoliated nanocompos-
ites yielded a much higher cell density and smaller cell size than the intercalated
nanocomposites.

The PMMA/MHABS nanocomposite foam exhibits dramatically smaller cell size
(1.7 pm) and higher cell density (1.51 x 10" cells/cm?), when compared with PMMA
or PMMA/20A (Figure 1.11d). Further investigation revealed that the surface chem-
istry of the clay nanoparticle played a significantly more important role than the
improved nanoparticle dispersion, albeit a substantial increase in the nucleation rate
did arise from the latter. This will be discussed in more detail in Section 1.4.1.3.
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FIGURE 1.11  SEM micrographs: (a) PMMA. (b) PMMA/5% 20A nanocomposite.



Poly(Methyl Methacrylate) (PMMA) Nanocomposite Foams 17

10 c le+12
8 - —
L3
= - le+1l 2
\E:JL 6 E 3
9 foy
& E
= 4 5
] - ler10 A
2 ; S
b
) i
0 T le+9
PMMMA PMMA/5%20A PMMA/5%MHABS

()

FIGURE 1.11 (Continued) SEM micrographs: (c) PMMA/5% MHABS nanocomposite
foams at 120°C and CO, pressure of 13.8 MPa. (d) Summary of cell size and cell density.
(Reprinted with permission from Zeng C. et al., Advanced Materials 2003, 15, 1743-1747.
Copyright 2003, John Wiley & Sons.)

Yeh et al. (2009) also found that the nature of the dispersion of organoclay plays
a vital role in controlling the size of the cell during foaming and in exfoliated nano-
composites; in particular, the individual particles enable a much larger interfacial
area between clay particles and the polymer matrix to be used for cell nucleation.

Zeng et al. (2010) studied the effects of carbon nanotube dispersion and PMMA
foam cell morphology. They observed that in nanocomposites where CNTs were
not well dispersed, the foam exhibited bimodal cell size distribution (Figure 1.12).
A smaller amount of big bubbles are distributed in a large number of significantly
smaller bubbles. By analysis based on nucleation theory and deliberate experiments,
they elucidated that such bimodal cell size distribution resulted from mixed mode
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FIGURE 1.12 Bimodal cell size distribution observed in PMMA-1wt% CNT nanocompos-
ite foams prepared at 13.8 MPa and different temperatures: (a) 100°C; (b) 120°C.
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FIGURE 1.12 (Continued) Bimodal cell size distribution observed in PMMA-Iwt% CNT
nanocomposite foams prepared at 13.8 MPa and different temperatures: (c) 140°C. Scale bars:
10 um in all micrographs. (Reprinted with permission from Zeng C. et al., Polymer 2010, 51,
655-664. Copyright 2010, Elsevier.)

nucleation, where heterogeneous nucleation prevailed in the CNT’s rich region and
homogeneous nucleation readily proceeded in the polymer rich region. The former led
to the large amount of smaller bubbles while the latter resulted in the large bubbles.
Furthermore, the degree of nanoparticle dispersion necessary to achieve uniform cell
size distribution is closely associated with the foaming regime and overall nucleation
density. The higher the potential nucleation rate, the more critical the uniformity of
nanoparticle dispersion is. This is discussed in detail in Chen et al. (2011).

1.4.1.3 Effect of Surface Chemistry of Nanoparticles

The effects of the surface chemistry of the nanoparticles are twofold. First, the
surface functionalization typically led to improved polymer—nanoparticle interac-
tion and improved nanoparticle dispersion. This has been discussed extensively in
previous sections. Second, the change of the surface chemistry would profoundly
change the nucleation process by affecting the critical nucleation of free energy. By
introducing surface moieties that affine to the foaming agent, for example, carbon
dioxide, to reduce the contact angle; or chemicals that have intrinsically low surface
tension, the critical nucleation free energy would be reduced. As the free energy
affects the nucleation rate in an exponential manner (Equation 1.1), this would result
in a significantly enhanced nucleation rate.

This concept was first demonstrated by Zeng et al. (2003) and Zeng (2004) in their
study of PMMA and polystyrene (PS) clay nanocomposite foams. When a PMMA mol-
ecule was polymerized from the nanoclay surface, it not only led to the exfoliation of
the nanoclay but also anchored the PMMA molecules on the clay surface. The favorable
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FIGURE 1.13  An example of tuning the nanoclay surface chemistry to control the cell mor-
phology in PS foams. (a) Pure PS foam as a reference; clays were exfoliated in both (b) (with
5%) and (c) with (2%) but with different surface chemistry. The surface was covered with PS
in (b) and PMMA in (c). Due to the reduction of free nucleation energy and higher nucleation
rate, the foam in (c) has a significantly higher cell density than (b) despite the lower clay
concentration. (Reprinted with permission from Zeng C. et al., Advanced Materials 2003, 15,
1743-1747. Copyright 2003, John Wiley & Sons; Reprinted with permission from Lee L. J.
et al., Composites Science and Technology 2005, 65, 2344-2363. Copyright 2005, Elsevier.)

interaction of the carbonyl group (on PMMA) and carbon dioxide (Kazarian et al., 1996;
Kazarian, 2002) resulted in a reduction of the contact angle and significant increases in
the cell nucleation rate. With 5% nanoclays (MHABS) about two order of magnitude
increases in cell density were achieved in the PMMA nanocomposite foam. By compar-
ison, when PS molecules are anchored on the nanoclay surface, while the same exfolia-
tion was achieved, only a five times increase of cell density (in PS) was observed. When
PMMA-grafted nanoclay was exfoliated in PS, a much higher cell density and smaller
cell size was achieved at a lower clay concentration (2 wt%), further validating this con-
cept. The cell morphology and nanoparticle surface difference is shown in Figure 1.13.
Later, Goren et al. (2010) conducted a more comprehensive investigation of the
effects of nanoparticle surface chemistry on nucleation during silica/PMMA nanocom-
posites using a series of foaming pressures and the results are summarized in Figure 1.9.
Reduction of surface tension via fluorination (resulting from the strong interaction affin-
ity between CO, and fluorinated compounds) (Folk, DeSimone, and Samulski, 2001;
Sarbu, Styranec, and Beckman, 2000) of the silica nanoparticle surface led to decreased
cell size without changing the degree of silica aggregation and overall foam density.
Note this figure also includes the studies on the particle size effect described earlier.
The effects of CNT’s surface chemistry on the bubble density were also studied
(Chen et al., 2012). In their study, the oxidized CNTs (M20 and M100) were func-
tionalized by grafting with glycidyl phenyl ether (GPE) (Figure 1.14a). The GPE
functionalized CNTs (P20 and P100) would have the same aspect ratio as the par-
ent oxidized CNTs. They found that at the same nanotube concentration, the nano-
composite foams with GPE grafted CNTs had a bubble density several times higher
than that of nanocomposite foams with oxidized CNTs under a series of foaming
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FIGURE 1.14 Effects of MWCNT surface functionalization on the bubble density of
PMMA CNT nanocomposite foams. (a) Surface functionalization scheme, in which oxidized
CNTs (M20 and M100) were surface grafted with glycidyl phenyl ether (P20 and P100). 20,
100 in the notation refer to the CNT aspect ratio. (b) A comparison of the bubble nucleation
density of M100, P100, M20, and P20 nanocomposites foamed, saturated at various pres-
sures, and foamed at 65°C for 5 minutes. Error bars represent the standard deviations of
bubble nucleation density data of four samples under each condition. (Reprinted with permis-
sion from Chen L. et al., Composites Science and Technology 2012, 72, 190-196. Copyright
2012, Elsevier.)
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conditions (Figure 1.14b). They further asserted that after GPE function, the surface
chemistry became the dominant factor that governed the bubble density, while the
effect of the nanotube aspect was diminished.

1.4.1.4 Effect of the Nanoparticle on Matrix Rigidity

It is well known that well dispersed nanoparticles often lead to significant increases
in the viscosity, melt strength, and rigidity of the polymer matrix. These would have
profound influences on bubble expansion and foam morphology. While the enhanced
melt strength has been observed in improving foaming of low melt strength poly-
mer such as polypropylene (PP) (Okamoto et al., 2001), excessive matrix rigidity
enabled by a high concentration of well-dispersed nanoparticles and exacerbated by
low foaming temperature would lead to complete inhibition of foaming. This has
been observed in the retrograde foaming of PMMA-CNT nanocomposite foams and
has been discussed in Section 1.3.3.

1.4.2 PROPERTIES

In ever increasing studies, nanocomposite foams show potential improvement in a
wide range of properties, for example, mechanical, electrical, and thermal proper-
ties, when compared with virgin nanocomposites or conventional foams.

Zeng et al. (2013) studied the tensile properties of PMMA/MWCNT nanocom-
posite foams, which were determined by the convoluted effects of CNT dispersion,
polymer—CNT interaction, and foam structure differences. Whereas foams containing
poorly dispersed CNTs with weak polymer—CNT interaction showed reduction in both
tensile strength and modulus, simultaneous improvement in tensile strength, modu-
lus, and elongation at break were observed in nanocomposite foams in which CNTs
were well dispersed and had good affinity to the polymer matrix. Nanocomposite
foam with concurrent increases in tensile strength (~40%), tensile modulus (~60%),
and strain at break (~70%) was successfully prepared with the use of 0.5% functional-
ized CNTs that were well dispersed. The foam showed a ductile failure under tension
that involved extensive pore deformation and collapsing, and formation and coales-
cence of microvoids that were largely responsible for the significantly improved ten-
sile toughness (Figure 1.15). It shall be noted that while promising, the exact physical
origins of these multiple energy dissipation mechanisms (Sun et al., 2002) are still not
well understood and warrant further investigation in the future.

Kynard (2011) investigated the energy dissipation capabilities of the PMMA nano-
composite foams by examining the compressive toughness. The toughness was obtained
by integrating the compression stress—strain curve and used as an indication for energy
absorbing capabilities. The 0.5% CNT nanocomposite foam showed improvement in
energy absorption while the capabilities decreased when CNT concentration increased.

Chen, Schadler, and Ozisik (2011) investigated the compressive properties of
PMMA/MWCNT nanocomposite foams. As shown in Figure 1.16, nanocomposite
foams have greater modulus and collapse strength than the neat PMMA foam across
the foam density range studied, and the effects were more prominent for nanotubes with
higher aspect ratios. The addition of only 1% of MWCNTs (F-C100 with an aspect ratio
100) led to 82% increase in the Young’s modulus and 104% increase in the collapse
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FIGURE 1.15 Failure surfaces of PMMA (a) and (b) PMMA-0.5% CNT nanocomposite
foams. The PMMA foam showed brittle failure while the nanocomposite foam exhibited
ductile failure with extensive deformation contributing to the improvement in tensile tough-
ness. (Reprinted with permission from Zeng C. et al., Composites Science and Technology
2013, 82, 29-37. Copyright 2013, Elsevier.)

strength (at a relative density of 0.5). Both modulus and collapse strength decreased
with decreasing relative density. The authors argued that addition of CNTs influence
the foam properties by (i) improving the compressive properties of the matrix and
(ii) reducing the bubble size of the nanocomposite foams. A model taking into account
the bubble size effect was derived for predicting the compressive properties of the
foams. Yeh et al. (2011) also investigated the compressive properties of PMMA-CNT
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FIGURE 1.16 Plots showing the change of (a) Young’s modulus and (b) collapse strength
of nanocomposite foams and neat PMMA foams with relative density. The error bars repre-
sent the standard deviations of Young’s modulus/collapse strength of five specimens for each
sample. (Reprinted with permission from Chen L., Schadler L. S., and Ozisik R. Polymer
2011, 52, 2899-909. Copyright 2011, Elsevier.)
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FIGURE 1.17  Plots of electrical conductivity versus graphene content for PMMA /graphene
bulk nanocomposites and microcellular foams. (Reprinted with permission from Zhang H.
et al., ACS Applied Materials & Interfaces 2011, 3, 918-924. Copyright 2011, American
Chemical Society.)

nanocomposite foams and observed 160% increase in compressive modulus with the
addition of 0.3 wt% carboxyl-multi-walled carbon nanotubes (c-MWNTs).

Properties other than mechanical properties were also studied. Zhang et al.
(2011) investigated the effect of graphene content on the electrical conductivity of
PMMA /graphene nanocomposite foams (Figure 1.17) and found that the percolation
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FIGURE 1.18 Dielectric constant of PMMA clay nanocomposite and nanocomposite foams
with two kinds of nanoclays (CCLMA and ACLMA) at various frequencies under room tem-
perature. Number in legend is the clay concentration; (F) indicates foam. (Reprinted with per-
mission from Yeh J. et al., Materials Chemistry and Physics 2009, 115, 744-750. Copyright
2009, Elsevier.)

threshold of the foams (with an expansion ratio of ca. 2) shifted to lower graphene
content compared with that of the bulk nanocomposites.

Yeh et al. (2009) investigated the effect of nanoclay on the dielectric and thermal
transport properties of PMMA nanocomposite foams. As shown in Figure 1.18, the
nanocomposite foams showed lower dielectric constants than the neat PMMA foam.
And the effect is more prominent when the clay nanoparticles were better dispersed
(CCLMA clay) and when the clay concentration was increased. The effect on thermal
conductivity (Figure 1.19) was slightly more complicated. While the nanocomposite
foams with better dispersion, that is, CCLMA nanocomposites with an exfoliated—
intercalated mixed morphology, showed a decrease in thermal conductivity, the ther-
mal conductivity of the intercalated ACLMA nanocomposite foam was higher than
that of neat PMMA foam. They have also prepared PMMA MWCNT nanocomposite
foams and measured their insulation property. Interestingly, they noticed a decrease
in both dielectric constant (22.6%) and thermal conductivity (19.7%) in the nanocom-
posite foams with 0.3 wt% carboxyl-multi-walled carbon nanotubes (c-MWNT5).

1.5 APPLICATIONS

As discussed earlier, one of the driving forces in nanocomposite foam research is to
leverage the reinforcement efficiency of the various nanoparticles, coupled with the
enabled morphological control, to produce materials that possess higher mechani-
cal properties. These have been discussed in the previous sections. In the following
sections, we will discuss unconventional applications of the PMMA nanocomposite
foams enabled by the unique properties of the nanoparticles.
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FIGURE 1.19 Thermal conductivity of PMMA clay nanocomposite and nanocomposite
foams with two kinds of nanoclays (CCLMA and ACLMA) measured at room temperature.
Number in legend is the clay concentration; (F) indicates foam. (Reprinted with permission
from Yeh J. et al., Materials Chemistry and Physics 2009, 115, 744-750. Copyright 2009,
Elsevier.)

1.5.1 ELECTROMAGNETIC INTERFERENCE SHIELDING

Electromagnetic interference (EMI) is problematic because it disturbs the normal
function of electronics and may cause irradiative damage to the human body (Li et al.,
2008). Conventional EMI shielding materials are typically metals and their composites.
Because of the high conductivity and high dielectric constant, they have a high shielding
effectiveness. But they are heavy and have poor corrosion resistance (Yang et al., 2005).

Nanocomposite foams with high-conductivity nanoparticles such as carbon nano-
fibers, carbon nanotubes, or graphene have a potential for effective EMI shielding
materials with light weight and significantly improved corrosion resistance and envi-
ronmental durability. The EMI shielding efficiency depends on the electrical con-
ductivity and bubble density and interconnectivity, which, in turn, depends on the
properties of the nanoparticles, dispersion, and foaming conditions. In addition, the
main EMI shielding mechanism of the solid materials is reflection and is not always
desired because of the potential damage from internal reflection. The nanocomposite
foams, on the other hand, utilize both reflection and absorption (Thomassin et al.,
2008). In the latter, multiple reflections of the electromagnetic wave occur within the
cavities of the foams resulting in improved efficiency and better protection.

PMMA /graphene foams were prepared and the EMI shielding property was
investigated (Zhang et al., 2011). It was found that with a low graphene loading of
1.8 vol%, the nanocomposite foam exhibited both high conductivity of 3.11 Sm™!
and good EMI shielding efficiency of 13—19 dB at frequencies from 8 to 12 GHz,
which is close to the target value of EMI shielding efficiency required for practical
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applications (ca. 20 dB). The EMI shielding efficiency is mainly attributed to absorp-
tion rather than reflection in the investigated frequency range. In the PMMA/
graphene foam, incident microwaves entering the microcellular foam were reflected
and scattered many times between cell-matrix interfaces and the graphene sheets
and had difficulty escaping from the material until they were absorbed (Shen et al.,
2012). Their results are summarized in Figure 1.20 (Zhang et al., 2011).
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FIGURE 1.20 PMMA graphene nanocomposite foams for EMI shielding; (a) EMI shielding
efficiency of graphene—PMMA nanocomposite microcellular foams with different contents of
graphene sheets. (b) The comparison of SE,,, microwave absorption (SE,), and microwave
reflection (SEy) at 9 GHz. (Reprinted with permission from Zhang H. et al., ACS Applied
Materials & Interfaces 2011, 3, 918-924. Copyright 2011, American Chemical Society.)
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1.5.2 TissUE ENGINEERING APPLICATIONS

Another unconventional application of PMMA nanocomposite foams is in the
area of tissue engineering, which focuses on developing artificial tissues and/
or organs by unifying biology, engineering, and materials (Lanza, Langer, and
Vacanti, 2000). A scaffold is a three-dimensional porous construct used as a
support structure allowing biological cells to adhere, proliferate, and differentiate
to form a healthy tissue (Liebschner and Wettergreen, 2003). The scaffold plays
a critical role in that it affects many aspects of the tissue growth, for example,
cell seeding, cell migration, matrix deposition, vascularization, and mass trans-
port of nutrients to and from the cells (Yang et al., 2001). Scaffolds need to be
biocompatible, radiolucent, easily formable, nonallergic, noncarcinogenic, and
mechanically stable having a hierarchical macroporous framework (Hui, Leung,
and Sher, 1996).

PMMA is a biocompatible and FDA-approved orthopedic material and has
been extensively used in bone cements to fix load-bearing prosthetic components
in total joint replacement surgery (Ohgaki and Yamashita, 2003). It has been
reported that the integration of hydroxyapatite (HA) nanoparticles with PMMA
can provide bioactivity coupled with mechanical stability (McManus et al., 2005).
More recently, Sinha, Guha, and Sinha (2010) developed a method to prepare the
PMMA/HA nanocomposite foam with a honeycomb structure. The morphology
is shown in Figure 1.21. One mm-sized macropores were uniformly distrib-
uted and symmetrically surrounded by 150-200 um-sized pores (Figure 1.21a),
and higher magnification view confirmed the interconnectivity of the macro-
pores (Figure 1.21b) and presence of 2-30 pm-sized micropores on the struts
of the framework (Figure 1.21c). Though still at a very early stage, the initial
results do suggest that such scaffolds promote mesenchymal stem cell adhesion
(Figure 1.22).
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FIGURE 1.21 (a) SEM micrograph of HA-PMMA composite. (b) Magnified SEM micro-
graph manifesting interconnectivity of the macropores in HA-PMMA composite. (c)
Magnified SEM images confirming microporous structure of the strut. (Reprinted with
permission from Sinha S. et al., Materials Science & Engineering, C: Materials for Biological
Applications 2010, 30, 6, 873—-877. Copyright 2010, Elsevier.)
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FIGURE 1.22  Adhesion of mesenchymal stem cells on the surface of HA-PMMA composite.
(Reprinted with permission from Sinha S. et al., Materials Science & Engineering, C:
Materials for Biological Applications 2010, 30, 6, 873—877. Copyright 2010, Elsevier.)

1.6 CONCLUSIONS AND OUTLOOK

PMMA foam is a versatile polymer foam that possesses many desirable properties and
can be used in many applications. Along with the numerous choices of nanoparticles,
a myriad of PMMA nanocomposite foams can be produced to suit a particular appli-
cation. Nevertheless, similar to other polymer nanocomposite foams, tremendous
challenges exist before the potential can be unleashed. These include the understand-
ing of the structure properties of the nanocomposite foams, and the convoluted role
of the nanoparticle surface chemistry, dispersion, polymer—nanoparticle interaction,
and foaming processing conditions that govern the cellular structure formation.
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The strategies of toughening polymer foams, particularly rigid polymer syntactic
foams, are discussed. The discussion begins with a general introduction of toughness
and the toughening mechanism in brittle polymer systems before focusing on two of
the very successful and effective toughening strategies of thermoset/hollow sphere
syntactic foams using microfibers and nanoparticles. Finally, the possible mecha-
nisms for the substantial toughening effect using even a small amount of micro- or
nanoparticles in the syntactic foams are proposed and analyzed. It is believed that
such an in-depth understanding should enable the formulation of suitable toughening
methods for different polymer foam systems.
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2.1 INTRODUCTION

Most of the polymeric materials, especially thermosets used for structural and
composite fabrications, are of high cross-linking density in order to achieve high
modulus and stiffness; however, these properties are accompanied by brittleness
and low fracture toughness. The fracture toughness refers to the ability of a crack-
containing material to resist fracture, and is one of the most important material prop-
erties for application design considerations. The introduction of a second phase of
well-dispersed particles to initiate localized energy-absorbing mechanisms in the
fracture zone, hence suppressing crack propagation, was identified as an effective
approach. This strategy was first used on thermoplastics and was found to achieve
excellent improvements in impact and fracture resistance. The same strategy was
later employed for the toughening of rigid polymer foams to expand the potential
applications of these brittle materials to various engineering fields.

The fracture toughness of materials can be quantified by the critical stress intensity
factor, K, and the critical strain energy release rate, G,.. K, means that the stress near
the crack tip reaches the point at which the crack will start to grow. G, is the amount
of the energy required to create the new surface during crack propagation (Rutz and
Berg, 2010). The most widely used fracture toughness test configurations are the
single-edge notch bend (SENB or three-point bend), as shown in Figure 2.1, and the
compact tension (CT) specimens (Wouterson et al., 2005, 2007a,b). The method for
determining K, and G,. depends on the test specimen geometry.

For a single-edge notched bend (SENB) specimen (Wouterson et al., 2005,
2007a,b):

2.D

FIGURE 2.1 Typical test setup of a three-point bending test of SENB specimen.



Nanotoughening and Microtoughening of Polymer Syntactic Foams 37

2 3 4
Y=1.93—3.07(ﬁ)+14.53(ﬁ) —25.11(5) +25.80(ﬁ) 2.2)
w w w w

K3
G = EI

t

(1-v%) (2.3)
For a compact tension (CT) specimen (Kinloch et al., 1983; Kinloch and Young, 1983),
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Where for both cases, Y is the geometry correction factor, P is the peak load at the
onset of crack growth in a linear elastic fracture, B is the specimen thickness, W is
the width of the specimen, S is the support span, a is the crack length, and E is the
Young’s modulus. It is noted that for SENB samples, the notch length should be
between 0.5 and 0.6 times the specimen width, W, and the notch width should be
0.015 W or thinner. Based on a span-to-width ratio, S/W, equal to 4, the coefficients,
in Equation (2.2) were obtained from Brown and Srawley (1966). The advantage of
using a compact tension specimen is that less material is required, but on the other
hand, the machining costs are higher and the test setup is more complex compared
to the SENB test setup (Figure 2.2).

The presence of pore space, also known as porosity, complicates the failure
mechanics and makes it a difficult task for precise analysis. The three-dimensional
network consisting of cell faces, cell edges, and fluid space in the form of open- and
closed-cell foam structure would deform in a way hard to identify. Gibson and Ashby
(1988) used honeycombs for the regular cell geometry and data obtained by various
groups to analyze the fracture toughness and obtained the expression for fracture
toughness, K7, in terms of the fracture strength of the cell walls, 6, and the relative
density, p,/p,.

FIGURE 2.2 (See color insert.) Typical specimen geometries for SENB and CT tests.
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Open-cell foams:

%
KL =CK, (pf) : 26)

s

As suggested by Gibson and Ashby (1988), the effects of membrane stress and the
fluid (gas for most of the cases) pressure inside a closed-cell foam, although small,
should not be ignored in the calculation, hence the term ¢ (the volume fraction of
solid contained in the cell edges) into Equation (2.5):

3/
K = C’Kh(gf) 2q>(1+1.6q>)% Q.7

s

Where K|, is the fracture toughness of the solid material measured using conven-
tional methods. C contains all the constants of proportionality and was determined
as 0.65 experimentally for both cases.

2.2 GENERAL TOUGHENING MECHANISMS

Studies carried out over the years gave detailed theoretical understanding on
materials toughening with rubber toughened thermoset systems being the most
extensively studied. These studies proposed and provided detailed toughening mech-
anisms through simulation and actual experimental works to explain the improved
toughness achieved by the incorporation of second phase particles (Faber and Evans,
1983; Kawaguchi and Pearson, 2004; Lange, 1970; Pearson and Yee, 1993; Rose,
1987; Shum and Hutchinson, 1990; Zhao and Hoa, 2007). Some important mecha-
nisms are summarized here.

2.2.1 PARTICLE BRIDGING

Sigl et al. (1988) proposed that a second phase particle lying on the path of a propa-
gating crack would most likely lead to two phenomena: (1) crack bridging of the
particle, especially ductile particles such as rubber, will be stretched and apply a
resistive force, which is able to close or suppress crack growth through compression.
(2) While bridging the crack, the plastically deformed particles would absorb an
additional amount of fracture energy providing a crack shielding effect. Sigl et al.
(1988) identified particle bridging as the main contributing mechanism for toughen-
ing, whereas the shielding resulting from the yielded particles are negligible. The
magnitude of the work done by the particles is dependent on the extent of stretching
and the effective distance from the crack (Ahmad, Ashby, and Beaumont, 1986). The
compressive force increased the fracture energy until the point of failure; hence large
particles are favored in this mechanism (Figure 2.3).

2.2.2  CrAck PINNING

Many studies on the fracture toughness of particulate composites consider the
crack-bowing mechanism as the main toughening mechanism. Lange (1970) first
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FIGURE 2.3 (See color insert.) Schematic diagram of particle bridging-toughening mech-
anism. The bridging particles tend to close the crack while surrounding particles in the plastic
deformation zone absorb fracture energy through plastic deformation.
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FIGURE 2.4 Schematic representation of the crack pinning-toughening mechanism. The
propagating crack front bows out and pins at the particle sites.

proposed the crack-front-bowing mechanism, which proclaimed the resistance of
rigid particles to crack propagation. Because of the impenetrability of the particles,
the primary crack was perturbed and had to bend between particles into a nonlin-
ear crack front and eventually pinned at the filler sites. The stress intensity of the
matrix is reduced by the crack front bowing while the reinforcing phase produces
an increase in the stress intensity. The bowed secondary crack front has more elas-
tic energy stored than the straight unbowed crack front. Therefore, more energy is
needed for a crack to propagate. When the stress intensity increases until fracture of
the reinforcing phase, the crack continues to advance (Figure 2.4).

The tails, which are observed behind the particles on the fracture surface, are
a characteristic structure created by the mismatch between two planes of crack
propagation. The tails are often regarded to be the evidence for the action of the
crack-front-bowing mechanism.

Rose (1987) used modified epoxy systems to refine the concept brought up by
Lange (1970) and Faber and Evans (1983) to be in better agreement with experimental
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observations, as represented by Equation (2.5). The final model shows that crack
bridging and pinning are interrelated and it is difficult to examine the contribution
from a single mechanism.

K. _ [(2%»)+(2%»)(K%()2]% 2.8)

Where K. is the fracture toughness of the modified epoxy, K, is the fracture tough-
ness of unmodified epoxy, 2s is the surface—surface particle spacing, 2r is the particle
diameter, K, is a limiting stress factor that specifies the failure of the tailing end of
the reinforced zone, and F), is an interpolating function constructed to reproduce the
correct asymptotic expansion for soft and hard spring. It was found that small glass
particles comply well with this mechanism and that fracture toughness predictions
using this toughening model are in good agreement with experimental results for
epoxy toughened with glass spheres.

2.2.3 CrAcK PATH DEFLECTION

Cracks are usually subdivided into mode I, mode II, and mode III, based on the
crack surface displacement. Mode I is the tensile mode and the most commonly
encountered mode. The crack tip is subject to displacements perpendicular to the
crack plane. In mode II or the sliding mode, the crack faces move relative to each
other in the crack plane. Mode III is also referred to as the fearing mode, where the
shear stress is acting parallel to the plane of the crack and parallel to the crack front
(Figure 2.5).

Cracks in the polymer resin advance in a direction with the lowest toughness.
When subjected to stress intensity lower than the corresponding planar crack, under
the presence of second phase particles, the crack propagation deviates from its
main plane into a nonplanar crack. The enhanced toughness comes from the sur-
face energy associated with the newly initiated nonplanar crack surface. Such devia-
tion also reduces the mode I characteristic of the crack opening and induces mode
II fracture locally. It is known that most polymeric materials are more resistant to
fracture under shear (mode II) loading than tensile (mode I) loading. Therefore, by
changing the crack path from mode I to a mixed-mode fracture path, the fracture

Model IIT

FIGURE 2.5 (See color insert.) Schematic representation for the crack modes.
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energy absorbed by this process can be significantly increased. Faber and Evans
(1983) proposed models to quantitatively predict the fracture toughness increase due
to crack deflection using the fracture mechanics approach. The models demonstrated
the mechanism to be size independent and rods of high aspect ratio to be most effec-
tive for deflecting cracks.

2.2.4 PARTICLE-INDUCED SHEAR YIELDING

This mechanism was identified as the main source of energy dissipation in rubber
toughened epoxy systems (Kinloch et al., 1983). Loading at the crack tip led to the
occurrence of two interacting processes in a rubber-toughened epoxy system; shear
yielding deformation in the matrix and void formation of the rubber particles in
response to the triaxial stress ahead of the crack tip. The first process was suggested
as the major toughening mechanism, especially when the rubber cavitation increases
the stress concentration and reduces constrain on the matrix at its vicinity, which
in turn accelerates shear yielding. The material’s ability to resist further fracture
was improved when the extensive shear yielding suppresses fracture by blunting the
crack tip.

2.2.5 MICROCRACKING MECHANISM

During processing, especially for the addition of a second phase particle, microcracks
are introduced into the system. The nucleation of a microcrack is accompanied by
the release of residual stress, which leads to stress redistribution around the main
crack tip. Hutchinson relates this phenomenon to the plastic deformation of crack
tips in a metal or to the dilatational transformation at the crack tips in a ceramic
(Shum and Hutchinson, 1990). The generation of new crack surfaces absorbs frac-
ture energy, which in turn suppresses further crack propagation. Rubber is a typical
ductile particle commonly used to toughen polymer matrix by the crack shielding
effect resulting from microcrack formation.

Crazing usually occurs when a number of microvoids nucleate at high stress
concentration points (i.e., small cracks, air bubbles, voids). The microvoids tend to
develop along the plane perpendicular to the maximum principal stress direction,
and instead of coalescing to form a crack, they remain separated by fibrils of plasti-
cally deformed material, forming a craze.

Characterization, by means of SEM, revealed different types of microcracks on
the fracture surface which complicate the mechanism, especially when the second
particulate phase is involved in the fracture event: (1) microcracks in the matrix, (2)
microcracks in the particle, and (3) along the particle/matrix (debonding) (Lee and
Yee, 2001a,b). The fracture toughness can be further influenced by various tough-
ening mechanisms, such as crack deflection, crack bowing, particle debonding
(Anderson, Leevers, and Rawlings, 2003; Zhang and Ma, 2010), interparticle spacing
theory (Lee and Yee, 2000), and step structure mechanisms (Lee and Yee, 2001a,b).

Figure 2.6 illustrates crack bowing, crack deflection, debonding, and step structure
mechanisms, which may be operative to a system. Figure 2.6a shows the occurrence
of the crack-bowing mechanism when the propagating crack interacts with fillers
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FIGURE 2.6 Schematic of proposed fracture mechanism of a composite system: (a) crack-
bowing mechanism; (b) crack deflection mechanism; (c) step structure mechanism, and
(d) debonding mechanism.

of sufficient strength to resist crack penetration causing the crack front to bow out.
Figure 2.6b shows the crack deflection mechanism, which was discussed previously.

During crack bowing, there will be a point at which the crack front breaks away
from the rigid particle. At this point, the secondary crack fronts will come together
and form a characteristic step structure as both secondary crack fronts propagate at
a different crack plane. The step structures, shown in Figure 2.6¢, are considered
to be the evidence of the existence of the nonlinear and/or nonplanar crack front.
When two secondary crack fronts separated by a particle meet with each other, the
different kinds of step structures would be formed as both secondary crack fronts
propagate at different crack planes. Several kinds of step structures were observed
at lower magnification such as lance, river, and hackles (Lee and Yee, 2001a,b).
The step structures are thought to be formed due to the mixed mode of fracture in a
constrained crack propagation situation.

The debonding mechanism shown in Figure 2.6d is a complex process. After
debonding, the modulus of the material is effectively lowered in the process zone
around the crack tip and consequently stress intensity is reduced. Therefore, this acts
as a crack-speed decreasing mechanism, which is able to absorb significant amounts
of fracture energy. In this case, small particles act as better tougheners than large
ones.

The debonding mechanism is affected by many factors, such as the size of the
particle and the interfacial adhesion. A simple equation was proposed to predict the
relationship between the critical stress (6;) and the radius of the particles (Pukanszky
et al., 1994):

-0, +2G,G,
= TP T AMaY0 (2.9)
o, kr
where G, is the bond fracture energy per unit of bonded surface, k is a constant, r is
radius of the microsphere, G, is shear modulus of the matrix, and ¢, is thermal stress.
Although the equation cannot precisely predict G,, it indicates that if the size of
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a microsphere decreases, the critical stress, which is necessary to cause debonding,
increases, resulting in less debonding.

The strength of the adhesive bond between the particle and the matrix also
determines the level of stress transfer across the interface under loading. In order
to improve the adhesion, it is possible to use coupling agents, which could create
improved chemical bonds between the particle and matrix in order to further
enhance the toughening effect under loading. Silanes are often used in glass—polymer
systems. The syntactic foam containing silane coating microspheres exhibited 25%
higher strength than that containing untreated microspheres under flexural loading
(Koopman et al., 2006). Another coupling agent, glutaric dialdehyde, was used in a
carbon microspheres/phenolic resin system (Zhang and Ma, 2010). Syntactic foam
containing coupling agent-treated hollow carbon microspheres outperform syntactic
foams that contain untreated hollow carbon microspheres under compression and
flexural loading.

The interparticle spacing theory was first described in 2000 (Lee and Yee, 2000).
The interparticle separation between particles will decrease with increasing particle
content. As long as the particle content is beyond the complete wetting ability of the
resin, interparticle sliding and stress concentration would be introduced. The chances
of particle debonding would increase when the system contains a higher volume
fraction of particles. Debonding is usually accompanied by premature microcracks.
If the crack growth direction is parallel to these microcracks, the subcritical cracks
act as precursors and initiate crack propagation.

The above mechanisms were targeted to provide insights for the existing tough-
ening mechanisms proposed for bulk resins and are not necessarily able to provide
accurate quantitative measurements for foam structures, nevertheless, they allow
reasonable predictions to be made in toughness that one can achieve if one were to
toughen the foam structure by developing nanocomposite foams.

2.3 TOUGHENING OF POLYMERIC FOAMS

Polymeric composite foam is a ternary material comprised of polymer matrix,
gaseous phase defining the voids (cells), and third phase particle filler. Incorporation
of a thermosetting matrix, that is, epoxy resin, in syntactic foams results in many
useful properties for structural, engineering applications, such as a high modulus
and failure strength, low creep, and good performance at elevated temperatures.
However, the structure of such relatively brittle material polymers in combination
with voids leads to a highly undesirable property of poor resistance to crack initia-
tion and growth. The low resistance to crack initiation and growth limits the number
of applications of these materials in areas prone to high stresses and shock loading.
In order to increase the number of advanced applications of foam-based composites,
it is essential to increase the toughness of these types of foams.

The toughening mechanisms summarized earlier on provide good insight into
possible mechanisms responsible for toughness improvement through second phase
infusion. The hypotheses can be applied to the ternary system of foam structures
where the cell struts show similar behavior as bulk composite materials. It is hard to
identify the fracture and toughening mechanism for the complex three-dimensional



44 Polymer Nanocomposite Foams

foam structure consisting of open/closed-cell, cell walls, and struts. Here the effects of
microtoughening and nanotoughening are illustrated in detail using epoxy syntactic
foams prepared by Wouterson et al. (2004, 2005, 2007a, 2007b). The results of vari-
ous reinforcements of syntactic foam and their effect on fracture properties will be
discussed in light of microstructure and fracture mechanics.

2.3.1 MICROTOUGHENING THROUGH CONTROLLED POROSITY

The presence of cells marks the distinctive difference between bulk composite and
composite foams. The level of porosity measures the amount of empty space within
the matrix and varies with foam density. For the case of syntactic foams, differ-
ent microstructures or levels of porosity can be created through varying the type
and amount of microspheres. Details of the microspheres used by Wouterson et al.
(2007b) to prepare the epoxy syntactic foams are listed in Table 2.1. In the fracture
toughness assessment under quasistatic loading, SENB specimens were loaded in
a three-point bend (3PB) geometry. Due to the difference in density between the
various types of microspheres, densities of foams with equivalent amounts of micro-
spheres vary. The difference in density makes the comparison of the properties
of foams nonrelevant. In order to compare the performance of foams, the specific
mechanical/fracture properties are used.

Figure 2.7 shows the specific fracture toughness, K,./p, and specific energy release
rate, G, /p, respectively, for various compositions of syntactic foam. The increase in
K,/p suggests the presence of a toughening mechanism. For K|, the hollow glass
microspheres outperform the hollow phenolic microspheres with K46 microspheres
resulting in the highest value for K, /p, suggesting that the wall thickness and density
of the microspheres affect the fracture toughness of the syntactic foam. The hollow
phenolic microspheres outperform the hollow glass microspheres for the specific
energy release rate. This is mainly caused by the lower value of the Young’s modulus
of the BJO-093 samples.

The drop for K, and G, after 30 vol% of microspheres indicates the change in
the type of major toughening mechanism at the transition point. SEM micrographs
elucidated the toughening mechanisms in the various microstructures of syntactic
foam. Figure 2.8a shows the fracture surface of pristine epoxy resin after being

TABLE 2.1

Properties of Various Types of Microspheres

Microsphere Density Static Pressure Mean Diameter Wall Thickness
(g/cm3) (MPa) (pm) (pm)

BJO-093

Phenolic microspheres 0.25 3.44 71.5 1.84

K15

Glass microsphere 0.15 2.07 70 0.70

K46

Glass microsphere 0.46 41.37 43.6 1.37
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FIGURE 2.7  Specific fracture toughness and specific critical energy release rate for various

compositions of syntactic foam.
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FIGURE 2.8 (a) Fracture surface of pristine epoxy resin. (b) Fracture surface of epoxy
syntactic foam showing precrack, process, and fast fracture zone. (c) Step structures on the
fracture surface of syntactic foam. (d) Step structures on the fracture surface of syntactic foam.

subjected to 3PB. The featureless fracture surface of epoxy resin is indicative of the
well-known brittle deformation of epoxy resin. Uniformly oriented white lines on the
fracture surface suggest minor shear deformation of the epoxy resin prior to fracture.

The fracture surface of brittle particulate-filled composites can be divided into
three areas, namely, precrack, process zone, and fast fracture zone. Tapping a fresh
razor blade into a prenotch creates the precrack zone. The sharp crack is required to
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eliminate any deformation induced by the introduction of the prenotch. The process
zone is the area where the crack undergoes stable subcritical crack growth. The pro-
cess zone is considered as the most important area of the fracture surface in terms of
contribution to the overall fracture toughness.

An example of a fracture surface of a syntactic foam containing 5 vol% K46 glass
microspheres showing the precrack zone (A), process zone (B), and fast-fracture
zone (C), is shown in Figure 2.8b. The gentle roughness of the fracture surface, as
shown in Figure 2.8c, is caused by the so-called step structures, which are shown at
higher magnification as diagonal lines in Figure 2.8d. In particular, the tail struc-
ture behind the hollow glass microspheres can be clearly identified, evidence for the
action of the crack-front-bowing mechanism. The mismatch between the two crack
planes is also clearly visible in Figure 2.8d.

In addition to the presence of step structures, debonding of microspheres is
observed on the fracture surface of syntactic foam (see Figure 2.9). Debonding can
be identified by the absence of the microsphere or by a gap in between the micro-
sphere and the matrix. The presence of debonding of microspheres from the polymer
matrix suggests the weak interfacial adhesion at the microsphere—matrix interface.
Several researchers have suggested that the debonding of glass beads is one of the
major toughening mechanisms that triggers matrix plastic deformation in glass bead
reinforced polymers. The theory of debonding and matrix plastic deformation shows
similarity with the presence of cavitations of rubber particles and matrix shear yield-
ing in rubber toughening of polymers. Debonding involves energy dissipation and
will thus impede the crack growth process.

For some syntactic foams with higher volume fractions of microspheres, crushed
microspheres become evident. An example of a crushed microsphere is given in
Figure 2.9b. Once the microspheres crush, energy is dissipated in shattering the
microsphere, resulting in relief of triaxial tension and crack path deflection, attribut-
ing to the overall fracture toughness of the syntactic foam.

Figure 2.10 shows the fracture surface of syntactic foam containing low and
high volume fractions of microspheres, respectively. It is clearly shown that step
structures prevail for the microstructures containing low volume fractions of micro-
spheres. Step structures are absent in the microstructures of syntactic foam contain-
ing 50 vol% hollow microspheres. Instead, the dominant fracture mechanism that

19kV X?a0 1oKm 113456 \
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FIGURE 2.9 (a) Debonding of microspheres from epoxy matrix. (b) A debonded and
broken microsphere.



Nanotoughening and Microtoughening of Polymer Syntactic Foams 47

-

'?-'IIE;Lk 4 H?S

=

FIGURE 2.10 Fracture surface of syntactic foam containing (a) 10 vol%, (b) 20 vol%, and
(c) 50 vol% of microspheres.

is observed is debonding of microspheres. According to Lee and Yee (2001a,b), the
increase in particle content will decrease the interparticle separation. The increase of
particle content beyond the complete wetting ability of the matrix introduces inter-
sphere sliding. Higher volume fractions of particles would allow more debonding
from the matrix. If the direction of these cracks is parallel to the crack growth direc-
tion, the subcritical cracks act as precursors, and facilitate crack propagation.

Understanding of the change in a toughening mechanism between low and
high volume content of microspheres explains why there is a maximum value in
the specific fracture toughness versus microsphere content curve. What is left is an
explanation for the increase in the fracture toughness of syntactic foams containing
0-30 vol% microspheres. Comparing Figure 2.10a,b and Figure 2.10c, it is clear that
similar toughening mechanisms can be observed for syntactic foam with higher vol-
ume fractions of hollow microspheres. The distinctive features observed are that the
length of the step structure and the intensity of the tail structures have now increased
due to the larger numerical density of microspheres causing the fracture toughness
to increase with an increase in volume fraction of the microspheres.

2.3.2 MICROTOUGHENING THROUGH SHORT FiBER INCLUSION

It is well understood that short fibers are an effective means to toughen polymers.
However, for polymeric foams, short fiber reinforcement is relatively unknown.
1, 2, and 3 wt% of short carbon fiber (SCF) of mean fiber lengths 3.11, 4.50, and
10.05 mm were added to the epoxy resin to study the effect of the fibers on the
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FIGURE 2.12 Fracture toughness (K,) and critical energy release rate (G,¢) of short fiber-
reinforced syntactic foam.

fracture properties. Figure 2.11 shows typical scanning electron micrographs of
short fiber-reinforced syntactic foam (SFRSF).

Figure 2.12 shows the results of the effect of fiber length and fiber weight fraction
on the fracture toughness and critical energy release rate of SFRSF determined by
Equation (2.1) to Equation (2.3). The increase in the plane strain fracture toughness,
K, with increasing fiber content strongly suggests the synergistic benefit of fiber
reinforcement. The effect of the fiber lengths on the fracture properties appears to
be less pronounced. This observation is in line with the work reported by Chiang
(2000), who highlighted that the fracture toughness reaches a limit if the fiber
reaches the critical fiber length.

A SEM fractograph of a SENB specimen is shown in Figure 2.13. The black arrow
denotes the direction of the crack propagation. Various toughening mechanisms,
including fiber pull out, fiber breakage, step structures, debonding of microspheres,
and fractured microspheres are identified. An image of the sharp crack and crack
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FIGURE 2.13  Fracture surface of short carbon fiber-reinforced syntactic foam.
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FIGURE 2.14 Optical micrograph of crack tip area in short fiber-reinforced syntactic foam.

initiation region obtained with a transmission optical microscope (TOM) is shown in
Figure 2.14. The image clearly shows the presence of fiber bridging and debonding of
microspheres at the crack interface. Despite observing multiple specimens containing
different amounts of reinforcing fibers under the optical microscope, no microshear
banding was observed under polarized light. Microshear banding has been reported
by Lee and Yee (2001a,b) as an important toughening mechanism in glass sphere
reinforced polymers but could be absent in brittle matrices.
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The presence of multiple toughening mechanisms on the fracture surface of
SFRSF SENB specimens requires an in-depth analysis to determine the contribution
of each toughening mechanism to the overall toughness of the composite. The pres-
ence of fiber breakage, interface debonding, and pull out suggests the presence of
fiber bridging during the fracture process. As the crack front approaches, it is halted
by the fiber and shows a tendency to circumvent the crack face in the transverse
direction, causing interfacial debonding between the fiber and the matrix. The con-
tribution of the interfacial debonding toughness, Ry, to the overall SFRSF toughness
can be estimated by using the following equation (Kim and Mai, 1998):

2
R, = 1ok (2.10)
2E,

where V,is the volume fraction of SCF, /, the debonding length, and £, the Young’s
modulus of the SCF. Values for R, obtained for SFRSF containing various amounts
of SCF are given in Table 2.2. The poor interfacial debonding is confirmed by the
matrix-free fiber surface observed in Figure 2.13, indicating a poor interface between
the matrix and the fibers.

After the interfacial debonding, fibers can either debond from the matrix or
fracture in the crack plane, depending on the fiber aspect ratio. According to Hull
and Clyne (1996), debonding of fibers occurs if the fiber aspect ratio, s ( = 1/d), is
below a critical value. The critical value, ocrit, can be calculated using the following
equation (Hull and Clyne, 1996):

G = 21 @.11)
2,

where 7, is assumed to be the matrix shear strength. For the SCF dispersed in the
SFRSEF, 6,,, is estimated to be 28.2. Based on a fiber diameter of 7 um, the fiber aspect
ratios for the three different fiber lengths of 3, 4.5, and 10 mm, are estimated to be 429,
714, and 1428, respectively. It is obvious that 6,,, is only a fraction of s for all the three
fiber lengths, indicating that the SCF in SFRSF will fracture in the crack plane instead
of fully debonding from the matrix. Fracture of the fibers will prevail since there will
always be embedded lengths on either side of the crack plane which are long enough for
the stress in the fiber to build up sufficiently to break the fiber. According to Hull and
Clyne (1996), the actual fiber breaking makes little or no direct contribution to the over-
all toughness. Typical fracture energies for carbon fibers are only a few tens of kJ/m?>.

Though the actual breaking of the fiber is expected to have a minor effect on
the overall fracture toughness of the fiber-reinforced composite, it is believed that the
redistribution of the strain energy that occurs when a fiber breaks might have more
impact on the overall toughness. According to Kim and Mai (1998), the toughness
due to the redistribution of the strain energy stored in the fiber prior to fracture, R,

can be calculated with the following equation:

2
_ Vfcflcrit

2.12
7, @.12)

r
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TABLE 2.2
Conjectural Estimates of Toughening Contributions from Interfacial
Debonding, R, Strain Redistribution Energy, R, Fiber Pull Out, R,

and Formation of New Surfaces, R, to the Total Toughness of Short Fiber-
Reinforced Syntactic Foam

SCF

Weight Fraction Ry R, R, R, R,

(Wt%) (k)/m?) (k)/m?) (k)/m?) (k)/m?) (k)/m?)

0 NA NA NA 0.736 0.736

(100%)

1 0.0006 0.0082 0.0122 0.8334 0.8544
(~0.07%) (~0.96%) (~1.43%) (~97.54%)

2 0.0012 0.0164 0.0245 0.9319 0.9740
(~0.12%) (~1.68%) (~2.52%) (~95.68%)

3 0.0019 0.0247 0.0370 1.0313 1.0949
(~0.17%) (~2.26%) (~3.38%) (~94.19%)

Note: The relative % from each contribution is indicated by the value in parentheses.

Table 2.2 shows the conjectural estimates for R, and several other toughness
contributions. The relative contribution from each mechanism is shown by bracketed
values. Clearly, the contribution of R, to the overall toughness is relatively low, which
is mainly caused by the low volume fraction of SCF in SFRSF.

Despite the fact that fibers show the preference to fracture in the crack plane,
debonding and pull out of fibers can be observed on the fracture surface of SENB
specimens (see Figure 2.13). However, the contribution of debonding to the overall
toughness is minimal as the debond length, as estimated from SEM images, is only
in the order of tens of micrometers. It should be noted that the amount of debonding
is related to the fiber orientation. Fibers orientated perpendicular to the crack plane
show the smallest debonding length. The contribution of the fiber pull-out toughness,
R, to the toughness of SFRSF can be estimated as follows (Kim and Mai, 1998):

Rpu — Vforlzrir @ (213)
6d [

where T;, is the frictional shear stress. Please note that Equation (2.13) is for unidirec-
tional fibers having a length greater than the critical fiber length. Further, it is clear
from Figure 2.13 that localized matrix yielding occurs near fiber ends. In addition,
step structures can be observed behind many of the fibers. The quantity and intensity
of the step structures observed on the fracture surface of SFRSF seems to be more
significant compared to pristine syntactic foam. As discussed before, step structures
are the result of the crack-front-bowing mechanism as proposed by Lange (1970).
Many studies on the fracture toughness of particulate composites consider the crack-
bowing mechanism as the main toughening mechanism. The main aspect responsible
for the absorption of the energy is the formation of new surfaces. The contribution



52 Polymer Nanocomposite Foams

of the toughness, due to the formation of new surfaces, R, to the overall toughness
of fiber-reinforced composites, was discussed by Marston et al. (1974) and Atkins
(1975). Rs is regarded as the sum of the specific energies absorbed in creating new
surfaces in fiber, matrix, and at the interface. For SFRSF, additional surfaces are
created in microspheres. To account for the additional microsphere surfaces, the
equation given by Atkins (1975) has been modified by replacing the matrix tough-
ness with the toughness of pristine syntactic foam containing 30 vol% phenolic
microspheres, R . R, can then be calculated with the following equation:

\%

R =V;R, +(1-V;)Ry + l—fR,«C (2.14)
crit

By assuming that the fiber toughness, R,, is negligible and the interfacial fracture

toughness, R, is equal to the toughness of pristine syntactic foam, R, Equation

(2.14) can be rewritten to the following:

R, =[vf(l€d’” —1)+1]Rsf (2.15)

The estimated values for R, can be found in Table 2.2. It is obvious that the specific
energy required for the formation of new surfaces is significantly higher compared to
any of the other toughening mechanisms discussed and can, thus, be considered as
the main toughening mechanism in SFRSF.

The total toughness of SFRSF, R,, is now estimated by combining the contribu-
tions of each individual mechanism. R, = R, + R, + R,, + R,.

Figure 2.12b reflects the result of R, for various weight fractions of SCF. It is clear
that the conjectural estimate of R,, as discussed, represents the trend and values for
the experimentally measured critical energy release rate versus weight fraction of
SCF quite closely.

2.3.3 NANOTOUGHENING OF PoLYyMERIC Foam

Experimental work on nanocomposites generally demonstrated new or improved
properties compared to the micro- and macrocomposite counterparts. Nanotechnology
has proven to be an effective tool in increasing the fracture properties of materials
(Kinloch and Taylor, 2006). Dispersion of particles in a polymer matrix usually
results in the presence of stress concentrations, in particular when the moduli
and Poisson’s ratio are different from the matrix. The particles act as microcrack
initiation points or may debond, resulting in increased toughness. As the size of the
particles moves toward the nanometer scale, one may wonder whether finer particles
eventually will lead to even better toughening effects.

The inclusion of nanoclay in polymeric materials has been proven to eluci-
date remarkable tensile, fracture, and thermal properties enhancements (Lan and
Pinnavaia, 1994; LeBaron, Wang, and Pinnavaia, 1999), attributed to the high aspect
ratio of the silicate nanolayers. The largest improvement in properties are observed for
those nanocomposites where the polymer is able to penetrate and expand the gallery
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in between two clay layers. This is referred to as exfoliation. Often, the polymer only
slightly expands the gallery, which is called intercalation. Though both intercalated
and exfoliated nanoclay layers are able to improve the properties of the nanocom-
posites, the highest improvements have been observed for exfoliated nanoclay layers.

Despite being proven to be an effective reinforcement for polymers, nanoclay-
reinforced syntactic foam (NCRSF) has only been explored in recent years (John,
Nair, and Ninan, 2010; Maharsia, Gupta, and Jerro, 2006; Peter and Woldesenbet,
2008). It would be interesting to evaluate a possible synergistic behavior in hybrid
syntactic foams comprised of a matrix, hollow microspheres, and nanoclay particles.

Similar to the studies performed on the SFRSF, the amount of microspheres, for
each nanoclay-reinforced syntactic foam, was fixed at 30 vol%. The nanoclay was
surface-modified montmorillonite mineral. Figure 2.15 shows the general structure
of NCRSF.

Clay intercalations were observed inside the epoxy matrix as shown in Figure 2.16.
Figure 2.16b shows increased exfoliation of the nanoclay when 1.0 wt% of nanoclay

Nanoclay

agglomerates

Matrix

Microsphere

FIGURE 2.15 Reflective optical micrograph showing the general structure of nanoclay-
reinforced syntactic foam.

FIGURE 2.16 TEM image of (a) 0.5 and (b) 1.0 wt% nanoclay-reinforced syntactic foam at
higher magnification.
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FIGURE 2.17 Fracture toughness and critical energy release rate of nanoclay-reinforced
syntactic foam.

was dispersed. At lower magnification, nanoclay agglomeration was also observed
with the degree of agglomeration increased with increasing nanoclay loadings.

Figure 2.17 shows the fracture toughness, K,., and critical energy release rate,
G,., of NCRSF, respectively. For NCRSF, containing 1-2 wt% nanoclay particles, an
increase in K, is observed compared to pristine syntactic foam. Agglomeration of
the nanoclay layers at higher loading content caused the K, value to drop.

The critical energy release rate, G, for syntactic foam containing various
amounts of nanoclay is shown in Figure 2.17b. The trend in G, versus wt% nanoclay
is similar to the trend observed for K. Introduction of 0.75 wt% causes a reduc-
tion of 41% for G;.. Compared to pristine syntactic foam, G, shows a significant
increase of 104% for specimens containing 1 wt% nanoclay. The sharp increase at
1 wt% nanoclay suggests that 1 wt% of nanoclay acts like a threshold; the amount
of nanoclay required to induce toughening in NCRSF. The increase in both K. and
G, for syntactic foam containing 1 wt% nanoclay indicates the excellent toughening
potential of nanoclay in syntactic foams.

For the syntactic foams mentioned above, in general, for similar weight fractions,
microtoughening is more effective than nanotoughening. A comparison, see Figure 2.17,
was made against the fracture data for highly exfoliated nanoclay-toughened epoxy
reported by Wang et al. (2005). It is obvious that NCRSF features a superior fracture
behavior compared to nanoclay-toughened epoxy. The result suggests that an exfoli-
ated nanoclay system might not result in the optimal fracture behavior. Agglomeration
of nanoclay layers is preferred as the agglomerates are able to divert the path of crack
growth and induce the formation of microcracking, increasing the fracture toughness.
The improved fracture behavior of NCRSF over nanoclay-toughened epoxy suggests a
synergistic behavior between the hollow microspheres and the nanoclay layers.

The fracture surfaces of the NCRSF specimens containing 0.75 wt% and 1 wt%
nanoclay were examined using SEM (see Figure 2.18) to elucidate the toughening
mechanisms responsible for the fracture behavior of nanoclay-reinforced syntac-
tic foams. The three characteristic fracture regions, namely precrack (A), process
or crack initiation zone (B), and the fast fracture region (C), are clearly visible in
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FIGURE 2.18 Overall fracture surface of a syntactic foam reinforced with: (a) 0.75 wt%
nanoclay. (b) Crack process zone of syntactic foam reinforced with 0.75 wt% nanoclay.
(c) Fast fracture zone of a syntactic foam reinforced with 0.75 wt% nanoclay. (d) Crack initia-
tion zone of a syntactic foam reinforced with 1.0 wt% nanoclay (low magnification). () Crack
initiation zone of a syntactic foam reinforced with 1.0 wt% nanoclay (high magnification).
(f) Step structures generated by agglomerated nanoclay.

Figure 2.18a. The precrack region is produced by tapping of a fresh razor blade into
the prenotch. The process zone is of interest as it harbors the toughening mechanisms
responsible for the material’s fracture toughness. The amount of fracture toughness
is often reflected in the surface roughness and size of the process zone. The fracture
surface of the process zone of specimens containing 0.75 wt% nanoclay, as seen
in Figure 2.18b, is rough whereas the fracture surface of the fast fracture region,
see Figure 2.18c, is relatively smooth. A smooth surface is associated with brittle
behavior and does not contribute significantly to the overall composite toughness.
According to Zerda and Lesser (2001), the rough surface exhibits evidence for crack
branching along the path length. As the clay content increases, the distance between
regions of intercalated and agglomerated clay is reduced. The reduced distance
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causes the crack to follow a more tortuous path, either around or between regions
of high clay content. Increased clay content leads to increased crack path deflection,
causing increased surface roughness. Indeed, the fracture surface of the process zone
of specimens containing 0.75 wt%, as shown in Figure 2.18a, is less rough compared
to the fracture surface of specimens containing 1.0 wt% nanoclay (see Figure 2.18d).

The size of the process zone also plays a significant role in the contribution to the
fracture toughness. The larger the process zone, the more toughening events were
able to take place, the higher the fracture toughness of the composite. The fracture
toughness of specimens containing 1.0 wt% nanoclay is higher than specimens con-
taining 0.75 wt% nanoclay.

In the process zones many potential toughening mechanisms are observed, that
is, step structures, matrix deformation, microcracks, clusters of nanoclay particles,
and fractured and debonded microspheres. In addition to the typical step struc-
tures observed behind the microspheres, step structures also occur behind nano-
clay agglomerates. Nanoclay agglomerates tend to be in the order of microns, acting
more as a micron particle. For higher nanoclay content, the size of the agglomerates
tends to grow. If the size of the agglomerate is in the order of microns, the agglom-
erate is able to resist and deflect the crack front. This behavior is clearly visible
in Figure 2.18f, where significant step structures are visible behind the nanoclay
agglomerates. Interestingly, the step structures behind the nanoclay particles seem to
be interacting with the surrounding microspheres. This kind of interaction between
microspheres and nanoclay layers could be a potential evidence of the synergistic
behavior between nanoclay and microspheres. Furthermore, the size of the nano-
clay cluster affects the size of the resulting step structures. The larger the size of
the nanoclay clusters, the larger the step structures, and thus the higher the fracture
energy. This could be a possible explanation for the higher toughness values for syn-
tactic foam containing > 1wt% of nanoclay particles.

In addition to step structures, multiple microcracks are also observed in
Figure 2.18e (indicated by white arrows). Observations of these microcracks are
similar to those reported by Wang et al. (2005). According to Wang et al. (2005), the
presence of the microcracks implies that the clay layers act as stress concentrators,
promoting the formation of a large number of microcracks upon the loading of the
sample, causing an increase in the size of the process zone.

Optical microscopy (OM) was performed to study the subsurface damage in
the crack process zone. The study allows for evaluation of the possible presence of
microshear banding as reported by Lee and Yee (2000). Microshear banding has
been reported as an important toughening mechanism in glass sphere reinforced
polymers. Despite observing multiple specimens containing different amounts of
nanoclay under the optical microscope, no microshear banding can be seen under
polarized light. Similar findings are reported by Wang et al. (2005) for epoxy/clay
nanocomposites. The absence of microshear banding could be attributed to the rela-
tively low content of nanoclay layers in combination with their random orientation.
Further, it is suggested by the author that the system might behave in an elastic man-
ner causing healing of the crack, leaving no traces of microshear banding.

Transmission optical microscopy revealed another toughening mechanism
(see Figure 2.19). The image, taken under crossed polarized light, clearly shows
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Microsphere

FIGURE 2.19 Transmission optical micrograph of subsurface damage near the crack initia-
tion area in nanoclay-reinforced syntactic foam.

the presence of diffuse matrix shear yielded regions due to the debonding of the
microspheres. Diffuse shear yielding is always found around the debonded matrix.
Once a microsphere debonds from the matrix, a free surface will be generated,
which is more vulnerable to plastic shear deformation.

2.4 CONCLUSIONS

Having discussed microtoughening and nanotoughening in detail through syntactic
foams with inclusion of a second phase particle, the following should be consid-
ered when analyzing the toughening mechanisms of polymeric foams consisting of
a second particle phase:

* Microtoughening of syntactic foam through changing the level of porosity
by altering the type of microspheres has proven to be effective. For lower
filler content an increase in the specific fracture toughness was observed. The
increase reached a maximum after which a decrease in the specific fracture
toughness was seen. The change in behavior was attributed to a change in the
dominant toughening mechanisms from filler stiffening, crack-front bowing to
excessive debonding. This observation can be extended to particle-toughened
systems by replacing microspheres to a second phase particle.

e Microtoughening through the inclusion of short carbon fiber is an effective
method to increase the fracture toughness of syntactic foams. Fractured
and debonded fibers, leading to increased matrix plasticity, step structures,
and microsphere debonding are believed to be responsible for the increase
in fracture properties.

* From a conjectural estimate of the total fracture toughness, the generation
of new surfaces was the highest contributor to the overall toughness.
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¢ Nanotoughening is an effective method to increase the fracture toughness
of polymeric foams. Additionally, the nanoclay layers introduced additional
crack deflection and microcracking. The intensity of the crack deflection
increased with the size of the nanoclay agglomerates.

In principle, the combination of various toughening mechanisms instead of an
individual mechanism is involved in a system and results in the failure of specimen.
For example, a debonding mechanism would be dominant as long as the increase
in interfacial force between filler particles and matrix could result in the improve-
ment in mechanical properties. Crack bowing and deflection mechanisms could be
accompanied though the dominant mechanism is debonding. The change of major
toughening mechanism could influence the mechanical properties. Therefore, it is
important for the scientists and engineers to clarify the toughening mechanisms and
apply them to guide future design for composite materials.
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3.1 INTRODUCTION

Polypropylene (PP) has many desirable and beneficial properties, such as a high
tensile modulus, high melting point, low density, excellent chemical resistance, and
easy recycling (Vasile and Seymour, 1993). These outstanding properties and a low
material cost have made linear PP foams a potential substitute for other thermo-
plastic foams, such as polystyrene (PS) and polyethylene (PE), in various indus-
trial applications. However, it is challenging to produce linear PP foams with a high
expansion ratio due to its weak melt strength and melt elasticity. It is found that the
cell walls are not strong enough to bear any extensional force during bubble growth,
and thus the bubbles are prone to coalesce and collapse during foam processing.
Consequently, the foamed PP products usually have a high open-cell content and
nonuniform cell distribution (Burt, 1978; Park and Cheung, 1997; Zhai et al., 2008a),
and thus are not good for practical applications.

Many methods have been used to increase the melt strength of PP resins with
the aim to improve its foaming behavior, such as long-chain branching (Naguib
et al., 2002; Rodriguez-Pérez, 2005; Spitael and Macosko, 2004; Zhai et al., 2008b),
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cross-linking (Danaei, Sheikh, and Taromi, 2005; Han et al., 2006; Liu et al.,
2006; Ruinaard, 2006; Zhai et al., 2008a), and polymer blending and compounding
(Doroudiani, Park, and Kortschot, 1998; Naguib et al., 2006; Nam et al., 2002;
Okamoto, Nam, Maiti, Kotaka, Hasegawa et al., 2001; Zhai et al., 2008c; Zheng, Lee,
and Park, 2010). Several companies have developed commercialized high-melt-
strength PP (HMSPP) resins for the production of good PP foams. Due to the price
consideration, however, the actual usage of HMSPP in the foaming area is limited. It
is difficult to produce PP foams with a high expansion ratio if only linear PP is used.
Blending with PE has been used to improve the cell morphology of PP foam (Lee,
Tzoganakis, and Park, 1998; Lee, Wang, and Park, 2006; Rachtanapun, Selke, and
Matuana, 2003, 2004), but the ability of PE to do so seems limited. Furthermore,
blending with HMSPP has been verified as an effective method for producing
low-density PP foam, and the addition of 25 wt% HMSPP was found to efficiently
improve the cell morphology and expansion ratio of linear PP foams (Reichelt et al.,
2003). Currently, the addition of nanofillers has been considered an effective way
to improve the foaming behavior of PP (Nam et al., 2002; Okamoto, Nam, Maiti,
Kotaka, Nakayama et al., 2001; Zhai et al., 2010; Zhai and Park, 2011; Zhai, 2012;
Zheng, Lee, and Park, 2010).

Nanoclay particles have a platelet-like shape and are composed of layers that are
1-2 nm thick. The high aspect ratio and large surface area of nanoclay particles
potentially offer good reinforcing efficiency and improved dimensional and thermal
stability. The well-dispersed nanoclay is one kind of nucleating agent that reduces
the energy barrier of cell nucleation by inducing a local stress variation in polymer/
gas solutions ( Leung et al., 2012; Wang et al., 2010; Wong et al., 2011), and can thus
enhance cell nucleation and increase cell density significantly. This phenomenon
has been observed in various polymer/filler nanocomposite foaming systems, such
as PP/clay (Zhai et al., 2010; Zhai and Park, 2011; Zheng, Lee, and Park, 2010), PE/
clay (Guo et al., 2007; Lee et al., 2005; Lee, Wang et al., 2007), PS/clay (Han et al.,
2003; Shen, Zeng, and Lee, 2005; Zeng et al., 2003), nylon/clay (Yuan, Song, and
Turng, 2007; Yuan et al., 2004; Zheng, Lee, and Park, 2006), and polycarbonate
(PC)/Si0O, (Zhai et al., 2006). The introduction of well-dispersed nanoparticles can
also increase the melt strength of polymer or induce strain hardening of the melt
(Koo et al., 2005; Okamoto, Nam, Maiti, Kotaka, Hasegawa et al., 2001; Park et al.,
2006), which tends to suppress the occurrence of cell coalescence.

3.2 PREPARATION OF POLYPROPYLENE/CLAY
NANOCOMPOSITES BY MELT BLENDING

It has been verified that the dispersion behavior of nanoclay strongly affects the
foamability of PP/clay nanocomposites. In this section, we briefly introduce the
methodology to prepare PP/clay nanocomposites with well-defined clay dispersion.

Two methods have been used to prepare PP nanocomposites, that is, melt blend-
ing and in situ polymerization. Considering the industry’s need for a highly efficient
process, melt blending has been considered to be an economical way to fabricate
polymer nanocomposites. Consequently, the following discussion focuses mostly on
this process.
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The point of improving the properties of polymer/clay nanocomposites is how
to exfoliate and well disperse individual platelets with high aspect ratios, that is,
over 200, throughout the polymer matrix (Ray and Okamoto, 2003). Currently,
an exfoliation mechanism for nanoclay had been proposed for the melt-blending
method (Dennis et al., 2001). It was shown that as the nanoclay particles were
melt blended into a polymer, the clay particles were first fractured by the shear
in the extruder. The polymer chains were then diffused into the clay interlayer
because of a physical or a chemical affinity between the polymer and the nanoclay
surface. Finally, the chains pushed the end of the platelets apart, and an onion-like
delaminating process further continued to disperse the platelets into the polymer
matrix.

The preparation of exfoliated nanocomposites by conventional polymer process-
ing depends on the strong interfacial interactions between the polymer matrix and
the clay. For highly polar polymers such as polyamides (Yano et al., 1993), strong
interactions between the clay layers and the polymer increase their contact area and
promote the generation of sufficient shear forces. Nonpolar materials, such as PE and
PP, however, interact only weakly with mineral surfaces, making the preparation of
exfoliated nanocomposites by melt blending challenging. To overcome these prob-
lems, chemical modifications of polyolefin (PO) in the form of a coupling agent in
PO/clay systems have been used. Functional groups of the coupling agent increased
the interactions between the clay surfaces and the polymer chain, providing a favor-
able enthalpy of mixing clay with the polymer matrix. For PP/clay nanocomposites
(Lee, Park, and Sain, 2006; Lee et al., 2011; Zhai et al., 2010; Zhai and Park, 2011;
Zhai, Park, and Kontopoulou, 2011; Zheng, Lee, and Park, 2010), PP-g-MAH was
usually used as the coupling agent.

In general, the clay and coupling agent contents, as well as the processing condi-
tions, determine the dispersion of clay in the polymer. First, the clay content has a
significant effect on the dispersion of clay in PO. At low clay contents, such as 0.02—1
wt%, the exfoliated structure of clay could be obtained in low-density polyethylene
(LDPE) (Lee, Wang et al., 2007). At a higher clay loading, the degree of exfoliation
decreased where both intercalated and exfoliated structures were present. As the
clay content increased to 5 wt%, however, only an intercalated structure could be
achieved in LDPE. Second, to exfoliate the clay in PO, high-coupling agent content
is often needed. For example, 50 wt% PE-g-MAH could generate a fully exfoliated
structure in PE (Lee, Park et al., 2007). Finally, appropriate processing conditions
were also important to exfoliate clay in PO. Processing conditions should be set to
ensure enough residence time and a moderately high shear force inside the extruder
to facilitate the diffusion of polymer chains into the clay layers.

3.3 EXTRUSION FOAMING OF PP/CLAY NANOCOMPOSITES

Generally, the experimental setup for extrusion foaming contains the single extru-
sion system (Park and Cheung, 1997; Zhai et al., 2010) and the tandem extrusion
system (Lee, Wang, and Park, 2006). For the tandem extrusion system, as shown
in Figure 3.1, the first extruder is used for plasticizing the polymer resin and the
second extruder provides mixing and cooling to completely dissolve the CO, in the
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FIGURE 3.1 Experimental setup of the tandem extrusion foaming system. (From Lee P. C.,
Wang J., and Park C. B., 2000, Ind. Eng. Chem. Res. 45, 175-81.)

polymer melt. Both a chemical blowing agent and a physical blowing agent can be
used in the extrusion foaming. When using a chemical blowing agent, the blowing
agent needs to be mixed with polymer matrix before foaming. Whereas when using
a physical blowing agent, the gas is injected into the barrel during the extrusion
process, and the gas content is accurately adjusted and regulated by controlling both
the gas flow rate of the syringe pump and the material flow rate that passed through
the die. Under the shear and extensional force of the screw, polymer and gas gradu-
ally translate from two phase to single phase. When the homogeneous polymer/gas
solution enters the filament die, it experiences a rapid pressure drop, which causes a
sudden decrease in gas solubility in the polymer; hence, a large number of bubbles
are nucleated in the polymer matrix, and a foam structure is finally produced,
followed by bubble growth.

The effects of nanoclay addition on PP extrusion foaming have been widely
investigated. Table 3.1 summarizes the improvement of the PP foams with the
introduction of nanoclay. These results indicated that the presence of nanoclay sig-
nificantly increases the cell density and decreases the density of the foamed samples.
For example, with the addition of 1-5 wt% nanoclay, the cell density increased two
to three orders of magnitude and the maximum expansion ratio reached nine times
higher than that of neat PP (Zhai et al., 2010). Similar phenomena were obtained
in other PP/clay and PP/silica extrusion foaming (Chaudhary and Jayaraman,
2011; Zhai and Park, 2011; Zhai, Park, and Kontopoulou, 2011; Zheng, Lee, and
Park, 2010). Moreover, the presence of nanoclay was verified to improve cell
morphology by enhancing cell density and to broaden the suitable foaming window,
where the suitable foaming window meant that the foams in those foaming regions
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TABLE 3.1

The Improvement of PP Foams by Introducing Nanoclay

Polymer Increase of Cell Changing of Expansion
Nanocomposites Blowing Agent Density? (Cells/cm?) Ratio®
HPP/clay® CO, 2.0x107 versus 1.0x10° 1.5-2.1 versus 2.3-7.0
HPP/clay! Co, 10* versus 1008 1.7-2.2 versus 1.7-18.8
Linear PP/silica® CO, 10* versus 107 2.2-12.9 versus 3.0-19.5
TPO/clay’ CO, 10+ versus 1057 1.5-4.2 versus 1.5-10.4
Linear PP/clay® AC 10° versus 1.3x10° 2.2 versus 2.5-3.1

2 The former was the cell density of pure polymer foam, and the latter was that of nanocomposite foam.

> The former was the expansion ratio of neat polymer, and the latter was that of polymer
nanocomposites.

¢ PP homopolymer: 1-5 wt% clay; 5 wt% CO, as physical blowing agent.

4 PP homopolymer: 1-5 wt% clay; 5 wt% CO, as physical blowing agent.

¢ PP heterophasic copolymer: 1-5 wt% silica; 5 wt% CO, as physical blowing agent.

f PP homopolymer-based soft thermoplastic polyolefin: 0.5-2 wt% clay; 5-50 wt% poly(ethylene-co-
octene); 5 wt% CO, as physical blowing agent.

¢ PP homopolymer: 3-8 wt% clay; 3 wt% AC as chemical blowing agent.

Suitable foaming areas
o o o
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o o o
HPP — o o o o o
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130 135 140 145 150 155

Die Temperature (°C)

FIGURE 3.2 Suitable foaming window of HPP and HPPC nanocomposites in fabricating
foams with well-defined cell morphology. (From Zhai W. T. et al., 2010, Ind. Eng. Chem. Res.
49, 9834-45.)

had well-defined cell structures with very thin walls and uniform cell distributions.
As indicated in Figure 3.2, no suitable foaming window was found in pure PP with
a high-melt flow rate of 18 g/10 min. With the introduction of nanoclay, however, a
suitable foaming window (2.5-7°C) could be obtained in preparing good foamed
samples (Zhai et al., 2010).
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3.3.1 Errect OF CLAY DISPERSION

The effect of clay dispersion on the extrusion foaming behavior of polymer/clay
nanocomposites has been widely investigated. Lee, Wang et al. (2007) found that
the exfoliated clay greatly improved the cell density in the nanocomposites. When
a small amount (< 0.1 wt%) of clay was added into LDPE with PE-g-MAH, the cell
density of foams was improved significantly (>10° cells/cm?). It was found that the
optimum content of clay was 0.02—0.1 wt%, which corresponded to an extremely
high cell density. With the increase in clay content, however, a gradual decrease
in cell density occurred, and no distinct effect of clay on cell density of foams was
observed at clay loading of 5 wt%, where LDPE/clay nanocomposite presented an
intercalated structure. In the study of PS/clay nanocomposite foaming, Han et al.
(2003) quantifiably investigated the influence of clay’s dispersion on the cell density
of foams. They found that the addition of a small amount (5 wt%) of intercalated
nanoclay greatly reduced cell size from 25.3 to 11.1 um and increased cell density
from 2.7 x 107 to 2.8 x 108 cells/cm3. When the exfoliated nanoclay was used, the
foamed nanocomposite possessed the highest cell density (1.5 x 10° cells/cm?) and
the smallest cell size (4.9 um) at the same particle concentration.

For PP/clay (Zhai et al., 2010; Zhai and Park, 2011; Zhai, Park, and Kontopoulou,
2011; Zheng, Lee, and Park, 2010), HDPE/clay (Jo and Naguib, 2007a,b; Lee et al.,
2005; Lee et al., 2010) nanocomposite foaming, researchers generally observe that
the well dispersed nanoclay increases the cell density by two to three orders of
magnitude and greatly improves the cell morphology.

3.3.2 Errect OF CLAY CONTENT

In the study of PP/clay extrusion foaming, researchers usually investigate the effect of
clay content on the foaming behavior of PP. In general, the dispersion state of nanoclay,
which is related to the nanoclay concentration, can significantly affect the cell density
of PP/clay nanocomposite foams. Zheng, Lee, and Park (2010) found that lower clay
content (< 0.5 wt%) did not completely suppress cell coalescence of PP/clay foams.
With the increase of the clay content, the expansion ratio and cell density of foams
were dramatically improved. In cases where the clay content was 0.5 and 1 wt%, the
cell coalescence was completely suppressed and the cells were totally closed. When
the clay content was higher (5§ wt%), however, it could cause a stiffening of the polymer
molecular chain that hindered the bubble growth, and finally led to decreases in the
expansion ratio of PP foams. Zhai et al. (2010) found that when the die temperature is
suitable for foaming, the increased clay contents tended to improve the cell morphol-
ogy and foaming window of PP/clay foams up to 5 wt%. Similar phenomenon is also
observed in LDPE/clay (Lee, Park et al., 2007; Lew, Murphy, and McNally, 2004),
PLA/clay (Pilla et al., 2009) nanocomposite foams.

3.3.3 Errect OF DIE TEMPERATURE

During the extrusion foaming of PP, an optimal die temperature to maximize
the expansion ratio of PP foam is observed for a given nucleating agent content,



Extrusion of Polypropylene/Clay Nanocomposite Foams 67

blowing agent content, and die geometry (Naguib, Park, and Reichelt, 2004; Naguib
et al., 2006). In the case of high die temperature, most of the gas escaped through
the hot skin layer of foam during expansion because of the high gas diffusivity,
the as-prepared PP foams exhibited low expansion ratio. With the decrease of die
temperature, the amount of gas lost was decreased because of the reduced diffusivity
and the cell coalescence was partially suppressed due to the increased melt strength.
Consequently, the increased gas content remained in the cell structure, resulting in
the increased volume expansion of PP foams. When the die temperature was too
low, the expansion ratio of PP foams was governed by the solidification (i.e., the
crystallization) of PP.

In the study of HMSPP foaming blown by butane, Naguib, Park, and Reichelt
(2004) discussed the effect of die temperature on volume expansion ratio and cell
density of PP foams. The different optimum die temperature that produced the
maximum expansion ratio was observed for the different gas content injection. For
the cell density of PP foams, however, they did not change with the die temperature,
which indicated the decreased die temperature did not induce the enhanced cell
nucleation. In the case of PP/clay (Zhai et al., 2010), PP/silica (Zhai, Park, and
Kontopoulou, 2011), and nanocomposites extrusion foaming, however, Zhai et al.,
(2010), found that the decreased die temperature not only increased the expansion
ratio of PP foams but also increased their cell densities. This phenomenon resulted
from the enhanced cell nucleation and the suppressed cell coalescence, and the
mechanisms will be discussed in the next section. In addition, for PP nanocomposite
foaming systems, a typical mountain shape of foam expansion relative to the die
temperature was also observed.

3.4 MECHANISM OF NANOCLAY ON PP FOAMING

3.4.1 NaNocLAY ENHANCES CeLL NUCLEATION

A large number of studies have examined the nucleation enhancement mechanism
during polymeric foaming processes. As indicated in classical nucleation theory, a
lower free energy barrier will result in the formation of bubbles on a heterogeneous
nucleating site. In the previous studies, however, the experimental data was not in
good quantitative agreement with theoretical predictions without the use of fitting
parameters (Taki, 2008). Therefore, the exact mechanism behind cell nucleation is
still controversial.

Recently, the importance of shear stress upon cell nucleation has been proposed.
The shear stress is induced by expanding gas cavities (Lee, 1993) or by a shear flow
field induced during foaming (Guo and Peng, 2003). Han and Han (1990) reached a
similar conclusion by observing continuous foaming in situ through transparent slit
dies, leading them to suggest that cell nucleation could be induced by flow or shear
stress due to the motion of gas clusters, even at thermodynamically unsaturated
conditions.

More recently, Leung et al. (2010) and Wang et al. (2010) demonstrated that the
melt flow induced by the expansion of previously nucleated bubbles could gener-
ate new bubbles around them, as shown in Figure 3.3. The authors speculated that
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FIGURE 3.3 Micrographs of PS foaming with 2.1 wt% CO, at 180°C: (a) pure PS at 2.20 s and
(b) PS + 5 wt% talc at 1.56 s. (From Wang C. et al., 2010, Ind. Eng. Chem. Res. 49, 12783-92.)

the growing bubbles could generate tensile stress fields around nearby nanofiller
particles, resulting in local pressure fluctuations. This discontinuity at the interface
between a nucleating agent particle and the surrounding polymer melt yielded local
pressure and stress fields around the particle that were different from those in the
mixture, which might enhance it as a potential heterogeneous nucleation site. Based
on the computer simulation, furthermore, Wang et al. (2010) presented that the pres-
sure profile around nucleating agents could vary significantly from the surroundings,
which implied that the assumption of using one system pressure while ignoring any
local pressure fluctuation was imprecise.

It is believed that, similar to inorganic filler-enhanced nucleation, the shear/
extensional flow in different regions of the die, as well as the expansion of nucleated
bubbles near the nanoparticles, would generate a pressure fluctuation around the sus-
pended nanoparticles. The schematic in Figure 3.4 illustrates the induced-extensional
flow around the side surface of the nanoclay particle. In extreme situations, such a
local pressure field may even be negative and significantly promote cell nucleation.
More details about the cell nucleation mechanism of polymer/fillers foaming sys-
tems have been presented in our newly submitted journal paper (Zhai et al., 2012),
and the readers may get more information from this review paper.

3.4.2 NAaNocLAY SupPRESSES CELL COALESCENCE

In general, cell coalescence has a negative effect on the final cell density of foamed
samples. During the bubble growth, a biaxial extensional flow is always formed in
cell walls. When the cell wall cannot endure any extensional force, it is inclined to
rupture and thereby coalesce cells. This often occurs at the later stage of cell growth,
as the cells get to contact each other, cell coalescence tends to become severe for
polymers that have low melt strength or high processing temperatures. The presence
of nanoparticles that are strongly compatible with the polymer matrix can effec-
tively increase the melt strength, especially with the particles well dispersed and
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Growing
bubble

FIGURE 3.4 Generation of local pressure field around a nanoclay particle by an expanding
bubble. (From Leung S. N. et al., 2012, J Supercrit. Fluids 63, 187-98.)

aligned (Okamoto, Nam, Maiti, Kotaka, Nakayama et al., 2001), thereby improving
the polymer’s foaming behaviors.

The orientation of nanoparticles in the polymer matrix is the main reason why
nanoparticles can increase the melt strength and induce strain hardening of a polymer.
Okamoto, Nam, Maiti, Kotaka, Hasegawa et al. (2001) observed the formation of a
house of cards structure in PP/clay nanocomposite melt under elongational flow by
TEM analysis. Both strong strain-induced hardening and rheopexy features were
originated from the perpendicular alignment of the silicate layers to the stretching
direction. Lele et al. (2002) found that compatibilized intercalated PP/clay materials
presented high zero-shear viscosity at low shear rates and exhibited a yield behavior
at high stresses. Further, rheo-XRD experiments showed that the yield behavior was
associated with the orientation of the clay particles. However, the uncompatibil-
ized polymer/clay nanocomposites showed a much smaller zero-shear viscosity and
a much less pronounced yield-like behavior. Generally, one expects to observe an
orientation if an affine deformation occurs because the uniaxial extensional flow
causes strong streamlining along the flow direction. As a result of the streamlining,
the silicate layers with a high aspect ratio will preferentially align along the stretching
direction (Yuan, Song, and Turng, 2007).

It is well known that cell growth can induce an extensional force along the cell wall.
Okamoto, Nam, Maiti, Kotaka, Nakayama et al. (2001) suggested that the induced
extensional force during batch foaming was strong enough to align the nanoclays in the
cell wall, as indicated in Figure 3.5. Owing to the orientated nanoclays, the improved
melt strength of the polymer matrix was able to withstand the stretching force against
the thin cell wall. The clay particles seemed to act like a secondary cloth layer, and
protected the cells from being destroyed by the external force. In the presence of melt
flow, such as during extrusion or injection-molding foaming processes, the shear force,
resulting from the screw; and the extensional force, resulting from the die, would be
imposed on the nanoparticles (Paul and Robeson, 2008). Consequently, the nanopar-
ticles tended to orient along the flow direction before foaming. It is expected that this
orientation would be partially maintained during foaming because the relaxation of
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FIGURE 3.5 TEM micrographs show the orientation of clays in the cell wall during PP/
clay nanocomposite batch foaming: (a) one cell wall and (b) junction of three contacting cells.
(From Okamoto M., Nam P. H., Maiti P., Kotaka T., Nakayama T. et al., 2001, Nano. Lett. 1,
503-5.)

the orientation generally takes more than 1000 s after the cessation of the shear (Lele
et al., 2002). The foam processing temperature is typically very low in practical extru-
sion processes (Park, Behravesh, and Venter, 1998), indicating that a higher degree of
nanoparticle orientation might occur for continuous foaming than for batch processing.

3.5 INFLUENCE OF FOAMING ON THE
DISPERSION OF NANOFILLERS

It is known that the cell growth process results from the extensional flow of the
polymer/gas solution, and that the cell walls are biaxially stretched during polymeric
foaming (Taki, 2008). A quantitative calculation was carried out to obtain the gener-
ated strain rate during cell growth based on an in situ visualization foaming analysis
(Zhai et al., 2012). The researchers found that the nucleated bubbles are spherical
and are of varying sizes, even after a very short nucleation time. As time passes, the
bubbles grow and are close to another. A curve fitting was carried out to describe
the bubble growth kinetics by treating the smallest detectable bubble. The bubble-
growth-applied strain rate on the cell wall, that is, € (in bubble surface direction,
characterized by a biaxial extensional process) and € (in bubble diameter direction,
characterized by a uniaxial extensional process) was estimated. Furthermore, the
estimated € and €; were summarized. It is observed that the &g rapidly increases
from 112.5 s7! to 179.4 s7! at the relative time less than 0.08 s, and then decreases
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from 178.6 s~! to 82.7 s~! within the followed 0.12 s. In the case of &, its value keeps
decreasing from 36.3 s7! to 7.4 s! within 0.20 s.

Given the interface bonding between the polymer matrix and the nanoparticles,
the applied biaxial stretching action during cell growth is expected to transfer from
the matrix onto the nanoparticles. This process tended to redisperse the nanoparticles
in the foamed samples. In the study of linear PP/clay nanocomposites extrusion foam-
ing, Zheng, Lee, and Park (2010) found that the intercalation and exfoliation of the
clay particles in PP/clay nanocomposites were improved significantly by the foaming
process. Zhai, Park, and Kontopoulou (2011) found that, compared to the unfoamed
PPi/silica nanocomposites, the size of silica aggregates clearly decreased and were
uniformly dispersed in the foamed samples. A similar phenomenon was observed in
polycarbonate/silica nanocomposites prepared by batch foaming (Zhai et al., 2006).

3.6 CRYSTAL MORPHOLOGY OF PP AND
PP/CLAY NANOCOMPOSITE FOAMS

PP is one kind of semicrystalline polymer; its crystallization behavior during the
foaming affects the crystal morphology and melting behavior of PP foams. During
extrusion foaming, the crystallization behavior of PP foams can be affected in two
ways (Zhai et al., 2010). One is the potential for PP to crystallize inside the extruder
die before foam expansion. During extrusion processing, the blowing agent takes
a plasticizing effect and significantly increases the mobility of PP chains. This
can dramatically affect the crystallization kinetics of PP, such as crystallization
temperature (Naguib, Park, and Song, 2005), crystallization time, and crystal
morphology. Meanwhile, researchers have found that the temperature distribution is
nonuniform in the extruder and the polymer flow near the die is extremely low. Once
the die temperature is lower than the melting peak of gas plasticized PP, the PP melt
near the die at this juncture can crystallize isothermally, and the formed crystals can
affect the crystallization behavior of the foamed sample. In addition, high shear and/
or extensional stress field are present in the extruder, which can orient PP chains and
significantly affect the crystallization dynamic of the PP resin.

The other affecting factor is PP crystallization outside of the die during foam
expansion. It is known that foam expansion is accompanied by a gas cooling process
with a very high cooling rate, which will lead to a temperature gradient across the
foamed filament. That is, at higher temperature in the core, large-sized crystals will
be present in the cell walls because of their longer crystallization time, whereas at
lower temperature near the skin, only smaller-sized crystals can be found in the
cell walls due to their shorter crystallization time. In addition, it is well known
that during the cell growth, cell walls are strongly extended and that the degree of
stretching has a significant effect on the crystal size in the cell walls. It should be
noted that, however, the degree of stretching, that is, expansion ratio, is related to
the die temperature and cooling rate; it is difficult to quantitatively investigate the
relationship between the stretching and the crystallization of PP resin.

Due to the enhanced crystal nucleation, the addition of nanoclay dramatically
affected the crystal size in the cell walls (Mihai, Huneault, and Favis, 2009). As shown
in Figure 3.6, Zhai et al. (2010) found that compared with the pure PP foam crystals
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FIGURE 3.6 The spherulites in cell walls of HPP and HPPC 5.0 foams obtained at various
die temperatures. (From Zhai W. T. et al., 2010, Ind. Eng. Chem. Res. 49, 9834-45.)
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obtained at the same die temperature, the crystals in the PP/clay nanocomposite foam
were much smaller. Moreover, it is observed that at a lower die temperature, only
small-sized crystals could be observed, even at the foam’s core. This is because of
the strong stretching force enhancing crystal nucleation and facilitating the increase
in crystal density and the decrease in crystal size (Koronfield, Kumaraswamy, and
Issaian, 2002).

Furthermore, the extrusion foaming process seems to induce a secondary
crystallization. As shown in Figure 3.7 (Zhai et al., 2010), it can be seen that only
a single peak is present in the differential scanning calorimetry (DSC) curve of
the PP and PP/clay unfoamed samples. It was observed that, however, a weak low
melting peak was present in the DSC curve of the PP and PP/clay foamed samples,
and the changed heating rate did not affect this peak’s existence. This is a local
phenomenon involving a section of a given chain and crystallization regions that
are limited in the direct vicinity of primary lamellar crystals (Alizadeh et al.,
1999). Secondary crystallization occurs after primary crystallization, and the
formed crystals exhibit lower perfection compared with those formed during pri-
mary crystallization.

It must be pointed out that the crystallization process for crystalline polymer
is very complex; the present research is too limited for us to fully understand the
crystallization kinetics during the extrusion foaming process. Hence, more work
should be done to further quantitatively analyze the crystallization kinetics of PP
during the extrusion foaming process.
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FIGURE 3.7 DSC curves of (a) unfoamed HPP and HPPC 0.5 samples and (b) foamed HPP
and HPPC 0.5 samples measured at heating rates of 5, 10, 20°C/min. (From Zhai W. T. et al.,
2010, Ind. Eng. Chem. Res. 49, 9834-45.)
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3.7 CONCLUSIONS

Linear PP has low melt strength and exhibits poor extrusion foaming behavior. In
this chapter, the effect of nanoclay addition on the foaming behavior of PP was
summarized. In general, the presence of well-dispersed nanoclay enhanced cell
nucleation and suppressed cell coalescence, results in a significant increase in cell
density by two or three orders of magnitude, and foam expansion. Considering that
the dispersion state of nanoclay is connected with the clay concentration, low clay
loading around 1 wt% is usually preferable during PP/clay extrusion foaming. The
bubble growth is one kind of extensional flow in nature, which tends to redisperse
the nanoclay by strain transferring from the PP matrix onto the nanoclay. The
crystallization of PP occurs in a complicated atmosphere during foam extrusion; the
introduction of nanoclay tends to reduce the perfection of the formed crystals in PP
foams.

REFERENCES

Alizadeh, A., S. Sohn, J. Quinn, and H. Marand. 1999. Influence of structural and topological
constraints on the crystallization and melting behavior of polymers. 1. ethylene/1-octene
copolymers. Macromolecules 32:6221-35.

Burt, J. G. 1978. The elements of expansion of thermoplastics Part II. J Cell Plast 14:341-5.

Chaudhary, A. K. and K. Jayaraman. 2011. Extrusion of linear polypropylene—clay nanocom-
posite foams. Polym Eng Sci 51:1749-56.

Danaei, M., N. Sheikh, and F. A. Taromi. 2005. Radiation cross-linked polyethylene foam:
Preparation and properties. J Cell Plast 41:551-62.

Dennis, H. R., D. L. Hunter, D. Chang, S. Kim, J. L. White, J. W. Cho, and D. R. Paul. 2001.
Effect of melt processing conditions on the extent of exfoliation in organoclay-based
nanocomposites. Polymer 42:9513-22.

Doroudiani, S., C. B. Park, and M. T. Kortschot. 1998. Processing and characterization of
microcellular foamed high density polyethylene/isotactic polypropylene blends. Polym
Eng Sci 38:1205-15.

Guo, M. C. and Y. C. Peng. 2003. Study of shear nucleation theory in continuous microcellular
foam extrusion. Polym Test 22:705-9.

Guo, G., K. H. Wang, C. B. Park, Y. S. Kim, and G. Li. 2007. Effects of nanoparticles on den-
sity reduction and cell morphology of extruded metallocene polyethylene/wood fiber
nanocomposites. J Appl Polym Sci 104:1058-63.

Han, J. H. and C. D. Han. 1990. Bubble nucleation in polymeric liquids. II. Theoretical
considerations. J Polym Sci Part B: Polym Phy 28:743-61.

Han, D. H.,J. H. Jang, H. Y. Kim, B. N. Kim, and B. Y. Shin. 2006. Manufacturing and foaming
of high melt viscosity of polypropylene by using electron beam radiation technology.
Polym Eng Sci 46: 431-7.

Han, X. M., C. C. Zeng, L. J. Lee, K. W. Koelling, and D. L. Tomasko. 2003. Extrusion of
polystyrene nanocomposite foams with supercritical CO,. Polym Eng Sci 43:1261-75.

Jo, C. and H. E. Naguib. 2007a. Constitutive modeling of HDPE/clay nanocomposite foams.
Polymer 48:3349-60.

Jo, C. and H. E. Naguib. 2007b. Effect of nanoclay and foaming conditions on the mechanical
properties of HDPE-clay nanocomposite foams. J Cell Plast 43:111-21.

Koo, C. M., J. H. Kim, K. H. Wang, and I. J. Chung. 2005. Melt-extensional properties and
orientation behaviors of polypropylene-layered silicate nanocomposites. J Polym Sci B:
Polym Phys 43:158-67.



Extrusion of Polypropylene/Clay Nanocomposite Foams 75

Koronfield, J. A., G. Kumaraswamy, and A. M. Issaian. 2002. Recent advances in understanding
flow effects on polymer crystallization. Ind Eng Chem Res 41:6383-92.

Lee, S. T. 1993. Shear effects on thermoplastic foam nucleation. Polym Eng Sci 33:418-22.

Lee, S. H., M. Kontopoulou, C. B. Park, A. Wong, and W. T. Zhai. 2011. Optimization of
dispersion of nanosilica particles in a PP matrix and their effect on foaming. Intern
Polym Proc 26:1-11.

Lee, Y. H., T. Kuboki, C. B. Park, M. Sain, and M. Kontopoulou. 2010. The effects of clay
dispersion on the mechanical, physical and flame-retarding properties of wood fiber/
polyethylene/clay nanocomposites. J Appl Polym Sci 118:452—-61.

Lee, Y. H., C. B. Park, and M. Sain. 2006. Strategies for intercalation and exfoliation of PP/
clay nanocomposites. SAE World Congress Paper 06M—109.

Lee, Y. H., C. B. Park, M. Sain, M. Kontopoulou, and W. G. Zheng. 2007. Effects of clay
dispersion and content on the rheological mechanical properties, and flame retardance
of HDPE/clay nanocomposites. J Appl Polym Sci 105:1993-9.

Lee, Y. H,, C. B. Park, K. H. Wang, and M. H. Lee. 2005. HDPE-clay nanocomposite foams
blown with supercritical CO,. J Cell Plast 41:487-502.

Lee, M., C. Tzoganakis, and C. B. Park. 1998. Extrusion of PE/PS blends with supercritical
carbon dioxide. Polym Eng Sci 38:1112-20.

Lee, P. C., J. Wang, and C. B. Park. 2006. Extruded open-cell foams using two semi-
crystalline polymers with different crystallization temperatures. Ind Eng Chem Res
45:175-81.

Lee, Y. H., K. H. Wang, C. B. Park, and M. Sain. 2007. Effects of clay dispersion on the foam
morphology of LDPE/clay nanocomposites. J Appl Polym Sci 103:2129-34.

Lele, A., M. Mackley, G. Galgali, and C. Ramesh. 2002. In situ rhro-X-ray investigation of
flow-induced orientation in layered silicate syndiotactic polypropylene nanocomposite
melt. J Rheol 46:1091-110.

Leung, S. N., A. Wong, C. Wang, and C. B. Park. 2012. Mechanism of extensional stress-
induced cell formation in polymeric foaming processes with the presence of nucleating
agents. J Supercrit Fluids 63:187-98.

Lew, C. Y., W.R. Murphy, and G. M. McNally. 2004. Preparation and properties of polyolefin-
clay nanocomposites. Polym Eng Sci 44:1027-35.

Liu, C., D. Wei, A. Zheng, Y. Li, and H. Xiao. 2006. Improving foamability of polypropylene
by grafting modification. J Appl Polym Sci 101:4114-23.

Mihai, M., M. A. Huneault, and B. D. Favis. 2009. Crystallinity development in cellular
poly(lactic acid) in the presence of supercritical carbon dioxide. J Appl Polym Sci
113:2920-32.

Naguib, H. E., C. B. Park, P. C. Lee, and D. L. Xu. 2006. A study on the foaming behaviors of
PP resins with talc as nucleating agent. J Polym Eng 26:565-87.

Naguib, H. E., C. B. Park, U. Panzer, and N. Reichelt. 2002. Strategies for achieving ultra low-
density PP foams. Polym Eng Sci 42:1481-92.

Naguib, H. E., C. B. Park, and N. Reichelt. 2004. Fundamental foaming mechanisms gov-
erning the volume expansion of extruded polypropylene foams. J Appl Polym Sci
91:2661-8.

Naguib, H. E., C. B. Park, and S. W. Song. 2005. Effect of supercritical gas on crystallization
of linear and branched polypropylene resins with foaming additives. Ind Eng Chem Res
44:6685-91.

Nam, P. H., P. Maiti, M. Okamoto, T. Kotaka, T. Nakayama, M. Takada, M. Ohsima, A. Usuki,
N. Hasegawa, and H. Okamoto. 2002. Processing and cellular structure of polypropylene/
clay nanocomposites. Polym Eng Sci 42:1907-18.

Okamoto, M., P. H. Nam, P. Maiti, T. Kotaka, N. Hasegawa, and A. Usuki. 2001. A house of
cards structure in polypropylene/clay nanocomposites under elongational flow. Nano
Lett 1:295-8.



76 Polymer Nanocomposite Foams

Okamoto, M., P. H. Nam, P. Maiti, T. Kotaka, T. Nakayama, M. Takada, M. Ohsima, A. Usuki,
N. Hasegawa, and H. Okamoto. 2001. Biaxial flow-induced alignment of silicate layers
in polypropylene/clay nanocomposite foam. Nano Lett 1:503-5.

Park, C. B., A. H. Behravesh, and R. D. Venter. 1998. Low density microcellular foam process-
ing in extrusion using CO,. Polym Eng Sci 38:1812-23.

Park, C. B. and L. K. Cheung. 1997. A study of cell nucleation in the extrusion of polypropylene
foams. Polym Eng Sci 37:1-10.

Park, J. U., J. L. Kim, D. H. Kim, K. H. Ahn, and S. J. Lee. 2006. Rheological behavior of
polymer/layered silicate nanocomposites under uniaxial extensional flow. Macromol
Res 14:318-23.

Paul, D. R. and L. M. Robeson. 2008. Polymer nanotechnology: Nanocomposites. Polymer
49:3187-204.

Pilla, S., S. G. Kim, G. K. Auer, S. Q. Gong, and C. B. Park. 2009. Microcellular extrusion-
foaming of polylactide with chain-extender. Polym Eng Sci 49:1653-60.

Rachtanapun, P, S. E. M. Selke, and L. M. Matuana. 2003. Microcellular foam of polymer
blends of HDPE/PP and their composites with wood fiber. J Appl Polym Sci 88:2842-50.

Rachtanapun, P., S. E. M. Selke, and L. M. Matuana. 2004. Effect of the high-density polyeth-
ylene melt index on the microcellular foaming of high-density polyethylene/polypropyl-
ene blends. J Appl Polym Sci 93:364-71.

Ray, S. S. and M. Okamoto. 2003. Polymer/layered silicate nanocomposites: A review from
preparation to processing. Prog Poly Sci 28:1539-1641.

Reichelt, N., M. Stadlbauer, R. Folland, C. B. Park, and J. Wang. 2003. PP-blends with tailored
foamability and mechanical properties. Cell Polym 22:315-27.

Rodriguez-Pérez, M. A. 2005. Crosslinked polyolefin foams: Production, structure, properties,
and applications. Adv Polym Sci 184:97-126.

Ruinaard, H. 2006. Elongational viscosity as a tool to predict the foamability of polyolefins.
J Cell Plast 42:207-20.

Shen, J., C. C. Zeng, and L. J. Lee. 2005. Synthesis of polystyrene-carbon nanofibers nano-
composite foams. Polymer 46:5218-24.

Spitael, P. and C. Macosko. 2004. Strain hardening in polypropylenes and its role in extrusion
foaming. Polym Eng Sci 44:2090-100.

Taki, K. 2008. Experimental and numerical studies on the effects of pressure release rate on
number density of bubbles and bubble growth in a polymeric foaming process. Chem
Eng Sci 63:3643-53.

Vasile, C. and R. B. Seymour. 1993. Handbook of Polyolefins. New York: Marcel Dekker.

Wang, C., S. N. Leung, M. Bussmann, W. T. Zhai, and C. B. Park. 2010. Numerical inves-
tigation of nucleating agent-enhanced heterogeneous nucleation. Ind Eng Chem Res
49:12783-92.

Wong, A., R. K. M. Chu, S. N. Leung, and C. B. Park. 2011. A batch foaming visualization
system with extensional stress-inducing ability. Chem Eng Sci 66:55-63.

Yano, K., A. Usuki, A. Okada, T. Kurauchi, and O. Kamigaito. 1993. Synthesis and properties
of polyimide-clay hybrid. J Polym Sci Part A: Polym Chem 31:2493-8.

Yuan, M. J., Q. Song, and L. S. Turng. 2007. Spatial orientation of nanoclay and crystallite
in microcellular injection molded polyamide-6 nanocomposites. Polym Eng Sci
47:765-79.

Yuan, M. J., L. S. Turng, S. Q. Gong, D. Caulfield, C. Hunt, and R. Spindler. 2004. Study
of injection molded microcellular polyamide-6 nanocomposites. Polym Eng Sci
44:673-86.

Zeng, C. C., X. M. Han, L. J. Lee, K. W. Koelling, and D. L. Tomasko. 2003. Polymer—clay
nanocomposite foams prepared using carbon dioxide. Adv Mater 15:1743-17.

Zhai, W. T. 2012. Nanoparticle addition improves the foamability of polypropylene. SPE
Plastics Research Online (DOI: 10.1002/spepro.004263).



Extrusion of Polypropylene/Clay Nanocomposite Foams 77

Zhai, W. T., T. Kuboki, L. Wang, C. B. Park, E. K. Lee, and H. E. Naguib. 2010. Cell structure
evolution and the crystallization behavior of polypropylene/clay nanocomposites foams
blown in continuous extrusion. Ind Eng Chem Res 49:9834-45.

Zhai, W. T. and C. B. Park. 201 1. Effect of nanoclay addition on the foaming behavior of linear
PP-based soft TPO foam blown in continuous extrusion. Polym Eng Sci 51:2387-97.

Zhai, W.T., C. B. Park, and M. Kontopoulou. 2011. Nanosilica addition dramatically improves
the cell morphology and expansion ratio of polypropylene heterophasic copolymer
foams blown in continuous extrusion. Ind Eng Chem Res 50:7282-9.

Zhai, W. T., S. N. Leung, L. Wang, T. Kuboki, and C. B. Park. 2012. The effect of nanopar-
ticles on the foaming behavior of polyolefin-based nanocomposites: A critical review of
fundamental issues. Compos Sci Tech, submitted.

Zhai, W. T., J. Wang, N. Chen, H. E. Naguib, and C. B. Park. 2012. The orientation of carbon
nanotubes in poly(ethylene-co-octene) microcellular foaming and its suppression effect
on cell coalescence. Polym Eng Sci 52:2078-89.

Zhai, W. T., H. Y. Wang, J. Yu, J. Y. Dong, and J. S. He. 2008a. Cell coalescence suppressed
by cross-linking structure in polypropylene microcellular foaming. Polym Eng Sci
48:1312-21.

Zhai, W. T., H. Y. Wang, J. Yu, J. Y. Dong, and J. S. He. 2008b. Foaming behavior of isotactic
polypropylene in supercritical CO, influenced by phase morphology via chain grafting.
Polymer 49:3146-56.

Zhai, W. T., H. Y. Wang, J. Yu, J. Y. Dong, and J. S. He. 2008c. Foaming behavior of polypro-
pylene/polystyrene blends enhanced by improved interfacial compatibility. J Polym Sci
B: Polym Phys 46:1641-51.

Zhai, W. T., J. Yu, L. C. Wu, W. M. Ma, and J. S. He. 2006. Heterogeneous nucleation uni-
formizing cell size distribution in microcellular nanocomposites foams. Polymer
47:7580-9.

Zheng, W. G., Y. H. Lee, and C. B. Park. 2006. The effects of exfoliated nano-clay on the extru-
sion microcellular foaming of amorphous and crystalline nylon. J Cell Plast 42:271-88.

Zheng, W. G., Y. H. Lee, and C. B. Park. 2010. Use of nanoparticles for improving the foaming
behaviors of linear PP. J Appl Polym Sci 117:2972-9.






4 Foams Based on Starch,
Bagasse Fibers, and
Montmorillonite

Suzana Mali, Fabio Yamashita, and
Maria Victoria E. Grossmann

CONTENTS

4.1 TNEFOAUCTION ..ottt ettt e 79
4.1.1 Starch-Fiber Composite FOamSs ..........cceecueeviiriiinniiiniieiieciceeeeeee 81

4.2 Starch-Montmorillonite Nanocomposite FOams ..........ccccceeeevvierieeniienieennnen. 84

4.3 Starch-Fiber-Montmorillonite Nanocomposite Foams..........c.cccccceevveenieenen. 86

RETETEICES ...ttt s 89

4.1 INTRODUCTION

Polymer foams, among polymers in film, sheet, or molded forms, have been widely
used for packaging, which generates a large amount of household waste that is
difficult to collect and to recycle (Cinelli et al., 2006; Zhou, Song, and Parker,
2006). On the other hand, there has been increasing interest in the research and
development of starch-based materials to provide biodegradable alternatives for
packaging, because starch is obtained from renewable resources, is low cost, and
is abundant.

Starch foams with insulating properties similar to those of polystyrene foam
have been industrially produced by extrusion or baking processes. There are several
patents describing the production of starch foams by extrusion (Bastioli et al., 1994,
1998a, 1998b; Bellotti et al., 1995, 2000; Lacourse and Altieri, 1989, 1991; Xu and
Doane, 1997, 1998).

Foaming extrusion has mainly been used to produce loose-fill packaging materials,
with several advantages, such as the ability to process high-viscosity polymers in the
absence of solvents, large operational flexibility due to the broad range of processing
conditions (0—500 atm and 70-500°C), the feasibility of multiple injections, and con-
trol of both residence time (distribution) and the degree of mixing (Liu et al., 2009;
van Duin, Machado, and Covas, 2001).

Baked starch foams have been largely studied by several authors (Chiellini et al.,
2009; Cinelli et al., 2006; Guan and Hanna, 2006; Kaisangsri, Kerdchoechuen, and
Laohakunyjit, 2012; Salgado et al., 2008; Shogren, Lawton, and Tiefenbacher, 2002;
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Soykeabkaew, Supaphol, and Rujiravanit,2004; Vercelheze et al.,2012). The properties
of baked starch foam products will vary with moisture content, starch type, and addi-
tives used in the dough formulations (Liu et al., 2009). The foam baking is a simple
process that includes two steps: starch gelatinization and water evaporation, which
expands the mixture and forms foam, and foam dehydration until a final moisture
content of 2—-4% is obtained (Shogren et al., 1998). Figures 4.1a,b show the scanning
electron micrographs of cassava starch baked foam in contact with the top and with
the bottom surfaces of the mold, respectively. It can be observed that the top surface
of the tray shows a smooth surface (Figure 4.1a), while the bottom surface presents
large pores (Figure 4.1b), which are related to the water evaporation during the bak-
ing process. During the baking process, the first contact of the mixture is with the
bottom surface of the mold, and probably the water evaporation begins from bottom
to top, resulting in such structures observed by scanning electron microscopy.

An alternative method based on a microwave foaming process was described
by Zhou, Song, and Parker (2006), which involves converting starch-based raw
materials into pellets by extrusion processing, and foaming the extruded pellets by
microwave heating. The microwaveable starch pellets are compact for transportation

FIGURE 4.1 Scanning electron micrographs of cassava starch baked foam. (a) Tray surface
in contact with the top surface of the mold and (b) tray surface in contact with the bottom
surface of the mold. (From authors; data not published.)
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and storage, and can be expanded using microwave when needed. They may be
formulated to produce microwaveable snacks in the food industry. In nonfood appli-
cations, free-flowing foamed balls may be produced for loosefill packaging.
Generally, extruded or baked starch foams present unsatisfactory physical and
mechanical properties, such as poor mechanical properties and high water solubility,
making these products sensitive to the relative humidity at which they are stored and
used (Liu et al., 2009; Mali et al., 2010). The development of new low-cost foams
with better performance can be achieved by the incorporation of less hydrophilic
polymers and/or other materials that act as reinforcements (fibers, nanoparticles, etc.).
Thus, in this chapter we will discuss some alternatives, such as fiber and nanoclay
incorporation into starch foams to improve the performance of these materials.

4.1.1 StAarcH-FiBER ComposITE FoAMs

Composite is a multiphase material formed from a combination of two or more mate-
rials, which differ in composition or form, but remain bonded together and retain
their identity and properties. These materials maintain an interface between compo-
nents and act to improve specific or synergistic characteristics not obtainable by any
of the original components acting alone (Yu, Dean, and Li, 2006).

Foam composites produced from a starch matrix reinforced with natural fibers
have been studied in several applications by many authors (Bénézet et al., 2012;
Cinelli et al., 2006; Guan and Hanna, 2006; Kaisangsri, Kerdchoechuen, and
Laohakunjit, 2012; Lee et al., 2009; Mali et al., 2010; Robin et al., 2011; Salgado
et al., 2008; Shogren et al., 1998; Soykeabkaew, Supaphol, and Rujiravanit, 2004;
Vercelheze et al., 2012).

Lignocellulosic fibers are abundant in nature and several types of them can be
used as a reinforcement in polymeric matrices, such as jute, sisal, bamboo, cotton,
ramie, flax, curaud, and banana. Some others are agro-industrial or agricultural resi-
dues, such as sugarcane and cassava bagasses; rice; oat and soy hulls; barley and
wheat straws, which also have a great potential to be used for this purpose.

Natural fibers obtained from agro-industrial or agricultural residues (or bagasse
fibers) have some attractive properties when compared to inorganic fibers, such
as lower cost and lower density, which is interesting for foam production. In addi-
tion, the use of these materials can reduce the need for burning or decomposing
these wastes, and also opens up new markets for the agricultural industry (Ardanuy,
Antunes, and Velasco, 2012; Mishra and Sain, 2009).

Natural fibers also have advantages from the point of view of fiber—matrix
adhesion, specifically with polar matrix materials, such as starch matrices. Cellulose
is the main component of fibers, for example, sugarcane bagasse consists of 32—44%
cellulose, banana fiber has 60—65%, sisal and ramie consist of about 65 and 83% of
cellulose, respectively (Satyanarayana, Arizaga, and Wypych, 2009). As cellulose is
a polyhydroxylated macromolecule, these hydroxyl groups can form hydrogen bonds
inside the macromolecule itself, between other cellulose macromolecules (Habibi
et al., 2008), and with other polyhydroxylated macromolecules, such as starch.
According to Guan and Hanna (2006), when more cellulose was introduced into
starch materials, more hydrogen bonds were formed among starch and cellulose
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chains making the blend more crystalline. Lee et al. (2009) reported that the presence
of fibers resulted in good bonding with the starch, which can form a stronger matrix,
thereby increasing the compressive strength of the foam.

Shogren et al. (1998) produced starch foams using a baking process. The authors
reported that the addition of softwood fibers increased starch foams’ strength
when they were stored in low and high relative humidities. Lawton, Shogren, and
Tiefenbacher (2004) found that the addition of 5-10% fiber clearly produced higher
strength foams because the fibers adhered well to the starch matrix, and thus acted
as reinforcement.

Soykeabkaew, Supaphol, and Rujiravanit (2004) produced starch-based composite
foams by baking starch batters incorporating either jute or flax fibers. Mechanical
properties (flexural strength and flexural modulus of elasticity) were markedly
improved with the addition of 5-10% of the fibers. The authors attributed the results
to the strong interaction between the fibers and the starch matrix.

Cinelli et al. (2006) reported that potato starch-based trays could be foamed with
a relatively high content of corn fibers (28.9 to 54.7%), however, the fibers’ addition
did not exert a reinforcing effect when used at the higher content.

Salgado et al. (2008) produced baked foams based on cassava starch, sunflower
proteins, and cellulose fibers (eucalypt pulps), and they reported that increments of
fiber concentration from 10 to 20% improved the mechanical properties but increased
the water absorption capacity of the material in at least 15%.

Debiagi et al. (2010) investigated the production of foam composites by extrusion,
from the mixture cassava starch, glycerol (plasticizer), and two different types of
natural fibers (oat hulls and sugarcane bagasse). The composites were prepared in a
single screw extruder, with three different levels of each fiber (0, 5, and 10 g/100 g
starch), two levels of humidity (18 and 26%), and a fixed level of glycerol (20 g/100 g
solids). The addition of fibers reduced the water solubility index of the foams.

Mali et al. (2010) obtained extruded foams made from cassava starch, sugarcane
bagasse fibers, and polyvinyl alcohol (PVA) and stressed that 20% (w/w) of the fiber
addition improved the water resistance, but 40% of the fiber addition resulted in
denser and more colored foams, with a yellowish aspect.

Schmidt and Laurindo (2010) employed cassava starch, dolomitic limestone, and
eucalypt cellulose fibers to prepare foam trays to pack foodstuffs. They investigated
the influence of the cellulose fiber concentration (5, 10, 15, 20, 30, and 40%) in the
composite formulation. The results indicated that an increase in cellulose fiber con-
centration promoted a decrease in density and tensile strength of the foam samples.
The tensile strength at break for foam trays containing 5% of cellulose fibers was
3.03 MPa, while the commercial trays of expanded polystyrene used to pack foods
in supermarkets presented a tensile strength of 1.49 MPa. The elongation at break of
the foam trays varied slightly with the increase in cellulose fiber concentration, the
values being about 20% lower than the elongation at break observed for commercial
foam trays of expanded polystyrene.

Debiagi et al. (2011) produced foams made from cassava starch, polyvinyl
alcohol (PVA), sugarcane bagasse fibers, and chitosan by extrusion. The compos-
ites were prepared with formulations determined by a constrained ternary mixtures
experimental design, using as variables: (X;) starch/PVA (100-70%), (X,) chitosan
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(0—2%), and (X,) fibers from sugarcane (0-28%). As reported by the authors, fiber
addition at intermediary levels (14%) improved the expansion and mechanical prop-
erties of the foams, and when fibers were added at higher levels (28%), expansion
index and mechanical properties decreased. There was a trend of red and yellow
colors when the composites were produced with the highest proportion of fibers.
Figure 4.2 shows some SEM micrographs of these foams; foams produced exclu-
sively with starch/PVA (without fiber addition) resulted in a material with good
expansion, which was observed by the opened cell structure (Figure 4.2a) when
compared to the foams produced with high-fiber proportions (28%), which showed
the closed cell structure (Figure 4.2b). According to Moraru and Kokini (2003)
and Preechawong et al. (2004), the opened cell structure of extruded foams was a
result of the venting of a large amount of water molecules when the starchy polymer
emerged from the extruder die.

In Figure 4.2b, we can also observe a fiber accumulation (arrow) on the extruded
foam, resulting in a nonhomogeneous structure (Figure 4.2). Carr et al. (2006) related
this nonhomogeneity of fiber distribution to a decrease in the compression strength
of the foams, which was also observed by Debiagi et al. (2011).

2 mm

FIGURE 4.2 Scanning electron micrographs of extruded foams formulated as follows:
() 100% starch/PVA and (b) 70% starch/PVA, 2% chitosan, and 28% fibers. (From Debiagi
F. et al., 2011, Brazilian Archives of Biology and Technology 54, 1043-1052.)
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Baked foam trays based on cassava starch blended with 4% chitosan and 30% of
kraft fibers presented some good properties, such as density, tensile strength, and
elongation of 0.14 g/cm?, 944.40 kPa, and 2.43%, respectively, but water absorp-
tion and water solubility indexes that were greater than those of polystyrene foam
(Kaisangsri, Kerdchoechuen, and Laohakunyjit, 2012).

Benézét et al. (2012) reported that the addition of fibers increased the expansion
index and led to a reduction in water adsorption of extruded potato starch foams.
They also reported that the fiber additions at a 10% level generally improved the
starch foam’s properties.

In the last few years there has been an increasing interest in studying another
class of fillers that can be used alone or in combination with the fibers to produce
starch foam composites, and although several nanoparticles have been recognized
as possible additives to enhance polymer performance, the most intensive studies
are currently focused on layered silicates, such as montmorillonite (MMT), due to
their availability, versatility, low cost, and respectability toward the environment and
health (Azeredo, 2009; Vercelheze et al., 2012).

Some patents have reported that the introduction of fibers and/or inorganic fillers
is interesting for improving mechanical properties of starch materials (Andersen
et al., 1998; Andersen and Hodson, 1995, 2001). Other studies have shown that it is
possible to obtain food packaging from mixtures of starch, fibers, water, and other
additives by thermopressing or baking (Carr et al., 2006; Schmidt and Laurindo,
2010), and these products could be an alternative to the use of expanded polystyrene
foams (Vercelheze et al., 2012).

4.2 STARCH-MONTMORILLONITE NANOCOMPOSITE FOAMS

Nanocomposites are systems that contain fillers with at least one nanosized
dimension and represent a new class of materials that exhibit improved mechanical,
thermal, barrier, and physicochemical properties compared with the starting poly-
mers and conventional (microscale) composites (Azeredo, 2009).

The montmorillonite crystal lattice consists of 1-nm thin layers with an octahedral
alumina sheet sandwiched between two tetrahedral silica sheets. The layers are neg-
atively charged, and this charge is balanced by alkali cations, such as Na*, Li*, or
Ca?, in the gallery space between the aluminosilicate layers. Na-montmorillonite
(Na-MMT) clay is hydrophilic with a high surface area and is miscible with hydro-
philic polymers, such as starch (Ardakani et al., 2010; Ray and Okamoto, 2003;
Vercelheze et al., 2012).

In contrast with the tactoid structure predominating in microcomposites (conven-
tional composites), in which the polymer and the clay tactoids remain immiscible,
resulting in agglomeration of the clay in the matrix and poor macroscopic properties
of the material (Alexandre et al., 2009; Ludueiia, Alvarez, and Vasquez, 2007), the
interaction between layered silicates and polymer chains may produce two types of
ideal nanoscale composites. The properties of the resulting material are dependent
on the state of the nanoclay in the nanocomposite, that is, if it is exfoliate or inter-
calate. Intercalation is the state in which polymer chains are present between the
clay layers, resulting in a multilayered structure with alternating polymer/inorganic
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layers. Exfoliation is the state in which the silicate layers are completely separated
and dispersed in a continuous polymer matrix (Weiss, Takhistov, and McClements,
2006). The exfoliated nanocomposites involve extensive polymer penetration, with
the clay layers delaminated and randomly dispersed in the polymer matrix (Ludueiia,
Alvarez, and Vasquez, 2007). Exfoliated nanocomposites have been reported to
exhibit the best properties due to the optimal interaction between clay and polymer
(Adame and Beall, 2009; Alexandre et al., 2009; Osman, Rupp, and Suter, 2005).

Nanoclays have also been reported to improve the mechanical strength of bio-
polymers and this is related to the strong interfacial interaction between the poly-
meric matrix and clay, which change the morphology of the polymeric matrix (Avella
et al., 2005; Cyras et al., 2008; Park et al., 2003). Wilhelm et al. (2003), Cyras et al.
(2008), and Moraes, Muller, and Laurindo (2012) have all reported the increase of
mechanical strength in starch-nanoclay films. Thus, a very low loading of MMT
(1-10%) results in a large improvement in mechanical, thermal, electrical, and bar-
rier properties of the nanocomposites (Liu et al., 2011; Xiong et al., 2008).

As reported by several authors, the dispersion of nanofiller within the polymer
matrix is a key step to obtain exfoliated structures (Lee and Hanna, 2008; Liu et al.,
2011). Turri, Alborghetti, and Levi (2008) reported that to produce a true nanocompos-
ite, the clay stack must first be delaminated within the polymer matrix. Delamination
of the clay then gives rise to a homogeneous dispersion of individual platelets.

According to Le Corre, Bras, and Dufresne (2010),

... there are several techniques for preparing such materials. For all techniques there
are two steps: mixing and processing, which often occur at the same time. Processing
methods are usually the same as for pure polymers: extrusion, injection molding, and
casting or compression molding. However, special attention must be brought to the
processing temperature when working with organic fillers. The choice of the matrix
depends on several parameters such as the application, the compatibility between
components, the process, and the costs.

To improve their dispersibility, clays could be modified with organic surfactants,
which are typically the quaternary ammonium salts of long fatty acid chains. These
surfactants decrease the surface tension of the aluminosilicate particulates, which
in turn reduces the endothermal enthalpy of mixing. Many organophilic nanoclays
or organoclays, therefore, have already been studied, and some of their products
are already marketed on an industrial scale (Matsuda et al., 2012; Park et al., 2002;
Turri, Alborghetti, and Levi, 2008).

Lee, Chen, and Hanna (2008) described the preparation of extruded foams
based on cassava starch, poly(lactic acid) (PLA), and four different organoclays
(Cloisite®10A, Cloisite 25A, Cloisite 93A, and Cloisite 15A). The authors reported
that the first X-ray diffraction peaks for all four nanocomposite foams were observed
to shift to lower angles compared to those of the original organoclays, indicating that
the intercalation of starch/PLA polymer into the organoclay layers occurred. They
also reported that the organoclays had compatible interactions with the starch/PLA
molecules, resulting in decreased water absorption solubility of the samples.

Debiagi and Mali (2012) produced intercalated nanocomposite foams based on
cassava starch, polyvinyl alcohol (PVA), and sodium montmorillonite (Na-MMT).



86 Polymer Nanocomposite Foams

The nanocomposites were prepared in a single-screw extruder using different starch
contents (97.6-55.2 g/100 g formulation), PVA (0-40 g/100 g formulation), and
Na-MMT (0-4.8 g/100 g formulation), and glycerol was used as a plasticizer. The
addition of Na-MMT resulted in an increase of expansion index and mechanical
strength of the foams. Na-MMT addition also resulted in a decrease of water absorp-
tion capacity of the samples.

Matsuda et al. (2012) developed biodegradable trays based on cassava starch and
two different organoclays (Cloisite 10A and 30B) using a baking process and inves-
tigated the effects of these components on the microstructural, physicochemical,
and mechanical properties of the trays. The ammonium cations of the organoclays
were methyl tallow bis (2-hydroxyethyl) and dimethyl benzyl hydrogenated-tallow
ammonium for the Cloisite 30B and the Cloisite 10A, respectively. All formulations
resulted in well-shaped trays, similar to polystyrene ones, as shown in Figure 4.3,
with densities between 0.2809 and 0.3075 g/cm?.

Matsuda et al. (2012) also described the microstructure of the produced foams
(Figure 4.4), the scanning electron micrographs of the tray cross sections show the
sandwich-type structure of the foams; this structure includes dense outer skins that
enclose small cells (i.e., the surface of the foam). The interior of the foams had
large cells with thin walls; this type of structure has also been reported by Cinelli
et al. (2006) in their study on foams of potato starch and corn fiber. As observed
in Figure 4.4, the samples produced with the 5% nanoclay addition (Figure 4.4b,c)
showed larger air cells than the starch-based foam (Figure 4.4a); probably the addi-
tion of the nanoclays improved the foaming ability of starch pastes, resulting in cell
walls that were more resistant to collapse during water evaporation than that which
occurred during the baking process.

The advantages of fibers or MMT addition on starch polymeric matrices are
discussed in the literature, but the combination of these two fillers to produce starch
foams is still poorly investigated. The combination of the biodegradability and low
cost of starch and fibers with the strength and stability of nanoclays could be an alter-
native for new biodegradable materials, which have improved mechanical properties
and storage stability.

4.3 STARCH-FIBER-MONTMORILLONITE
NANOCOMPOSITE FOAMS

Vercelheze et al. (2012) investigated the use of a baking process to prepare com-
posite and nanocomposite trays based on cassava starch, sugarcane bagasse fiber,
and Na-MMT. All formulations resulted in well-shaped trays with densities between
0.1941 and 0.2966 g/cm?. The addition of fibers and Na-MMT resulted in less dense
and less rigid trays. The foams had high water absorption capacities (>50%) when
immersed in water (1 min). The studied processing conditions resulted in good nano-
clay dispersion, leading to the formation of an exfoliated structure.

To produce exfoliated nanocomposites, the mixing step is very important.
Matsuda et al. (2012) and Vercelheze et al. (2012) employed the same processing
conditions to obtain baked nanocomposite foams and reported that the production
process favored the exfoliation of MMT. They reported that the raw materials were
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(a)

FIGURE 4.3 Foam trays based on: (a) cassava starch; (b) 95% cassava starch and 5% Cloisite
10A, and (c) 95% cassava starch and 5% Cloisite 30B. (From authors; data not published.)

mixed for 20 min at 18000 rpm. In the first 10 min, water, starch, nanoclays, fibers,
and other solids were mixed; glycerol was then added, and the paste was mixed for
10 more min. According to Chung et al. (2010), good dispersion of clays in a starch
matrix can be achieved by first preparing the nanocomposites in diluted aqueous
solutions followed by plasticization.

When exfoliated nanocomposites are analyzed by X-ray diffraction, the loss of the
characteristic peak from the clay can be observed. In Figure 4.5, typical X-ray dif-
fraction patterns of exfoliated nanocomposites were observed; cassava starch foams
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FIGURE 4.4 Scanning electron micrographs of foam trays cross sections based on:
(a) cassava starch; (b) 95% cassava starch and 5% Cloisite 10A, and (c) 95% cassava starch
and 5% Cloisite 30B. (From Matsuda D. N. K. et al., 2012, Industrial Crops and Products,
http://dx.doi.org/10.1016/j.indcrop.2012.08.032.)
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FIGURE 4.5 X-ray diffraction patterns of foam trays based on cassava starch and MMT.
(Adapted from Vercelheze A. E. S. et al., 2012, Carbohydrate Polymers 87, 1302-1310 and
Matsuda D. N. K. et al., 2012, Industrial Crops and Products, http://dx.doi.org/10.1016/j.
indcrop.2012.08.032.)

were produced with three different types of MMT (Cloisite Na, Cloisite 10A, and
Cloisite 30B), and in all foams (Figure 4.5) there was no diffraction peak between
20 = 4° and 26 = 10°. The loss of the peak from the clay is due to the good clay
dispersion, which leads to disordered clay tactoids with a low concentration of clay
agglomerates and indicates the formation of an exfoliated structure.

The major challenge involved in the research and development of new biodegrad-
able foams based on starch is to produce products that are competitive in cost and
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performance with expanded polystyrene, and the use of fillers such as natural fibers
and nanoclays can allow many technological and environmental issues to be solved;
the properties of these new products will vary with process technology, starch type,
and filler addition in the foam formulations.
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5.1 INTRODUCTION

Since the 1980s, academic and industrial research has had a growing interest in the
processing of polymer/filler nanocomposites due to their excellent barrier, electri-
cal, and mechanical properties, which are conferred by the unique advantages of
nanoparticles such as their high surface area, aspect ratio, shape, and size. More
recently, the market for lightweight materials which are very present in the industry
is oriented toward the development of polymer nanocomposite foams in order to
improve the compressive properties, mechanical strength, surface quality, thermal
behavior, and dimensional stability of unmodified foams. Moreover, current environ-
mental constraints on the protection of ozone has pushed governments to replace the
blowing agents commonly used in the industry, such as chlorofluorocarbon (CFC),
with other environmentally friendly agents. For these reasons, supercritical CO,
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(ScCO,) has emerged an as excellent alternative to chlorofluorocarbon and represents
a promising element of green chemistry. Indeed, ScCO, is a low cost process, which
is readily recyclable and nonflammable, with an ability to plasticize many polymers
such as fluoropolymers and polysiloxanes, which are known for being soluble in
supercritical carbon dioxide. In addition, CO, has a low surface tension (close to
zero), viscosity, and density like a liquid which gives it a high solvency power tunable
by adjusting pressure but also a high diffusivity like a gas.

To achieve lightweight polymer nanocomposite foams with high performance
without sacrificing mechanical properties, many methods and approaches have
been reported in the literature. In this chapter, the recent progress in this field is
reviewed. As the nanocomposite foams cover wide scientific fields which extend
from materials science—nanoparticles and polymer—to processing of nano-
composites and foams and to the characterization of morphology and properties,
this chapter is divided into four parts. In the first part, we describe the foaming
mechanism under supercritical CO, of nanocomposite materials by identifying the
nature of the interactions between CO, and matrix as well as the influence of the
variation of physical parameters (temperature, pressure) on foaming. In the second
part, a brief description of existing foaming processes is introduced. In the third
part, the modification of the rheological properties of polymer by the use of organic
or inorganic additives such as chain extenders, ionic liquid, and fillers will be pre-
sented before describing the influence of nanoparticles on the morphology of foams.
Finally, the last part will focus on the structure—properties relationships of polymer
nanocomposite foams.

5.2 USE OF CARBON DIOXIDE IN SUPERCRITICAL CONDITIONS
FOR NANOCOMPOSITE FOAM PREPARATION

5.2.1 FORMATION MECHANISM OF POLYMER/NANOFILLER FOAMS

The foaming of polymer is a complex process involving some thermodynamic
events occurring in a rheologically evolving media. Just like crystallization, foam-
ing consists of a cell nucleation followed by a growth step, and ends with a thermal
structural stabilization. Nucleation is initiated by a thermodynamical instability,
which occurs in a polymer saturated with supercritical gas at high pressure. Such
instability can be driven by a pressure drop or by an increase in the temperature
leading to a metastable supersaturated solution. In order to restore a lower energy
state, a phase separation occurs between the CO, and the polymer. In the case of
the ternary blend polymer/nanofillers/supercritical CO,, the theory of heteroge-
neous nucleation provides a deeper insight about the parameters governing this first
step of the foam processing. The heterogeneous nucleation takes place because gas
bubbles are formed at the interface between the liquid and the solid phase (Colton
and Suh, 1987).
Nucleation rate is thus defined by the following equation:

~AGi,, )

G.1)

Nhet = ﬁCI CXP( kT
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Where N,,, is the cell nucleation rate, C, is the concentration of nucleation sites, f;
is the frequency factor for gas molecules joining the nucleus, k is the Boltzmann’s
constant, and 7 is the system temperature. AG is the free energy barrier to initiate
heterogeneous cell nucleation, which is given by:

3
AG},, = % S(8) which is also equal to AGy,, = AG),,, S(8)

where ¥, is the surface energy of the polymer-bubble interface, AP is the pres-
sure drop of the gas/polymer solution, and S(0) depends on the contact angle at the
polymer—nucleating agent interface. For a typical contact angle of 20°, S(6) is about
10-3. The energetic barrier for heterogeneous nucleation is significantly reduced with
respect to one for homogeneous nucleation. The minimization of the free energy
barrier for nucleation increases the cell nucleation rate. Many relevant factors can
affect the cell nucleation rate and are included in the material properties and the
thermodynamic parameters. As an example, a higher-pressure drop of the satu-
rated polymer would lower the free energy barrier to initiate nucleation, resulting
in a higher nucleation rate. Park et al. reported that the pressure drop rate can also
increase the nucleation rate (Nalawade, Picchioni, and Janssen, 2006). The size, the
shape, and the distribution of particles like the surface treatment can impact the
efficiency of nucleation (Han, Zheng, and Lee, 2003). Once nucleation is initiated,
the gas diffuses from the polymer matrix to the cell. Bubble expansion is the main
mechanism to lower the supersaturation state, which causes a gas concentration
decrease in the bubble and promotes its diffusion from the polymer matrix. The
solubility and diffusivity of gas in polymer will depend on the polymer or filler/gas
chemical affinity and on the pressure and temperature. As the bubble continues to
expand, the concentration gradient across the polymer and gas boundary decreases.
The structural expansion is therefore hindered by the polymer rheology—which is
reinforced during expansion by the cooling and the deplasticization induced by the
gas depletion of the polymer matrix. The structure expansion is then stopped when
the sample reaches a temperature below the glass transition, Tg. It is important to
note that Tg can be hugely decreased due to the presence of the remaining blow-
ing agent in the polymer matrix. The gas uptake will imply modifications of the
material’s thermal and rheological properties.

5.2.2 Errect oF FOAMING PARAMETERS ON FOAM MORPHOLOGY

In the majority of the literature, the reduction of the foaming temperature is often
presented as a means to increase the cell nucleation and to reduce the cell size
(Arora, Lesser, and McCarthy, 1998; Beckmann and Goel, 1994). The increase in
the nanoclay amount introduced within nanocomposite can also counterbalance
the effect of temperature on the viscosity reduction. The dissolution of the blow-
ing agent such as CO, in the polymer causes its plasticization. This phenomenon
induces a decrease of the glass transition temperature and of the melting point of
the polymer (Wissinger and Paulaitis, 1991) and thereby results in a reduction of its
viscosity (Kwag, Manke, and Gulari, 1999). Two distinct mechanisms are involved
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in this material softening. First, the presence of a low molecular mass component
dilutes the entanglement of the molten polymer just like a solvent. The second
mechanism is the creation of additional free volume, which improves the chain
mobility just like an increase in temperature (Tai et al., 2010). This last parameter is
the driving force for the viscosity reduction. The required pressure for doping poly-
mer with gas is also acting on the viscosity independently of its effect on the CO,
sorption ratio. Thus, it is possible to consider the concomitant effects of tempera-
ture, pressure, and CO, concentration on the polymer viscosity. In a recent study,
Tai et al. (2010) showed that the viscosity of a low molar mass poly (DL-lactic acid)
doped with CO, at 35°C under 10 MPa was similar to the nonplasticized melt one at
140°C (Wolff et al., 2011). The depressurization rate is another foaming parameter
that plays a significant effect on the foam morphology. When the depressurization
rate is slower, the synthesized foam is more heterogeneous. The cell size is all the
more reduced and the cell number is all the more high as the depressurization rate
is fast (Han, Zheng, and Lee, 2002).

5.3 PROCESSING OF NANOCOMPOSITE FOAMS

Currently, the two most common pathways for producing nanocomposite foams are
the batch or continuous process depending on the application targeted and on the
scale of the production. The first method is the most commonly used at laboratory
scale whereas the second process based on extrusion and injection are more likely
compatible with industrial productions since it allows direct end-product shaping
(e.g., sheet extrusion, profile extrusion, injection molding).

5.3.1 BartcH FoAMING

Nanocomposite foaming in a batch reactor is a simple process that needs the pro-
cessing of polymer/fillers blended in a previous step before being introduced in an
autoclave working at elevated temperature and pressure (Corre et al., 2011a; Jin et al.,
2001; Ngo et al., 2010; Stafford, Russell, and McCarthy, 1999). The reactor may be
heated by electric heaters or immersed in an oil bath. The pressure is set from a gas
cylinder with the help of a pump system. The depressurization is the most critical
step of the foaming process since it is responsible for the thermodynamic instability
that may induce the phenomena of nucleation and growth of cells. The autoclaves are
thus equipped with a pressure release valve that can be manually or automatically
activated for a precise and reproducible pressure drop. A batch foaming system is
schematically represented in Figure 5.1.

The batch foaming takes place in two steps. The first one is the impregnation of
the polymer/nanofillers blend with the blowing agent that can be performed either in
the solid state or in the liquid state since the dissolved CO, tends to bring down the
glass transition temperature or the melting temperature of the polymer (DeSimone
et al., 1994; Mawson et al., 1995; McHugh et al., 2002). Depending on the foaming
route, the autoclave can be heated or cooled down before the initiation of nucleation
and the process conditions—constant control of temperature and pressure—play a
key role in the foaming process.
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FIGURE 5.1 Batch foaming process. (Reprinted from Corre Y. M. et al., 2011a, Journal of
Supercritical Fluids 58, 177-188. Copyright 2013, with permission from Elsevier.)

Many studies have shown that the cell size decreases while the cell number density
increases when the pressure is high and the temperature reduced (Corre et al., 2011a).
These results are explained by a supersaturation of dissolved CO, in these condi-
tions of temperature and pressure. For this reason, a quenching process pressure
has been developed in recent years to induce foaming and to obtain a good con-
trol of the porosity (Jiang et al., 2009; Mascia et al., 2006; Reignier, Gendron, and
Champagne, 2007). Another method mentioned in the literature but more difficult to
control is based on an increase of the system temperature (Alavi, Rizvi, and Harriott,
2003b; Matuana, 2008). Indeed, after that the sample is impregnated with CO,, the
depressurization is performed very slowly at a temperature below the glass transition
temperature of the polymer matrix before taking the material out of the reactor and
dipping it in a hot oil bath during a given residence time.

However, the batch process has several limitations. The main disadvantage is
that this method requires extremely long cycle times for reaching the gas sorption
equilibrium due to its low diffusivity through a significant amount of material.
Another drawback is linked to the vessel geometry (Corre et al., 2011a). Depending
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on the volume and the thermal inertia of the reactor, a rapid depressurization at a
low temperature may result in freezing of the sample. This sudden cooling of the
polymer could block cell expansion.

In conclusion, batch foaming is mainly suitable for the foaming of small amounts
of material. A larger volume of material induces additional costs of the supercritical
facilities, partly because of the complexity of sealing parts and equipment for gas
compression. Most of industrial foam conversions are then conducted either by
injection or extrusion foaming.

5.3.2 CoNTINuOUS MODE

For industrial applications, significant R&D resources have been devoted to develop
technology in continuous mode to produce microcellular and lightweight foams of
polymer with improved acoustic and insulation properties without sacrificing the
mechanical properties for diverse applications, those of food packaging, biomedical
devices, or automotive parts (Alavi, Rizvi, and Harriott, 2003a; Arora, Lesser, and
McCarthy, 1998; Corre et al., 2011a; DeSimone et al., 1994; Han, Zheng, and Lee,
2002; Jacobsen and Pierick, 2000; Jiang et al., 2009; Jin et al., 2001; Kwag, Manke, and
Gulari, 1999; Mascia et al., 2006; Matuana, 2008; Mawson et al., 1995; McHugh et al.,
2002; Michaeli and Heinz, 2000; Ngo et al., 2010; Reignier, Gendron, and Champagne,
2007; Stafford, Russell, and McCarthy, 1999; Tai et al., 2010; Wang et al., 2012;
Wissinger and Paulaitis, 1991; Wolff et al., 2011). In recent years, various techniques
have emerged based on injection or extrusion foaming adapted to polymers with low
and/or high viscosity (Jacobsen and Pierick, 2000, 2001; Michaeli and Heinz, 2000).

5.3.2.1 Injection Foaming

Currently, one of the best ways to prepare foams suitable for the industry is injection
molding directly at the die outlet of the extruder. As a result, injection foaming is
a semicontinuous process since it includes a plasticizer/gas extruder and a transfer
chamber as depicted in Figure 5.2. The processing of nanocomposite can be
performed in the extruder by adding the fillers within the plasticized polymer/gas
mixture.

This process must be used for the molding of complex and lightweight parts (i.e.,
foam density of 0.2 g/cm?). Indeed, this process allows (i) working at relatively low
temperatures, (ii) leads to a reduction of the viscosity of the polymeric material
due to the plasticizer effect of supercritical CO,, (iii) causes an important decrease
of the cycle time, and (iv) preserves the dimensional stability of the final parts.
Co-injection can also be used to fill volumetric parts (e.g., car interior panel, heat
insulated electronic housing) with foamed material while the surface is made of a
massive polymer skin to keep a certain mechanical resistance. To produce micro-
cellular foams, only three technologies of injection molding are used comprising
Optifoam by Sulzer Chemtech AG (Switzerland) (Sulzer), ErgoCell by Demag
(Germany) (Sauthof, 2003), and MuCell by Trexel Inc. (United States) (Blgdzki et al.,
2006). The high cost of equipment limits its use in the research laboratories and does
not facilitate the development of academic works on theoretical and experimental
models that would be useful for a better understanding of the foaming process.
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FIGURE 5.2 (See color insert.) Injection foaming process. (Reprinted from Lim L. T.
et al.,, 2008, Progress in Polymer Science 33, 820-852. Copyright 2013, with permission
from Elsevier.)
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FIGURE 5.3 Extrusion foaming process. (Reprinted from Alavi S. H. et al., 2003b, Food
Research International 36, 309-19. Copyright 2013, with permission from Elsevier.)

5.3.2.2 Extrusion Foaming

Extrusion foaming by direct gasing is a widespread process for various applica-
tions ranging from foamed sheets to expanded profile extrusion with foam den-
sity ranging from 0.05 up to 0.5 g/cm’. Extrusion foaming is a melt processing
where polymer is first thermomechanically plasticized before being dynamically
mixed with a blowing agent. The extrusion process is schematically presented in
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Figure 5.3. The addition of nanofillers can be performed either in the melt step or
in the mixing step with the gas. The following steps consist of a thermal stabiliza-
tion of the mixture before shaping the melt through a specific die and foaming by
a rapid pressure quench. This specific extrusion can be performed either in mono
screw or twin screw extruder and tandem extruders are even reported as an efficient
cooling potential if required for the mixture stabilization step. The postextrusion
process consists of the solidification of the cellular structure while an ageing pro-
cess is driven by osmotic gas exchanges between bubbles and air. Depending on
the polymer permeation for blowing agent and air, this ageing phenomenon can
last from a few hours up to several months depending on the storage conditions
and on the blowing agent used. Extrusion foaming is a process where diluted gas
acts as a metastable plasticizer. For the difference with batch foaming, the molten
polymer/gas solution is here subjected to shear and elongational strains. On one
hand, such mechanical solicitations favor the mixing efficiency, but on the other
hand, too aggressive conditions (e.g., high screw rotation rates, sudden change in
barrel section, flow obstacles...) can induce gas demixing at an early stage for poly-
propylene foaming with CO,.

Recently, research has intensified efforts in the production of poly(lactic acid)
(PLA) foams from extrusion (Lee, Kareko, and Jung, 2008; Sauceau et al., 2011).
In fact, different authors investigated the foaming of amorphous and commercially
available polylactid polymer matrices with high carbon dioxide amount (9—-10%wt)
in order to understand the CO, foaming. Generally, foams with high open-cell
content and poor mechanical properties have been obtained (Reignier, Gendron, and
Champagne, 2007; Sauceau et al., 2011). The use of semicrystalline PLA or the
addition of fillers (starch, nanoclay) induces an increase of viscosity reducing the
cell size and strengthening the PLA mechanical properties (Mihai et al., 2007; Wang
et al., 2012).

However, although this technique has many advantages, it is necessary to equip
an extruder with a system of injection of supercritical CO, and with a static mixer,
which can lead to a significant cost. Then, several precautions must be taken to
avoid phase separation before nucleation such as (i) the estimation of the residence
time of the filled polymer/CO, mixture in the extruder (using theoretical models
developed in the literature); (ii) the amount of CO, injected that is less than the sol-
ubility thereof, and (iii) the control of the depressurization of the mixture through
the nozzle to lead to a saturation of the CO,, which generates the production of
microcellular foams. Park et al. have demonstrated that the pressure-induced solu-
bility change can be employed as a continuous microcellular nucleation mecha-
nism by using a rapid pressure drop element consisting of a nozzle (Park and Suh,
1993). In 1995, the same author had also studied the effect of pressure drop rate
on cell nucleation and the cell density by using nozzles with different radius (Park,
Baldwin, and Suh, 1995). Thus, they concluded that the pressure drop rate in the
nucleation device have a key role to determine the cell density of the extruded
foam. In fact, an increase of the drop pressure rate leads to an improvement of the
cell density. More recently, many studies have focused on the use of supercriti-
cal CO, as foaming agents in the field of food industry (Alavi et al., 1999; Alavi,
Rizvi, Harriott, 2003a). Indeed, for starch-based microcellular foams, different
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mathematic models have been investigated toward a better understanding of the
mechanisms of bubble growth and collapse but also to demonstrate the importance
of material parameters on the optimization of the foaming process (Alavi, Rizvi,
Harriott, 2003a).

In summary, very few theoretical and experimental studies have been devoted
to the development of mathematical models to simulate, predict, and characterize
the pressure distribution in different matrices, or the size distribution of bubbles. In
conclusion, it is absolutely necessary to improve the current simulations to provide a
better understanding of the foaming process and hopefully a growing interest in the
industry for large scale production.

5.4 STRUCTURE-PROPERTY RELATIONSHIP OF
POLYMER NANOCOMPOSITE FOAMS

If processing parameters (temperature-pressure-soaking time-depressurization
rate) have a clear impact on the foam morphology, materials parameters can also
be tuned to tailor the foams structuration. The rheological properties of polymer
material studied and in particular, the elongational viscoelasticity which is
responsible for the structure and cell size obtained, must be well characterized. For
this reason, the introduction into the polymer matrix of chemical or physical het-
erogeneities is required to increase the viscosity of polymer and to limit cell growth
(Doroudiani, Park, and Kortschot, 1998; Pilla et al., 2009; Ray and Okamoto,
2003a). In order to create microcellular polymeric foams, two pathways have been
commonly studied: (i) the use of different additives to increase the melt strength of
the matrix and to limit cell growth, or (ii) the addition of organic/inorganic fillers
such as silicates, silica, and metal oxides. In addition, a high interface amount and
the multiplication of nucleation sites generated by the use of nanoparticles is a huge
advantage.

5.4.1 ErrecTt OF CHAIN EXTENDER ON FOAM MORPHOLOGY

With the objective of improving the viscoelastic properties, many works involving
chain extension and chain branching were reported in the literature on biodegrad-
able polymers (Corre et al., 2011b; Gedler et al., 2012; Mihai, Huneault, and Favis,
2010; Park, Behravesh, and Venter, 1997; Pilla et al., 2009; Stange and Munstedt,
2006; Yang et al., 2012; Zeng et al., 2010; Zhou et al., 2007). For example, in the
case of PLA matrix, the chain extension consists of reacting the carboxyl or hydroxyl
groups of PLA chains with functional groups such as amine, anhydride, isocyanate,
hydroxyl, or epoxy of chain extender (Reverchon and Cardea, 2007). The use of
1 to 2% of chain extender was demonstrated to be sufficient for branching the PLA
matrix but also to allow continuous foaming by extrusion (Mihai, Huneault, and
Favis, 2010; Zhou et al., 2007). Recently, Corre et al. (2011b) have demonstrated that
the chain extension improved the viscosity, the shear sensitivity of the molten PLA,
as well as the elastic properties of the matrix. They have determined one density
of 10 cells/cm? on high chain extended PLA instead of 10* cells/cm?® on neat PLA
for the same foaming temperature (110°C). Indeed, as the viscoelasticity in the melt
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state is considerably increased by the chain extension process, the potential for cell
expansion is greatly reduced. Other works have corroborated these results in the
literature (Reverchon and Cardea, 2007; Stange and Munstedt, 2006; Tsivintzelis,
Angelopoulou, and Panayiotou, 2007). Moreover, these branched polymers display
a strain hardening behavior, which is a requirement for melt extensional pro-
cesses such as blowing or foaming (Gendron and Daigneault, 2000; Meissner and
Hostettler, 1994; Nam, Yoo, and Lee, 2005; Spitael, 2004). The use of these chain
extenders increases the crystallinity of the polymer, which can have an effect on
the morphology of the foams (Corre et al., 2011a). According to the literature, the
presence of melt heterogeneities due to the coexistence of a crystalline phase and an
amorphous phase results in an inhomogeneous distribution of adsorbed CO, in the
polymer matrix (Corre et al., 2011a,b; Gendron and Daigneault, 2000; Meissner and
Hostettler, 1994; Nam, Yoo, and Lee, 2005; Reverchon and Cardea, 2007; Spitael,
2004; Stange and Munstedt, 2006; Tsivintzelis, Angelopoulou, and Panayiotou,
2007). In fact, the adsorption of CO, does not occur in the crystalline phase, which
indicates a reduction of the CO, (Baldwin, Park, and Suh, 1996a,b; Doroudiani,
Park, and Kortschot, 1996). These heterogeneities of fluid density may cause the
creation of a liquid-like phase if the foaming is carried out above the critical con-
ditions (Tatibouet and Gendron, 2005). Several authors have concluded that the
increased rate of crystallization has a significant impact on the foaming process as
well as a strengthening of the viscoelastic properties of the polymer (Mascia et al.,
2006; Zhai, Yu, Wu et al., 2006). Several authors have shown that for polymers
PCL, PBS, PLLA, or PC, an increase in the CO, pressure leads to a decrease of the
crystallization temperature of polymers (Lian et al., 2006; Naguib, Park, and Song,
2005; Takada, Hasegawa, and Ohshima, 2004; Zhai, Yu, Ma et al., 2006). This
phenomenon is accentuated in branched polymers (Naguib, Park, and Song, 2005;
Zhai, Yu, Ma et al., 2006).

In conclusion, the use of a chain extender can be very useful to limit the cell’s
growth while improving the viscoelastic properties of polymers. A compromise
must be found between crystallinity, desired rheological properties, and foaming
parameters.

5.4.2 ErrecT OF loNic LiQuips As NEw ADDITIVES ON FOAM MORPHOLOGY

Ionic liquids (ILs) are other innovative additives that can be introduced within a
polymer matrix (Livi, Gérard, and Duchet-Rumeau, 2011a,b; Livi et al., 2013; Soares
et al., 2012). In recent works, the addition of small amounts of ILs (1 wt%) to a poly-
styrene (PS) matrix has played a significant role in the preparation of microcellular
foams at low temperature-pressure conditions in supercritical medium (Livi et al.,
2013). The cell morphologies have been tuned by the wide choice of cation—anion
combinations including pyridinium, imidazolium, and phosphonium cations func-
tionalized either with long alkyl chains considered as CO,-phobe or perfluorinated
ones that are known to be CO,-philic. Thus, the use of conventional ionic liquids
generates a microcellular morphology more coarse than one of pure polystyrene
(120-130 wm compared to 80 pm for neat PS). SEM micrographs on fractured speci-
mens of microcellular PS/IL foams are shown in Figure 5.4.
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FIGURE 5.4 (a) SEM micrographs of neat PS. (b) Blends PS/C18Py I. (c) PS/C18C18Im I.
(d) PS/CI8P 1.

FIGURE 5.5 (a) SEM micrographs of neat PS. (b) Blends C18C12FIm I.

In contrast, the use of fluorinated ionic liquids generates lower polarizability and
solubility parameters. Thus, the replacement of long alkyl chains by fluorinated ones
provides a better affinity between IL and PS matrix and promotes cell morphology
with significantly reduced cell sizes (Figure 5.5).

In conclusion, these first results have highlighted that the ionic liquids can
be considered as efficient additives to provide internal surfaces that induces
a diffusion restriction and generates a heterogeneous nucleation. The chemical
nature of cations plays a key role on the cell morphology generated within poly-
styrene matrix. The addition of ILs with a CO,-philic moiety, that is, fluorinated
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chains, is very relevant to enhance foaming by reducing the cell size at lower
temperature-pressure conditions. As a consequence, these new foaming agents and
their infinite combination of cation—anion offer a new alternative to conventional
additives commonly used.

5.4.3 ErrecTt OF NANOPARTICLES ON FOAM MORPHOLOGY

The use of nanofillers, characterized by their high specific surface and aspect ratio,
is another route well known to limit the cell’s growth in foam processing (Anastas,
2010, 2012). In the last three decades, the processing of nanocomposite foams has
been commonly studied to reduce the nucleation free energy (Tomasko et al., 2003).
Well-dispersed nanoparticles act as nucleating sites that can assist in the formation
of a nucleation center for the gaseous phase. For example, the use of nanosized par-
ticles promotes the creation of nucleation sites at the polymer—particle interface and
leads to a higher cell density (Chen, Straff, and Wang, 2001; Park, Behravesh, and
Venter, 1997). The quantity and the dispersion state of nanoparticles in the poly-
mer matrix are important parameters that impact the foam morphology (Nam et al.,
2002; Strauss and Souza, 2004). The systems most commonly encountered in the
literature are based on polymer—clay nanocomposites such as polyolefins, polyure-
thanes, PVC, polystyrene, polyamide, and biopolymers (Mitsunaga et al., 2003; Ray
and Okamoto, 2003b). Thus, Nam et al. (2002) have shown that the cell density of
the PP foams increased linearly as a function of the stearyl ammonium modified
montmorillonite amount (2, 4, 7.5%wt) (Di et al., 2005). Zhai et al. have obtained
a remarkable increase of cell density and a reduction of cell size (0.2-0.3 microns)
with increasing nano-silica content (1% to 9%) on polycarbonate nanocomposites
(Meissner and Hostettler, 1994). The effect of the nanoparticle distribution on the
foam morphology has been also studied in detail (Avalos et al., 2009; Okamoto et al.,
2001; Pilla et al., 2010; Zeng et al., 2003). In the case of PS/clay nanocomposites,
exfoliated nanocomposites, prepared by in situ polymerization, show a better nucle-
ation rate compared to nanocomposites with an intercalated morphology. These
results are explained by a greater availability of heterogeneous nucleation sites.
Moreover, the nanoparticles have a significant effect on the cell size of the nano-
composite foams. Pilla et al. (2010) have demonstrated that the use of talc in polymer
blends of PBAT and PLA led to a decrease in the average cell size. Indeed, as talc
increases the crystallinity of the polymer blend, a smaller amount of gas is required
for bubble growth in the amorphous phase, which explains the reduction of cell size.
Moreover, the addition of nanoparticles has a tendency to increase the viscosity of
polymers, which also limits the growth of cells (Okamoto et al., 2001).

The surface functionalization of nanoparticles is an important requirement to con-
trol the compatibility between fillers and polymer matrix and as a result the dispersion
state of nanofillers. For example, to tune the organophilic character of nanoparticles
and promote dispersion within polymers, chemical surface treatments such as cationic
exchange, grafting of organosilanes, or the use of copolymers have been extensively
practiced (Avalos et al., 2009; Giannelis, 1996; Patel et al., 2007). For example, Ngo
et al. (2010) have shown the influence of the chemical nature of the surfactant used for
the modification of the layered silicates on polystyrene foam morphologies. Smaller
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cell sizes and higher nucleation density were determined with a reactive surfactant,
2-methacryloyloxyethyl hexadecyldimethylammonium bromide able to react with sty-
rene monomer unlike to dimethyl benzylammonium chloride (Ngo et al., 2010). In the
case of poly(D, L lactid acid)-montmorillonite nanocomposite foams, Tsimpliaraki
et al. (2011) have demonstrated that the chain length of the ammonium surfactant is
a crucial parameter (C18 instead of C4) to reduce the pore diameter and to increase
the pore density. Recently, Goren et al. (2010, 2012) have investigated the influence
of silica surface chemistry on pore nucleation in silica/poly(methyl methacrylate)
(PMMA) nanocomposites. They have concluded that the surface treatment of nano-
silica with fluoroalkanes reduced the critical nucleus radius and decreased the
surface free energy. More recently, Yang et al. (2012) have synthesized silica particles
modified by a poly(ionic liquid) denoted poly[2-(methacryloyloxy)ethyl]trimethyl-
ammonium tetrafluoroborate, which possesses a strong capacity for CO, adsorption,
and they used this modified silica as a nucleation agent in polystyrene foaming. The
resulting nanocomposite foam had a smaller cell size and higher cell density com-
pared to PS foams filled with aminosilanes grafted silica (Si-NH2). Other inorganic
fillers have also been studied such as graphene or carbon nanotubes (Gedler et al.,
2012; Zeng et al., 2010). For example, a comparative study was carried out by Zeng
et al. on the influence of chemical treatment of multi-walled carbon nanotubes on the
cell morphology and cell density of PMMA foams (Zeng et al., 2010).

In conclusion, nanoparticles are excellent candidates to create microcellular
foams because the presence of these inorganic or organic heterogeneities in the poly-
mer matrix promotes nucleation. Nevertheless, the introduction of fillers increases
the complexity in the foaming process because in addition to having to control the
foaming parameters, it is necessary to carefully select the shape and the size of the
nanoparticles as well as that of the chemical nature of the modifier’s agents to be
placed under the optimum foaming conditions.

5.4.4 INFLUENCE OF NANOPARTICLES ON FOAM PROPERTIES

Their nanoscale dimensions, responsible for their high specific surface (from 200
to 700 m?/g) and for the significant aspect ratio (from 100 to 1000), confer on them
dramatic properties linked to their capacity of confinement within material. Although
the majority of studies reported in the literature mainly concern effects of nanopar-
ticles on foam morphology, some studies have shown the benefit of nanoscale fillers
on the final properties of polymer nanocomposite foams such as mechanical, ther-
mal, and barrier properties.

Regarding the mechanical properties, it is well known that the addition of a few
percent of organically modified layered silicates led to increases of tensile strength;
bending strength as well as compressive properties (Han, Zheng, and Lee, 2003;
Lee, Lee, and Choi, 2004; Livi et al., 2010). In fact, the addition of 3% of Cloisite
30B in a PVC matrix has allowed an improvement of 250% of the elongation at
break and an increase of 26% of bending strength (Lee, Lee, and Choi, 2004). In
another study, Han, Zheng, and Lee (2003) studied the influence of different lamel-
lar fillers (talc, montmorillonite) on PS foams. They showed that the nanocom-
posite foam with an exfoliated morphology led to a weight reduction of 31% and
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a limited loss of modulus (19%) compared to nonfoamed PS nanocomposite. In
terms of compressive properties, it was also demonstrated that the addition of 1
to 5% of carbon nanotubes in PS foams increased the compressive modulus com-
pared to PS in solid state (Shen, Han, and Lee, 2005). By improving the quality of
the sample surface, Shen et al. showed significant increases in mechanical prop-
erties with an improvement of 81 to 87% of tensile strength and 113 to 124% of
impact strength compared to unfoamed PS properties (Chen, Liao, and Chen, 2012).
Recently, Chen, Schadler, and Ozisik (2011) investigated the compressive properties
of multi-walled carbon nanotube/PMMA nanocomposite foams and demonstrated
that the addition of only 1% of MWNT by weight generated an increase of modulus
and collapse strength (Figure 5.6).

In addition, the authors developed a constitutive model for predicting the com-
pressive mechanical properties of polymer nanocomposite foams with densities
lower than 0.5. Finally, they clearly showed that the morphology controlled the final
properties of nanocomposite foams since foams composed of small cells led to better
mechanical properties.

In the literature, studies on the thermal stability of foams were also found (Han,
Zheng, and Lee, 2003). Han et al. showed an improvement of the fire retardance
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properties of nanocomposite foams of polystyrene. After burning, PS nanocom-
posite foams retain their structural integrity while PS foams caused fire spread-
ing (Han, Zheng, and Lee, 2003). More recently, Gedler et al. (2012) studied the
thermal decomposition of polycarbonate foams filled with graphene nanoparticles
by thermogravimetric analysis (TGA) under nitrogen and air atmosphere. They
demonstrated that the barrier effect of graphene nanoplatelets delayed the removal
of volatile compounds during degradation and increased the thermal stability of
polycarbonate.

In conclusion, these encouraging results highlight the key role of nanoparticles on
improving the mechanical and fire retardance properties of nanocomposite foams.
Thus, it seems possible to produce lightweight microcellular foams while keeping
the final properties of the material in the solid state. However, these early works
show the importance of the morphology of the foam on the final properties of poly-
mers. Indeed, a better dispersion of inorganic fillers in the matrix is needed to lead to
reduced cell size and high-cell densities. To achieve significantly optimized polymer
nanocomposite foams, a lot of studies are needed to find the suitable association
between nanoparticles and matrix.

5.5 CONCLUSIONS

Currently, polymer nanocomposite foams which represent one part of the light-
weight materials commonly used in the plastics industry are the focus of a con-
siderable economic issue. For this reason, significant R&D resources have been
devoted to develop a simple and scalable process for commercial production of
polymer foams with improved final properties. Moreover, if we add the environ-
mental constraints, supercritical CO, known for its nontoxicity and its low cost, but
also its high solubility in many polymers, has a very promising future. However,
despite these advantages, many challenges remain to be overcome before reaching
an industrial application. The first challenge is to enhance the development of the
foaming process based on injection and extrusion for industry because the existing
methods are limited. In fact, the method of batch foaming which is commonly used
involves several steps and is not suitable to work with large amounts of polymer.
Then, concerning the continuous mode, it is necessary to improve the mathematical
models to simulate, predict, and characterize the pressure distribution in differ-
ent matrices as well as the size distribution of bubbles in order to provide a better
understanding of the foaming process. A second challenge is to expand studies on
the effect of filler-polymer interactions to control the morphology of the foam in
function of the nature of polymer and fillers. Indeed, as we have shown throughout
this chapter, the foaming process is very dependent on (i) the nature of the inor-
ganic fillers, (ii) the size, the shape, and the concentration of the nanoparticles,
(iii) the surface treatment of particles, and (iv) the compatibility between fillers
and polymer matrix which is responsible for the good or poor distribution of fillers.
A third challenge is to find a suitable association between the use of additives (ionic
liquids, chain extender) to increase the rheological properties of the polymer and
the addition of the fillers to limit cell growth while achieving optimized properties
of foams.
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In conclusion, the development of the green process of polymer nanocomposite
foams in order to achieve significantly optimized lightweight materials, that is, with
good mechanical properties, high surface quality, and excellent thermal and high-
dimensional stability, still requires a lot of future work.
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6.1 INTRODUCTION

Polyurethane (PU) foams are a family of cellular materials that are used extensively
in almost every ambit of application due to their extended range of physical and
chemical properties, which depend on the formulation used and processing. Though
a great deal of attention has been given to overcoming the relatively low thermal
stability and especially poor mechanical properties of polyurethane foams, which
have mainly been achieved through the years by the initial replacement of polyester
polyols by polyether polyols and later by incorporation of foam catalysts and stabiliz-
ers, enabling a vast implementation of one-step polyurethane foaming technologies
and thus a general boost in polyurethane foaming, there are still limitations in terms
of properties that considerably limit their range of application. For instance, owing to
their extremely reduced thermal conductivity, low-density rigid PU foams are used
extensively as thermal insulators in the building sector. Nevertheless, the extremely
low densities required to achieve such a level of thermal insulation result in signifi-
cant decreases in terms of mechanical strength, inhibiting the use of these foams in
many structural applications.

The inclusion of reinforcements, especially inorganic ones such as glass or car-
bon fiber, has always been seen as a strategy to enhance the mechanical properties
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of polymers, resulting in hybrid materials that are known as polymer composites.
The concept of polymer composite has recently been applied to polymer foams,
and particularly to polyurethane foams, with the main objective of extending the
applicability of said foams by globally improving their mechanical response. Even
more recently, researchers have tried to further extend this concept to the field of
nanoscience by incorporating nanosized reinforcements into polyurethane foams,
as it has been shown that nanosized particles may, under ideal conditions, have an
extremely high interaction area with polymer molecules, effectively reinforcing
the foam even at low added concentrations. Some extra benefits could also result
from creating hybrid PU nanocomposite foams, as well-dispersed nanoparticles
could promote the formation of finer and more uniform foam cellular structures,
favoring an increase in mechanical strength and even in thermal insulation. In any
case, the addition of relatively low concentrations of nanosized particles to PU foam
formulations, both flexible and rigid-like, has been proven to be a viable strategy to
extend the range of possible applications of polyurethane foams.

In addition to the common objective of improving the mechanical perfor-
mance of PU foams, researchers have also focused on the possibility of attaining
other characteristics for PU foams by introducing functional nanoparticles, that is,
nanometric-sized particles that alongside their high mechanical properties may have
other interesting features, such as high transport properties or inherent flame retar-
dancy. Some of the most used functional nanoparticles include organically modified
nanoclays, carbon-based nanofillers, particularly carbon nanotubes, nanofibers, and
more recently graphene, nanosilica, and biobased nanofillers. The inclusion of these
functional nanoparticles could result in the development of hybrid PU foams with a
vast array of properties, thus opening up brand new possible applications.

This chapter considers the development and main properties of hybrid polyure-
thane nanocomposite foams, flexible as well as rigid, focusing on the influence of
processing and incorporation of various types of nanometric-sized fillers in the
structure, and mechanical properties, transport properties, and other significant
properties of the resulting foams. Special interest has been given to new develop-
ments that have recently emerged for hybrid polyurethane nanocomposite foams in
the most varied fields, particularly the influence of incorporating novel nanohybrids
based on the combination of different nanoparticles into polyurethane foams and the
resulting properties, the use of new hybrid polyurethane foams as scaffolds for tissue
engineering applications, and the concept of creating rigid polyurethane foams with
improved properties by combining multiscalar reinforcements.

6.2 POLYURETHANE FOAMS: BASICS AND APPLICATIONS

As indicated by their name, polyurethanes (PUs), also referred to as urethanes, are a
polymer family characterized by the presence of the urethane group (-NH-CO-0O-),
which is formed by the addition reaction between isocyanate (-N=C=0) and
hydroxyl groups (-OH). Polyurethane foams, commonly known as PU foams, PUR
foams, or simply PUF, occupy the largest polymer foam market share in terms
of consumption, their use being vastly extended to a great variety of applications.
Depending on its particular formulation and processing, a vast array of PU foams
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may be obtained in terms of cellular structure (closed cell, interconnected, or fully
open celled), and global mechanical characteristics, from soft and flexible to rigid-
like (Eaves, 2004).

Though PU foam formulations tend to be quite complex and include several
components such as surfactant(s) or catalyzer(s), usually added in small quantities
(typically less than 1 to 2%), or even other components added in higher amounts, such
as flame retardants (consult Ashida, 2007; Backus, 2004; Eaves, 2004; Herrington,
Broos, and Knaub, 2004, for further information), PU foaming can be seen as the
reaction of two basic components, an isocyanate and a polyol or mix of polyols, both
liquid at room temperature. Foaming is possible due to the addition of a physical
blowing agent or more usually the in situ generation of a blowing agent (CO,) simul-
taneous to polyurethane’s polymerization. The formation of CO, follows a two-step
reaction that starts out by the reaction of isocyanate with water (formulated in a
given proportion with the polyol[s] component[s]) to give unstable carbamic acid and
the later strongly exothermal decomposition of this acid (see Figure 6.1).

Depending on the choice of isocyanate and polyol starting materials, R and R’
groups may be tailored to contain isocyanate and isocyanate-reactive groups, respec-
tively, enabling the formation of polymers with a cross-linked soft-segment (given
by the polyol portions)-hard-segment (isocyanate segments) network, which have

Polyurethane’s polymerization:

Urethane
group
(0]
Il
R—N=C=0 + R"—OH E——— R-I}I—C—O"R'
H

Isocyanate Alcohol (polyol) Polyurethane
Gas-producing reaction (two-step reaction):
1. Formation of carbamic acid

(0]
Il
R—N=C=0 + H-0-H ——— R—I}I—C—OH
H

Isocyanate Water Carbamic acid

2. Decomposition of carbamic acid to give away CO, (blowing agent)
I
R-N-C-OH ———= R-NH, + 0=C=0} Strongly
I exothermic
H
Carbamic acid Amine Carbon dioxide

FIGURE 6.1 Basic polymerization and gas-producing reactions occurring during PU
foaming.
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a direct effect in guaranteeing a proper stabilization of the in sifu generated foam.
Further reaction of the amine generated in the gas-producing reaction with excess
isocyanate gives a disubstituted urea, which can further react with isocyanate to cre-
ate biuret linkages between polymer molecules (cross-linking) (Herrington, Broos,
and Knaub, 2004).

As can be seen, one of the main ways of controlling the final characteristics of
PU foams consists of a proper material selection and formulation, that is, in a proper
choice and proportion of both isocyanate and polyol(s) components.

In the case of the polyol, the first industrially produced PU foams used a
polyester-type polyol. Nevertheless, PU foams obtained by the reaction of said polyol
with an aromatic polyisocyanate presented many problems in terms of foam stability
and long-term use. Also, due to the high exothermicity resulting from the primary
reaction between polyol and isocyanate, one-step PU foaming processes (also known
as one-shot PU foam technologies) that used polyester polyols normally resulted in
foam scorching or even burning, especially in the case of high-thickness products
such as foamed blocks. In order to avoid these problems, a two-step process consist-
ing in the initial formation of an isocyanate-terminated urethane prepolymer and
later reaction of this prepolymer with water to give the blowing agent was imple-
mented, enabling guarantee of a stable foam growth without later collapse (Ashida,
2007).

Improved performance was especially attained by replacing polyester polyols
with polyether polyols, with the resulting PU foams presenting a lower sensitivity to
hydrolysis and higher durability. The combination at the beginning of the 1960s of
polyether polyols, high-purity isocyanates, and new catalysts (such as 1,4-diazabi-
cyclo [2,2,2] octane or DABCO) (Farkas et al., 1959) and surfactants (mainly based
on polysiloxane-polyoxyalkylene block copolymers) made viable the industrial use
of one-shot PU foam technologies, leading to a big growth in PU foaming industry.
As a matter of fact, more than 90% of all flexible PU foams fabricated nowadays are
produced from polyether polyols. In addition to polyether and increasingly disused
polyester polyols, copolymer polyols obtained by free radical grafting of styrene and
acrylonitrile (SAN copolymer) to polypropylene glycol (PPG) are also being used in
specific foam applications. The main types of polyols used in PU foaming are sum-
marized in Figure 6.2.

Ether Ester
group group \ o] (o]
1 1
- I —0-C-R4C-
HO R{O_HOH HofjR-0-C-r1C-0}H
Polyether polyol Polyester polyol

i N HoH

H H H H
| 7/ ] | ] ] | I
C=CH + H,C=C + RTO-C-C-OH ——>» —_— H —
@ ’ ’ \H { [ i; ? ¢ m ? (CIZ%D
H N

H CH H ’_E
: R{O—(:j—?};OFT @

Styrene Acrylonitrile Polypropylene glycol (PPG) H CH,

Polyol copolymer

FIGURE 6.2 Main types of polyols used in PU foaming: polyether polyol, polyester polyol,
and polyol copolymer.
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In terms of isocyanate selection, the types presently used at the industrial level
contain at least two reactive isocyanate groups per molecule. While toluene diiso-
cyanate (TDI) is the most used isocyanate in the production of flexible PU foams,
methylene diphenyl diisocyanate (MDI) is the most extended one in the preparation
of semiflexible and rigid PU foams (see Figure 6.3).

As can be seen, polyurethane foams are basically classified according to their
global mechanical behavior in flexible and rigid foams. A third type with intermedi-
ate mechanical properties is sometimes considered: semirigid or semiflexible PU
foams.

Though the final flexibility of the produced foam depends on the formulation
used, particularly in terms of isocyanate and polyol(s) selection and their respective
proportions, as well as the amount of blowing agent and foaming process (please
consult Section 6.3 for further details on blowing agent considerations and espe-
cially polyurethane foaming technologies), generally speaking and in contrast to the
open-cell structure of flexible PU foams, rigid foams usually present a closed-cell
structure, which accounts, in great part, for their higher strength-to-weight ratio as
well as improved thermal insulation.

A classification of PU foams in rigid, semirigid, and flexible foams is presented in
Table 6.1. As can be seen, rigid PU foams are characterized by their extremely high

Semi-flexible and rigid PU foams: Flexible PU foams:
CH, CH,

';' N=C=0 0=C=N N=C=0
O=C=N@C@N=C=O

|

H

N=C=0
Methylene diphenyl diisocyanate (MDI) 2,4-Toluene diisocyanate 2,6 - Toluene diisocyanate

Isomers of toluene diisocyanate (TDI)

FIGURE 6.3 Most common isocyanates used in the production of flexible and semiflexible/
rigid PU foams.

TABLE 6.1

Classification of PU Foams in Rigid, Semirigid, and Flexible Foams
Characteristics of the Polyol Rigid Foam Semirigid Foam  Flexible Foam
OH number 350-560 100-200 5.6-70
OH equivalent number 160-100 560-280 10000-800
Functionality 3.0-8.0 3.0-3.5 2.0-3.1
Elastic modulus at 23°C (MPa) > 700 70-700 <70

Source: Adapted from Ashida, K., 1994, In Handbook of Plastic Foams, ed. A. H.
Landrock, Park Ridge, NJ: Noyes Publications.
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FIGURE 6.4 (See color insert.) Some of the possible applications of flexible PU foams.
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elastic modulus, especially when compared with flexible PU foams, a direct result
of their particular closed-cell structure and formulation. For instance, polyols used
in rigid PU formulation present a much higher functionality and thus reactivity than
those used in flexible PU foams, in part explaining their final closed-cell structure
and improved mechanical properties.

In terms of applications, flexible PU foams are mostly used in cushioning in
fields such as furnishing (furniture, mattress industry, etc.), transportation (auto-
motive seating, vibration damping components, filters, headliners, etc.), protective
packaging, and others (electronics, sports, footwear, leisure products, clothing ...)
(see Figure 6.4), though highly technical foams have also been used in specific
applications (Housel, 2004). Due to their high versatility in terms of load-bearing
capabilities, densities, and other physical properties, a direct result of a proper
selection of the formulation and manufacturing process, flexible PU foams are
clearly the most extended type of polymer foam used in protection and comfort
applications.

Most of the applications and consumption growth of low-density semirigid
and rigid PU foams come from their excellent low- and high-temperature thermal
insulation characteristics and the increasing growing interest in reducing energy con-
sumption. For these reasons, low-density rigid PU foams are mostly used in thermal
insulation applications and in construction as building materials. Owing to their
extremely low thermal conductivity, these foams are employed in thin-wall designs,
as for instance in the thermal insulation of building roofs, walls, and windows, doors
of trucks, railcars, or containers.

As a direct result of their good strength-to-weight ratio, medium-high-density
rigid PU foams are used extensively as structural elements in the construction and
automotive sectors (Eaves, 2004), where for instance they are employed as light-
weight cores in load-bearing sandwich-like parts, in some cases in combination
with metal or wood outer layers. Some other important applications include thermal
insulation in cold storing or transport components, as well as their use as impact
energy absorbers for car or train protection. Due to their good sound damping
properties, open-cell or highly cross-linked rigid PU foams are used in acoustic
applications. Some of the main applications of rigid PU foams are presented in
Figure 6.5.
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FIGURE 6.5 (See color insert.) Some of the possible applications of rigid PU foams.

6.3 POLYURETHANE FOAMING TECHNOLOGIES

Polyurethane foam preparation is industrially classified according to the final
characteristics of the foam in flexible and rigid PU foaming technologies. In both
cases, the technology used must take into account the particularities of PU foams,
which are basically prepared by the chemical reaction of two liquids, a polyol, or
more commonly a mix of polyols formulated with water or liquid physical blowing
or coblowing agents and other processing additives, and an isocyanate (Herrington,
Broos, and Knaub, 2004). These components are mixed in the proportions required
by each specific formulation, particularly in terms of final mechanical behavior
(flexible/rigid), density, and cellular structure (open cell/closed cell), among others.
Manual weighing of the reactants or metering feeding pumps that transport the
components to a mixing head may be used. After feeding, the components are mixed
and cell nucleation is favored, as they chemically react and liberate the blowing agent
as polymerization takes place. A cream is formed and there is an initial rise of the
foam, followed by its expansion and final stabilization and gellation. A final curing
step is needed in order to fully cure the PU matrix and give the required dimensional
stability to the foam (Herrington, Broos, and Knaub, 2004).

6.3.1 FLexiBLE POLYURETHANE FOoAMS

Flexible PU foams, also known as FPF, are made primarily from the chemical reaction
of a polyol or mix of polyols formulated with a given amount of water and other
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additives such as catalysts or surfactants, and an isocyanate. Depending on the type of
polyol, flexible PU foams may be classified into polyether polyol, polyester polyol, or
polyol copolymer foams (Ashida, 2007). Nevertheless, the most common classification
of FPF is according to their production foaming process, being divided in slabstock
and molded foams. The main difference between both processes lies in the fact that
slabstock PU foams are prepared by free-foaming in an open mold, while, as clearly
indicated by its name, molded PU foams are prepared by pouring the reacting mixture
into a mold, which is then closed allowing the foam to grow until complete filling. As
flexible PU foams prepared by the slabstock process are prepared by free-foaming, they
usually require a final cutting step of the upper part (due to geometrical constraints and
nonuniform foam expansion), which in some cases may represent an important amount
of disposable material (scrap). Despite all these limitations, more than 50% of all FPF is
produced using the slabstock process, owing to its easiness and low cost. Basically, the
FPF slabstock foaming process consists of the continuous pouring of a liquid containing
all of the above-mentioned required foaming components on a moving conveyor, which
results in the continuous formation of a free-rising foam that after cutting is commonly
known as block or bun foam. A typical slabstock equipment configuration includes
storage tanks for each of the reacting components, weigh tanks in charge of feeding
the components in the exact required proportions to a mixing vessel or head, and an
open mold or box with the desired dimensions, where the reacting mixture is poured
and the foam produced. In some specific cases some of the ingredients are preblended
prior to their feeding to the mixing vessel. Some examples of component preblending
include a blend of water and catalyst, polyol and catalyst, or polyol and physical blow-
ing agent (Ashida, 2007). Though the so-called inclined conveyor slabstock process has
been widely used since the beginning of the FPF industry (see Figure 6.6), it presents

Polyol(s)  Isocyanate

\_,_\_‘ Slabstock
PU foam

Mixing
head

Conveyor
Paper belt
roll

FIGURE 6.6 Inclined conveyor slabstock PU foam production line. (Adapted from Hodlur,
R. M. and Rabinal, M. K., 2012, Solid St. Phys. Pts. 1 and 2 AIP Conference Proceedings
1447, 1279-1280.)
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FIGURE 6.7 Basic scheme of the Vertifoam vertical foaming process to obtain flexible
PU foams. (Adapted from Ashida, K., 2007, In Polyurethane and Related Foams. Chemistry
and Technology, ed. Ashida K., 67-82. New York: CRC Press/Taylor & Francis.)

some geometrical limitations that result in the generation of an important amount of
scrap and thus reduced production. Further processing developments considered the
way to obtain continuous flexible PU foams with uniform rectangular cross sections.
Particularly, due to the particular disposition of the conveyor, a vertical foaming pro-
cess called Vertifoam (Ashida, 2007) has enabled significant increase in the volume of
produced FPF while keeping plant space (see Figure 6.7).

Though for many years the most used blowing agent in FPF slabstock foams had
been a mix of water and CFC-11, the progressive ban of chlorofluorocarbons (CFCs)
and HCFCs after the Montreal Protocol on Substances that Deplete the Ozone Layer
of 1987 led to the replacement of CFC-11 by other alternative blowing agents, mainly
HFCs such as HFC-245fa, HFC-365mfc, or blends. Nevertheless, the particular high
cost of these HFCs has limited their use to specific applications and the general use
of water as the only blowing agent. Other blowing agents have also been used, espe-
cially carbon dioxide.

As the maximum amount of water is limited to around 4.8 parts per hundred of
polyol (php) due to problems related to the dissipation of the heat generated by the
strongly exothermic reaction of isocyanate with water, industrially-produced FPF
density is limited to about 20 kg/m?, though the use of HFC coblowing agents may
slightly reduce this density.

Due to their particular combination of density, and mechanical and geometrical
characteristics, slabstock flexible PU foams are widely used in transportation and
cushioning applications.

As a direct consequence of equipment requirements such as venting or automatic
opening and closing of the mold, or formulation aspects such as faster reacting times,
molded flexible PU foam production is quite more complex than that of slabstock
foams and considerably more expensive. Depending on the type of curing, two major
mold-foaming processes are industrially available: the hot-cure and the cold-cure.
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Cold-cure differentiates from hot-cure molding by the fact that low mold tempera-
tures are used, typically between 60 and 70°C, and by the use of higher-reactive
components, considerably reducing oven curing time. Postcure in a separate oven
or curing at room temperature is often required after demolding the part. High-
resilience (HR) PU foams, characterized by their high elastic properties and higher
resiliency when compared to conventional flexible PU foams (sag factor typically
between 2.4 and 3.0), are produced using the cold-cure foaming process.

Due to their particular sandwich-like structure formed by high density or even
solid skins and a low-density foamed core (PU foams with this type of structure
are also known as integral foams), molded flexible PU foams are commonly used in
automobile interior parts, furniture cushions, or mattresses.

6.3.2 RiGID PoLYURETHANE FOAMS

Rigid PU foams mainly differentiate from flexible PU foams by the fact that their
cellular structure is almost a fully closed cell, resulting in foams with low flexibility
and high-load-bearing capacity, as well as high thermal insulation.

Contrary to flexible PU foams, which are mainly produced using water as the
only or main blowing agent, rigid PU foams use a liquid physical blowing agent or
alternatively a pressurized gas added to one of the components. This last one gener-
ates the foamed structure when the mixed components are suddenly depressurized.
The arrival of the so-called third-generation blowing agents, which came to substi-
tute ozone depletion potential (ODP) CFC and HCFC physical blowing agents, has
resulted in the biggest technological development in rigid PU foam processing to
date. These third-generation blowing agents are mostly HFCs, especially HFC-245fa,
HFC-365mfc, and Cs-hydrocarbons such as pentane or cyclopentane, though halogen-
free azeotropes and especially carbon dioxide have also been used (Ashida, 2007).

Though strictly speaking, rigid PU foams are those derived from the reaction of
an isocyanate (usually methylene diphenyl diisocyanate, MDI) with a short chain
polyol or mix of polyols, conventional polyisocyanurate (PIR) foams have also been
included as a type of rigid PU foam. PIR production is possible by introducing excess
MDI into the mix, as MDI reacts with itself to form cyclic trimeric isocyanurate
groups. Some of the advantages of PIR foams when compared to conventional
rigid PU foams include higher thermal stability and improved fire retardancy
(Ashida, 2007).

Rigid PU foams are basically produced by continuous or discontinuous processes
in the form of blocks and sheets (lamination technology for panel production), poured
in place, molded, or sprayed. Generally speaking, the equipment required to prepare
rigid PU foams include individual component storage tanks, metering pumps to feed
the components to a continuous mixer or mixing head, and a final forming device
(see diagram presented in Figure 6.8) (Backus, 2004). With the replacement of
CFC blowing agents by highly flammable hydrocarbons, rigid PU foam processing
equipments had to be adapted in order to avoid possible flammable vapor escape.

As mentioned at the end of Section 6.2, the direct consequence of their particular
closed-cell structure and versatile combination with other materials, enabling
lamination or the preparation of sandwich panels, rigid PU foams are extensively
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FIGURE 6.8 Basic diagram of the equipment required to prepare rigid PU foams.

used as thermal insulating structural elements in refrigerators, refrigerated trucks
and containers, building and construction, refrigerated consumer goods, and so forth.

Increasing interest has been given to the possibility of tailoring the properties
of both flexible and rigid PU foams by introducing secondary components, mainly
inorganic in nature. The combination of incorporating secondary components into a
PU matrix and foaming results in the formation of hybrid PU foams that, depending
on the dimensions of said component, are also known as hybrid PU composite or
PU nanocomposite foams. Usually, the incorporation of these secondary materials
addresses the need to counteract the loss in mechanical properties resulting from
foaming, though functional (nano)particles have recently been considered as a possible
strategy to regulate or even introduce specific characteristics to PU foams, such as
electrical conduction (please consult subsequent sections). In terms of processing,
PU (nano)composite foams are basically prepared according to the methods already
presented for both flexible and rigid foams, with the difference that the filler is gener-
ally added to one of the basic formulation components, typically the polyol, properly
dispersed, in many cases using high-mixing techniques, and at the end. Though some
processing particularities have to be considered, such as changes in viscosity and
possible modifications in component reactivity, it can be said that PU (nano)composite
foams are in general prepared using common PU foaming technologies.
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6.4 HYBRID POLYURETHANE NANOCOMPOSITE FOAMS

Though polyurethanes present a wide range of physical and chemical properties
derived from the specific control of their formulation, enabling their use in almost all
types of applications, from coatings or adhesives to composites or even foams, they
still present some limitations, such as relatively low thermal stability and mechani-
cal strength. This fact is more marked in the case of PU foams, as foaming, while it
improves some of PU’s characteristics such as thermal insulation, further decreases
its mechanical strength. The incorporation of nanosized reinforcements to PU and
later foaming could overcome some of these limitations, as it has been shown that
their addition to PU could counteract the loss in mechanical properties inherent to
foaming by their mechanical reinforcement and direct effect on the development of
a finer and more uniform cellular structure, the combination of which could pro-
mote the formation of stronger PU foams, further expanding their possible range
of applications. The incorporation of nanosized particles into a polymer matrix and
later foaming results in what is known as polymer nanocomposite foam. Polymer
nanocomposite foams have been receiving increasing attention in the last years, as
the addition of nanosized functional particles has been seen as a viable strategy to
surpass some of the limitations of these materials while keeping their advantages,
such as lightness and thermal insulation (Lee et al., 2005). Recently, this strategy
has even been seen as a way to extend the possibilities of these materials by intro-
ducing functional nanoparticles that can add specific uncommon characteristics to
the foamed material, such as improved flame retardancy or electrical conductivity.
Interestingly, foaming has been used in some cases as a strategy to improve the
typically poor dispersion of nanometric fillers or particles in polymeric matrices,
hence overcoming the main drawback to a wider industrial implementation of these
materials and opening up brand new possibilities in the development of lightweight
parts for specific applications (Antunes, Velasco, and Realinho, 2011).

Among polymeric foams, PU foams account for the largest market, a direct result
of their already mentioned high versatility in terms of final mechanical behavior
(from elastomeric to rigid-like), wide density range, and final developed cellu-
lar structure and microstructure. Owing to their good thermal insulation, energy
absorption, and generally speaking good specific mechanical properties, PU foams
are used in the most varied applications, from cushioning and packaging to construc-
tion and building, where they are used as cores in sandwich-like structures or even
in combination with other structural materials, such as fiber-reinforced composites.
In these cases, mechanical strength is a critical asset, especially in the case of PU
foams, where the cellular structure is formed by a relatively fast chemical reaction
between liquids occurring simultaneously to PU’s polymerization (please consult
Section 6.2 and Figure 6.1). Though essential in guaranteeing quick foam stabiliza-
tion, polymerization has to be carefully controlled in order to allow proper foam
growth.

For all of the previously mentioned reasons, PU nanocomposite foams could
comprise the advantages of PU foams (wide range of densities, versatile mechanical
response, reduced thermal conductivity, etc.) with those of incorporating nanosized
particles into a polymeric matrix (improved thermal stability and mechanical
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strength). The nanosized particles most commonly used in PU foams are clearly
silicate-layered nanoclays, and particularly unmodified or organically modified
montmorillonite (MMT), though others have also been considered, such as carbon-
based nanofillers (carbon nanotubes and nanofibers, and more recently graphene),
nanosilica, or cellulose-based nanofillers.

This section considers the most relevant works published in the last years about
rigid and flexible PU nanocomposite foams, focusing on the influence of the incorpo-
ration of different types of nanoparticles on the structural and mechanical, transport,
and other relevant properties of the resulting foams.

6.4.1 STRUCTURE AND MECHANICAL PROPERTIES

As expected, most of the work published in terms of the analysis of the mechani-
cal properties of PU nanocomposite foams has considered the use of rigid-like
PU foams, as these are the most extended in structural applications. Clearly the
most considered nanosized reinforcement has been silicate-layered nanoclays, and
particularly unmodified or previously modified montmorillonites. For instance, the
research group of Widya and Macosko (Cao et al., 2005; Widya and Macosko,
2005) has found that although the addition of 1 wt% organically modified MMT
to PU and later foaming resulted in rigid foams with finer cellular structures, no
significant improvements were observed in terms of final mechanical strength,
which seemed to be supported by other authors using different types of nano-
metric particles (Javni et al., 2002; Krishnamurthi, Bharadwaj-Somaskandan, and
Shutov, 2001).

However, most of the results found in the literature indicate the positive effects
that nanoclay incorporation has in terms of improving the mechanical strength of
rigid PU foams. Kim et al. (2007) have shown that the incorporation of a fixed con-
centration of an organically modified nanoclay into a MDI-based PU formulation and
later foaming using three different blowing agents (water, cyclopentane, and HFC-
365mfc) resulted in rigid PU nanocomposite foams with higher tensile strengths than
the unfilled rigid PU foam counterparts. Even higher tensile strength increments
were attained by applying ultrasounds to the liquid PU-clay mix prior to its foaming,
related to an improved dispersion of the clay layers.

Xu, Tang et al. (2007) have demonstrated that the addition of 2 php of an organi-
cally modified nanoclay significantly improved the tensile and compressive strengths
of rigid PU foams prepared using water as a blowing agent (around 112% increment
in terms of the tensile strength and about 155% in terms of the compressive strength
measured at 10% deformation), even at comparatively lower relative densities, related
to a combination of the finer cellular structure of PU nanocomposite foams promoted
by an effective cell nucleation effect of the well-dispersed clay layers and a higher
hydrogen bonding between the PU and clay’s organomodifier. Examples of increas-
ingly higher foam cell size reductions by introducing increasingly higher amounts
of organically modified MMT (oMMT) can be seen in Figure 6.9. Organoclay was
shown to act on its own as a blowing agent during foaming, resulting in PU foams
with increasingly lower relative densities while increasing the amount of added
oMMT (compare Figure 6.9a,b,c).
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FIGURE 6.9 Scanning electron micrographs of: (a) 0.21 relative density unfilled PU foam.
(b) 0.23 (1 wt% oMMT). (c) 0.13 (15 wt% oMMT) relative density PU-oMMT foams.
(d) Detail of a PU-oMMT foam cell strut showing the presence of MMT platelets.

Mondal and Khakhar (2007) prepared medium-density rigid PU foams with
improved compressive and storage moduli by incorporating variable concentra-
tions of different types of unmodified and organically modified montmorillon-
ites, showing promising applications as structural elements. The improvement in
mechanical properties was related to the mechanical reinforcement effect of the
well-dispersed clay layers and especially the finer foam cellular structure resulting
from effective clay layer cell nucleation during foaming. In a similar way, Chen et al.
(2011) have recently prepared rigid PU foams with improved mechanical proper-
ties through the incorporation of both intercalated and previously calcined modified
kaolin, another type of layered silicate. Once again, the better mechanical properties
of rigid PU foams with the calcined kaolin were related to their better dispersion in
PU when compared to the intercalated kaolin.

Related to the importance of proper clay dispersion in attaining an effective
mechanical reinforcement of rigid PU foams, Valizadeh, Rezaei, and Eyvazzadeh
(2011) encountered an optimum nanoclay concentration of 1 wt% for compressive
strength and moduli improvement of rigid PU foams prepared using a blowing agent
mixture of cyclo and normal pentanes. Further nanoclay addition resulted in foams
with poorer mechanical properties, which the authors related to a tendency of clay
layers to reaggregate at higher contents.

As dispersion and layer intercalation/partial exfoliation have been shown to be crit-
ical in terms of attaining the highest possible mechanical reinforcement possibilities
of silicate-layered nanoclays, several works have focused on developing different
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strategies to promote clay layer intercalation/exfoliation and improve surface inter-
action with PU. The most used one has been the surface modification of nanoclays
prior to mixing with PU’s formulation or the combination of previous clay modifica-
tion with the application of ultrasounds during mixing. For instance, Seo et al. (2006)
have shown that the application of ultrasounds in combination with MDI surface-
modified nanoclay resulted in an improved rupture of clay aggregates and intercala-
tion of the layers in the PU matrix, improving the efficiency of clay modification and
ultimately resulting in PU foams with finer cellular structures and improved flex-
ural and tensile strengths. Xu et al. (2010) have specifically studied how the surface
modification of MMT using different organomodifiers (cetyltrimethyl ammonium
bromide, methyl tallow bis(2-hydroxyethyl) quaternary ammonium chloride and
tris(hydroxymethyl)aminomethane) and later incorporation into a PU foam formula-
tion affected the final properties of the resulting rigid PU foams. Modification using
organomodifiers that contained hydroxyl groups that could react with isocyanate led
to partial exfoliation of the clay layers in the PU foams, ultimately resulting in foams
with finer cellular structures and higher specific compressive strengths at relatively
high fillers amounts, once again demonstrating the importance of dispersion and
clay layer exfoliation. Sarier and Onder (2010) have analyzed the possible use of
MMT particles modified with different types of low molecular weight polyethylene
glycols as mechanical reinforcements in rigid PU foams. Comparatively, PU foams
with 2 wt% of modified MMT particles presented a higher storage elastic modulus
than the unfilled PU foams, which was related to a good dispersion of the MMT
layers throughout the PU and improved interaction of the modified layers with PU’s
molecules.

Other strategies for improving clay exfoliation in rigid PU foams include the
addition of coupling agents, mainly silane-based (Han et al., 2008; Kim et al., 2008),
or processing modifications, in addition to the already mentioned ultrasounds, such
as microwave processing (Lorenzetti et al., 2010).

A great deal of interest has been given recently to the development of PU nano-
composite foams synthesized from isocyanates/polyols obtained from natural
resources, mainly derived from the need to replace the increasingly more expen-
sive polyols and isocyanates obtained from petroleum. Biobased polyols obtained
from oils extracted from plants, such as soybean oil, are currently the ones with
the most promising potential to partially or fully replace conventional petrochemi-
cal polyols in PU foam formulations, as has been reported in recent years (Banik
and Sain, 2008; Guo et al., 2002). However, the use of soybean oil-based polyols,
which typically present a considerably lower number of reactive hydroxyl groups
than petrochemical polyols (Narine et al., 2007), tends to result in rigid PU foams
with lower loading properties and compressive strengths when compared to conven-
tional petroleum-based foams. The incorporation of high surface area nanoparticles
could counteract these limitations, enabling obtaining considerably cheaper rigid PU
foams for the most varied applications.

Liu, Petrovic, and Xu (2009) prepared clay-reinforced PU foams obtained using
a soybean oil-based polyol, focusing on the analysis of the effects of incorporating
different types and concentrations of organically modified nanoclays. They showed
that a clay content with 2.5 wt% the compressive mechanical properties of the
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foams were kept constant while decreasing density, which was mainly related to a cell
density increase and cell size decrease in the foams promoted by clay addition, which
could ultimately have beneficial results in improving the thermal insulation properties
of the PU nanocomposite foams.

Liang and Shi (2011) prepared rigid PU nanocomposite foams from MDI and
soybean-based polyols by incorporating from 0.5 to 3 php of nanoclay. Both the
compressive strength and modulus increased significantly for a 0.5 php concentra-
tion of clay (respectively 98 and 26% increments when compared to the unfilled
soybean-oil based PU foam), progressively decreasing by further increasing the
amount of nanoclay. Both tendencies were related in the case of the first to a proper
clay dispersion and high cell density and small cell size of the resulting PU foams,
and in the case of the higher clay amounts to insufficient nanoparticle dispersion and
as a consequence nonuniform foam cellular structure.

Recently, Fan et al. (2012) prepared and characterized rigid PU composite foams
containing 15% of soybean-based polyol reinforced with variable concentrations
(from 1 to 7 wt%) of hollow glass microspheres and unmodified montmorillonite
nanoclays. Though from 1 to 3 wt% glass microsphere content, the compressive
strength of PU foams decreased slightly, it increased up until 7 wt%, reaching at this
microsphere content a compressive strength comparable to that of unfilled PU foams
made from 100% petroleum-based polyol. On the contrary, PU composite foams
reinforced with 7 wt% nanoclay presented lower compressive strengths, related to
the lower density of these foams and partially opened cell walls promoted by the clay
nanoparticles. However, an analysis of the specific compressive modulus showed
that PU foams reinforced with 5 to 7 wt% microspheres and 3 to 7 wt% nanoclay
presented similar compressive properties than those of unfilled PU foams, mainly
explained by the finer cellular structure of the filled foams.

Other natural-based oils have also been considered in the preparation of PU nano-
composite foams, such as palm oil. For instance, Chuayjuljit, Maungchareon, and
Saravari (2010) considered the preparation of palm oil-based PU foams reinforced
with MMT by in situ polymerization. It was found that the compressive strength of
PU foams with densities around 40 kg/m? significantly increased with increasing the
concentration of MMT, which was related to an effective mechanical reinforcement
effect of the foam promoted by the properly dispersed clay layers and the finer cel-
lular structure of the produced foams.

Javni et al. (2011) studied the possibility of replacing polyol copolymers used
in the preparation of flexible PU foams by the incorporation of unmodified and
modified montmorillonites. While the addition of the unmodified MMT increased
hardness, compression strength, and resilience of the foams, the incorporation of
the organically modified MMT resulted in foams with lower modulus, hardness,
and compression strength values, a direct result of the higher open-cell contents and
poorer cellular structure of the resulting foams, apparently leading to the conclusion
that in this specific case the addition of modified MMT led to a counterproductive
result.

As a matter of fact, in some specific cases nanoclays have been added to PU foams
with the objective of acting as cell open promoters during foaming. As an example,
Harikrishnan, Patro, and Khakhar (2006) have used unmodified and organomodified
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MMT clays to promote the formation of both rigid and flexible open-cell PU foams.
They observed that both types of clays, especially the organically modified one, effi-
ciently acted as cell openers during foam growth, with open cell content increasing
with increasing the amount of added MMT. A direct consequence of their higher
open cell contents, flexible PU-MMT foams presented improved softness, while
rigid PU-MMT foams displayed a higher dimensional stability.

Though silicate-layered nanoclays have clearly been the most used nanosized
reinforcement in the preparation of PU nanocomposite foams, a great number of
researchers have recently considered the addition of carbon-based nanoparticles,
particularly carbon nanotubes (CNTs), carbon nanofibers (CNFs), and graphene,
mainly driven by the intrinsically high mechanical and especially high transport
properties of these materials, which have opened up a new set of possibilities in
sectors such as electronics (Shaffer and Sandler 2007; Singh et al., 2011).

Dolomanova et al. (2011) recently studied the mechanical properties of in situ
polymerized rigid PU foams reinforced with 0.5 and 1 wt% of unmodified and diphe-
nylmethane 4,4’-diisocyanate-modified carbon nanofibers (CNFs) and single and
multi-walled carbon nanotubes (SWNTs and MWNTs, respectively). They observed
that the incorporation of the modified MWNTs resulted in a mechanical improve-
ment around 94 and 70%, respectively, in terms of the specific elastic modulus and
specific compressive strength, with regard to the unfilled PU foam. The mechanical
reinforcement effect of adding MWNTs was higher than that of SWNTs due to the
lower tendency of MWNTSs to reaggregate during processing and higher than the
CNFs due to their higher specific surface interaction area. MWNT surface modifica-
tion enhanced its interaction with the polymer matrix, promoting a better dispersion
of the filler, which led to the formation of PU foams with finer cellular structures
and higher mechanical properties. Further investigation by these researchers showed
the importance of processing on the mechanical properties of the resulting foams
(Zhang et al., 2011). In addition to surface modifying the MWNTs prior to their
incorporation into the polyol, high-shear mixing was used in order to obtain a proper
dispersion of the nanotubes. Interestingly, the reinforcement effect of the MWNTs
was more significant with increasing high-shear mixing time than with increasing
the concentration of nanotubes, with no significant mechanical reinforcement effect
being observed by functionalizing the carbon nanotubes.

Yan et al. (2011) prepared rigid PU nanocomposite foams reinforced with
variable concentrations of carbon nanotubes for long-term use electrical conductive
components. Particularly, for a2 wt% CNT content, rigid PU foams presented around
a 30% increase in compression properties and a 50% increase in storage modulus,
both measured at room temperature, when compared to the unfilled PU foam, thus
demonstrating the effective mechanical reinforcement effect that low amounts of
carbon nanotubes have on PU foams.

In a similar way as when using nanoclays (Liang and Shi, 2011), Liang and
Shi (2010) considered the incorporation of 0.5 and 1 wt% of MWNTSs to improve
the mechanical performance of PU foams obtained from soybean-based polyols.
They observed that MWNT addition resulted in rigid PU foams that presented
improvements higher than 20% in terms of the compressive, flexural, and tensile
mechanical properties when compared to the unfilled PU foam.
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Saha, Kabir, and Jeelani (2008) considered the incorporation of different types of
nanoparticles at 1 wt% content into a rigid PU foam formulation and mixing using
ultrasonication. Among these, carbon nanofibers (CNFs) had the most remarkable
effect on the mechanical properties of PU foams, improving the elastic modulus
about 86, 40, and 45%, respectively, in tension, compression, and flexion, and
mechanical strength about 35, 57, and 40% with regard to the unfilled reference
PU foam. The same authors had demonstrated in a previous publication the impor-
tance of applying an adequate ultrasonication time when mixing the carbon nanofi-
bers with the polyol component (Kabir, Saha, and Jeelani, 2007). Under optimized
ultrasonication mixing conditions the incorporation of 0.5 wt% CNF resulted in an
improvement of the compressive strength that was slightly higher than 10% when
compared to the unfilled PU foam, further increasing to 21% for a CNF content of 1
wt%. Despite the applied ultrasonication treatment, the compressive strength of PU
foams decreased when adding 1.5 wt% CNF, related to a certain reaggregation of the
carbon nanofibers during processing.

Though very limited work has been dedicated to the incorporation of graphene
or graphite nanoplatelets into PU foams, some researchers have recently considered
these carbon-based layered nanoparticles as promising materials for attaining foam
properties that can be seen as those of combining some of the advantages of nanoclays
(improved specific surface area related to their platelet-like structure, which could
result in some added functionalities such as improved barrier properties) and car-
bon nanotubes/nanofibers (high transport properties). For instance, Chen, Yang, and
Chen (2010) have studied the addition of graphene nanosheets as possible replacers of
common carbon black as conductive filler in PU foams. Not only did they show that
PU foams with graphene nanosheets presented a lower electrical percolation thresh-
old than those with carbon black, but they also presented a higher tensile strength
(around 3.5 MPa for PU-graphene foams compared to a bit less than 1 MPa for the
ones with carbon black for a 3 wt% filler content) related to the higher aspect ratio of
the graphene nanoplatelets and improved dispersion throughout PU foam’s cell walls.

Yan et al. (2012) have compared the mechanical properties of rigid PU foams
reinforced with graphene nanoplatelets and MWNTs. The addition of only 0.3 wt%
of graphene and MWNTs led to PU foams with, respectively, 36 and 25% higher
compressive modulus when compared to the unfilled rigid PU foam. The higher
mechanical reinforcement effect of graphene at the same concentration when com-
pared to MWNTSs was once again attributed to the particular platelet-like surface of
graphene, which presented a higher specific surface area of interaction with PU’s
matrix than the nanotubes. In both cases, it was found that the incorporation of
small amounts of carbon nanofillers could greatly improve the mechanical response
of rigid PU foams and thus significantly expand their range of possible applications.

Owing to the particular high transport properties of carbon-based nanofillers,
a great number of recent publications have considered the incorporation of these
nanofillers into flexible PU foams, as opposed to silicate-layered nanoclays, which
are mainly added as mechanical reinforcements and for that reason are almost only
considered for rigid PU foams. The addition of carbon-based nanofillers comes from
the interest in developing new functional flexible foams, for instance with improved
piezoresistivity properties.
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The group of Verdejo has analyzed the effect of both unmodified and functional-
ized MWNTs on the in situ foaming evolution of flexible PU foams (Bernal, L6pez-
Manchado, and Verdejo, 2011), as well as the effect of unmodified and modified
MWNTs and graphene obtained from the reduction of graphite oxide on their physi-
cal properties (Bernal et al., 2012). As expected, the addition of MWNTs, especially
the functionalized ones, resulted in PU foams with improved storage modulus with
increasing the amount of nanotubes, demonstrating the effective mechanical rein-
forcement effect of these nanofillers. Improved thermal stability as well as enhance-
ment of the electromagnetic interference (EMI) shielding effectiveness was observed
for the nanocomposite foams due to the presence of the nanoparticles. Comparatively,
the incorporation of a fixed amount of 0.3 wt% of functionalized graphene had a
greater effect in improving both the thermal stability and EMI shielding effective-
ness than both unmodified and modified MWNTs, which was mainly related to the
higher aspect ratio of graphene, greatly promoting the formation of an effective con-
ductive network in the flexible PU foams.

Contrary to the group of Verdejo, which had only considered the use of oxidized
MWNTs, Bandarian, Shojaei, and Rashidi (2011) have analyzed the influence of the
addition of 0.1 wt% of different types of highly functionalized MWNTs, particu-
larly having carboxyl, hydroxyl, and amide functional groups, on the properties of
open-cell flexible PU foams. They observed that the mechanical properties of PU
foams were greatly improved with incorporating all of the functionalized MWNTs,
with the ones modified with carboxyl groups showing the highest enhancement
(approximately 50% improvement in both tensile modulus and strength, and 40 and
60% enhancements, respectively, in compressive modulus and compressive strength,
when compared to the unfilled PU foam), which was related to a better interfacial
interaction with the polymer matrix and improved dispersion of these nanotubes
(consult Table 6.2 for further details).

Several studies have also shown an improvement of the mechanical properties of
rigid PU foams by adding small amounts of spherical-like nanosilica (Fan and Xiao-
Qing, 2009; Wang et al., 2004; Xie and Wang, 2005). Particularly, Nikje and Tehrani
(2011) have incorporated two different types of silane-based surface-modified

TABLE 6.2
Mechanical Properties of the Unfilled and MWNT-Reinforced PU Foams
Tensile Tensile Compressive ~ Compressive
MWNT Modulus  Strength Modulus Strength

Material Functionalization (kPa) (kPa) (kPa) (kPa)*
Unfilled PU — 0.66 104 0.13 32
PU/MWNT-NH Amide 0.75 129 0.14 3.7
PU/MWNT-OH Hydroxyl 0.97 154 0.18 4.6
PU/MWNT-COOH Carboxyl 0.98 156 0.18 5.1

Source: Prepared by Bandarian et al., 2011, Polym. Int. 60, 475-482.
* Measured at the plateau of the curve.
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nanosilicas and checked that both globally improved the mechanical properties of
rigid PU foams, greatly related to an improved dispersion of the nanosilica particles
in the PU matrix promoted by the silane coupling agents.

Finally, in the line of developing 100% natural-based PU foams with improved
mechanical performance, cellulose nanowhiskers have been considered as a possible
mechanical reinforcement of PU foams synthesized from polyols obtained from
renewable sources, particularly vegetable oils. The research group of Li et al. (2009)
have synthesized and characterized rigid PU foams reinforced with cellulose whis-
kers (Li, Ren, and Ragauskas, 2010, 2011), demonstrating that the addition of 1 wt%
of cellulose resulted in increments in terms of the compressive strength and modulus
of, respectively, 270 and 210% with regard to the unfilled PU foam. Luo, Mohanty,
and Misra (2012) used microcrystalline cellulose as a mechanical reinforcement of
PU foams obtained from both soybean-derived and petrochemical-obtained polyols,
showing that the compressive and flexural strengths and moduli were significantly
improved with increasing the amount of added cellulose. The results presented in
this work show the potential of using nanocellulose as a mechanical reinforcement
for the development of partially or fully biobased PU foams.

6.4.2 TRANSPORT PROPERTIES

Though the incorporation of nanoparticles into PU foams has mainly been seen as
a way to counterbalance the usual reduction in mechanical strength resulting from
foaming, hence extending their possible range of applications, especially in the case
of rigid PU foams, a great deal of interest has been given to the improvement of the
transport properties of PU foams by introducing conductive nanoparticles. In this
field, special emphasis has been given to the addition of conductive carbon-based
nanofillers, and among them, carbon nanotubes, carbon nanofibers, and platelet-like
graphite or graphene.

Owing to the extremely high electrical conductivity of carbon-based nanofillers,
their incorporation in low amounts to both rigid and flexible PU foams has been
seen as a strategy to generate electrically conductive lightweight components for
the most varied applications, from static dissipation to EMI shielding (Antunes and
Velasco, under review). Recently, Athanasopoulos et al. (2012) have analyzed the
electrical conductivity of medium-density rigid PU nanocomposite foams with dif-
ferent amounts of unmodified, that is, as-received MWNTSs. They demonstrated that
it was possible to prepare electrically conductive rigid PU foams over a wide range
of foam densities (from 250 kg/m? to as high as 400 kg/m?) and nanofiller contents
(1, 2, 3, and 5 wt% MWNT), with the foams presenting a characteristic electrically
conductive percolative behavior. It was found that higher density PU foams already
presented a significant increase in terms of electrical conductivity at 1 wt% MWNT,
with the electrical conductivity increasing from 10~'? S/m of unfilled PU (insulator
behavior) to 10-® S/m (slightly conductive behavior). Increase of MWNT’s content
to 2 wt% further increased the electrical conductivity by four orders of magnitude
(10~* S/m), with much milder enhancements being observed with further increasing
of the amount of MWNTs up to 5 wt%, reaching an electrical conductivity plateau
at around 102 S/m. A similar trend was observed for the lower density PU foams,
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though the conductivity only started increasing at 2 wt% MWNT and the rate of
electrical conductivity increase was considerably smaller than that observed for the
denser foams, indicating that the critical MWNT concentration for electrical con-
duction greatly depends on density. In any case, both denser and lighter PU-MWNT
nanocomposite foams presented an electrical behavior that followed a typical perco-
lation model, with foams presenting an insulator to conductor transition at specific
nanofiller content, related to the formation of an electrically conductive network by
direct contact between the nanotubes.

Xu, Li et al. had already shown in 2007 the importance of density in the electri-
cal conductivity of PU foams reinforced with 2 wt% of carbon nanotubes, observ-
ing an insulator to conductor transition behavior that resembled that of percolative
polymer-CNT composites (Xu, Li et al., 2007). Similarly, Xiang et al. (2009) analyzed
the electrical behavior of medium-density rigid PU foams with a fixed concentration
of MWNTs, focusing on the temperature dependence of the electrical resistivity of
the foams. These authors observed that resistivity decreased with heating and reheat-
ing the foams between 25 and 100°C, related to an increase in the pressure of the
CO, enclosed inside the cells. As more recently observed by Athanasopoulos et al.
(2012), the increase in foam density for this MWNT concentration favored a closer
distance between adjacent nanotubes, resulting in more effective conductive paths
and hence higher electrical conductivities.

You et al. (2011) considered the preparation and later characterization of the
electrical conductivity of MW NT-reinforced PU foams. They found that the electri-
cal conductivity of the resulting foams followed a percolative behavior with increas-
ing the amount of carbon nanotubes until an MWNT content of 0.1 php, with the
electrical conductivity increasing dramatically from the almost O of the unfilled PU
foams (typical insulating behavior) to the 0.23 S/cm of the PU nanocomposite foams
with 0.1 php MWNT (semiconducting behavior). Further MWNT addition until
a maximum content of 0.5 php did not significantly alter the electrical conductiv-
ity, which was related to MWNT aggregation at concentrations > 0.1 php and thus
impoverished electrical conduction efficiency.

In addition to analyzing the effect of different amounts of MWNTs (from 1 to 2
wt%) on the compression properties of rigid PU foams, Yan et al. (2011) also studied
the electrical conductivity of the resulting foams for a fixed density of 200 kg/m?.
They observed that PU-MWNT foams followed a typical electrically conductive
percolative behavior, in this case with an electrical percolation threshold of 1.2 wt%
MWNT, once again related to the formation of an effective MWNT conductive
network by homogeneous dispersion of the nanotubes throughout the cell walls and
struts of the PU foam (see the scheme presented in Figure 6.10). Particularly, the
typical insulating behavior of PU foams changed to a semiconducting one with the
addition of 1.2 wt% MWNTs, with the electrical conductivity increasing in more
than six orders of magnitude until reaching a value of 2.03 x 10-° S/m. Also, the
conductive PU-MWNT foams presented great electrical stabilities over a wide range
of temperatures (from 20 to as high as 180°C), thus enabling their use in long-term
use electrically conductive applications.

As previously mentioned, recent research in the field of PU nanocomposite
foams has concentrated in the development of novel piezoresistive flexible foams
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FIGURE 6.10 Scheme of a PU-MWNT nanocomposite foam showing the formation of an
effective electrical pathway by physical contact between MWNTs homogeneously dispersed
throughout the foam cell walls and struts.

by combining flexible PU foam formulations with conductive carbon nanofillers.
Some patents have even considered the preparation of soft and flexible PU foams
with improved electrical conductivity properties by adding conductive carbon-based
nanoparticles, especially carbon nanotubes and nanofibers (Li and Xiang, 2009).

Dai et al. (2012) have studied the variation in electrical conductivity of PU foams
reinforced with MWNTs upon compression. These authors observed that volume
resistivity was mainly a function of the level of damage inflicted to foam struts dur-
ing compression. Once a stable electrically conductive microstructure was formed
in the foams by direct contact of the nanotubes, these presented a constant value of
volume resistivity independently of the applied external mechanical stimulus. Hodlur
and Rabinal (2012) have recently presented a work that addressed the preparation
of conductive flexible PU foams by initially introducing graphite oxide and later
chemically reducing it to conductive graphene. They studied the pressure dependent
electrical conductivity of these foams and showed that the electrical conductivity
could be increased by five orders of magnitude by applying pressure, which was
related to the formation of an effective electrical conduction path by direct contact
between the graphene platelets.

These recent results show promising possibilities in the development of new
piezoresistive sensors based on flexible PU nanocomposite foams with low amounts
of conductive carbon-based nanoparticles.

As one of the main advantages of foaming a PU-based matrix is the reduction in
thermal conductivity, thus explaining the vast use of these materials as thermal insu-
lators. A great number of publications have considered the effect that the addition
of nanoparticles may have on the thermal conductivity of both rigid and flexible
PU foams. In their work, Kim et al. (2007) studied the effects of incorporating a
fixed concentration of organically modified nanoclay and ultrasound mixing on the
thermal insulating behavior of rigid PU foams prepared using CFC-free blowing
agents. As the application of ultrasounds resulted in PU-MMT foams with consider-
ably smaller cell sizes, a direct result of an improved dispersion of the clay layers
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and hence improved heterogeneous cell nucleation effect, PU nanocomposite foams
obtained using ultrasounds presented the lowest thermal conductivity. Therefore,
clay addition may be seen under specific conditions as a possible strategy to further
decrease the thermal conductivity of PU foams, thus enabling the reduction of the
required material thickness for a given thermal insulating application.

Interestingly, the incorporation of low amounts of conductive carbon nanoparticles
to PU and later foaming has been shown by several authors to result in electrically
conductive lightweight materials with thermal insulating properties, explained by the
different mechanisms involved in electrical and thermal conductions. For instance,
You et al. (2011) observed that the addition of low amounts of MWNTSs resulted in
thermal insulating PU foams, with these foams presenting even lower thermal con-
ductivities than those of foams with higher MWNT contents, related to their finer
cellular structure resulting from a much more effective heterogeneous cell nucleation
effect promoted by the well-dispersed carbon nanotubes.

6.4.3 OTHER PROPERTIES

In addition to mechanical and transport properties, other relevant properties of both
flexible and rigid PU foams have also been addressed. Among these, flame retar-
dancy, derived from the increasingly more stringent fire retardancy standards that
have emerged in sectors such as construction or automotive, where PU foams, espe-
cially of the rigid type, have a great importance, as well as sound damping in the
case of flexible foams, have been greatly considered.

An extensive review of the fire retardancy of both flexible and rigid PU foams has
been presented by Singh and Jain (2009). As most polymer foams, one of the main
drawbacks of PU foams derives from their high flammability and, in the specific
case of PU, their high amount and toxicity of dark smoke generated during com-
bustion, considerably limiting their use in many applications. Though the addition
of different compounds, mainly phosphorous-containing, halogen-containing,
nitrogen-containing, or silicone-containing products have been proven to render fire
retardancy to PU foams and thus have been widely used throughout the years, recent
fire retardancy standards are considerably limiting or even prohibiting their use. In
addition, their incorporation tends to considerably reduce the mechanical properties
as well as directly affect other important physical characteristics of the resulting
foams. For these reasons, a great deal of attention has been given to the possibility
of improving the inherently low fire retardancy of PU foams by incorporating low
nanoparticle content, alone or in combination with other flame retardant systems.
Gilman’s group has recently considered the addition of both nanosized clays and
carbon nanofibers as a strategy to improve the fire resistance of flexible PU foams,
mainly focusing on the heat release rate (HRR) generated during burning and melt
dripping (Zammarano et al., 2008). Interestingly, these authors found that carbon
nanofibers formed an entangled network at the surface of the foam during com-
bustion in a cone calorimeter, eliminating melt dripping and globally reducing the
HRR. In a similar way, Harikrishnan et al. (2010) showed that the addition of only
1 wt% carbon nanofibers significantly improved the fire retardancy of PU foams by
increasing the level of weight retention after the removal of the flame in 13%.
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Nanosized particles have also been considered in combination with other flame
retardant systems as a strategy to reduce the flammability of PU foams. For instance,
Modesti et al. (2008) used unmodified and organically modified silicate layered
nanoclays in combination with aluminium phosphinate. Phosphinate was shown on
its own to significantly reduce the flammability of PU foams by acting in both con-
densed and gas phases during combustion. While the addition of both pristine and
ammonium-modified nanoclays did not have a significant effect in decreasing the
peak of heat release rate (PHRR) and total heat release (THR) during cone calorim-
eter burning, only acting as a surface physical barrier to the diffusion of combustion
volatiles and oxygen, the incorporation of diphosphonium-modified nanoclay in
combination with aluminium phosphinate resulted in an important reduction of the
PHRR and THR, which was related to the synergistic fire retardant effect of the
phosphonium clay modifier, that also acted in both condensed and gas phases.

As previously mentioned, sound damping is one of the properties more commonly
required for flexible PU foams. Sung et al. (2007) have successfully improved the
sound damping properties of open-cell flexible PU foams by adding unmodified
and organically modified platelet-like montmorillonites. Similarly, Verdejo et al.
(2009) found that the addition of up to 0.1 wt% carbon nanotubes resulted in open-
cell flexible PU foams with improved sound absorption over the whole analyzed
frequency range (1000-2000 Hz), increasing the absorption from 70% of unfilled PU
foam to as high as 90%. This spectacular increase in sound absorption was explained
by the authors by the large surface area at the PU-CNT interface, where energy
could be more easily dissipated.

Bandarian, Shojaei, and Rashidi (2011) found out that the incorporation of reac-
tive modified MWNTs, particularly the ones with hydroxyl and carboxyl functional
groups, helped in improving the sound absorption properties of flexible PU foams
by inducing the formation of microcells of less than 5 um in the open-cell walls of
the foams.

Very recently, Willemsen (2012) has shown that the inclusion of different types
of MWNTs can significantly improve the sound damping properties of flexible PU
foams, with results depending on both MWNT particle size and concentration, thus
showing the great possibilities of nanoparticle incorporation as a strategy to improve
the sound absorption properties of open-cell flexible PU foams.

6.5 NEW DEVELOPMENTS IN HYBRID POLYURETHANE
NANOCOMPOSITE FOAMS

The incorporation into PU foams of different types and concentrations of nanosized
functional particles, both platelet-like such as nanoclays or graphene, fibrous-like
such as carbon nanotubes and nanofibers, or even spherical-like such as nanosilica,
has been shown to have a significant effect in the structure and physical properties
of the resulting materials, considerably expanding the already wide range of possible
applications of these lightweight materials.

In addition to the already mentioned effects in terms of attaining both flexible and
rigid PU foams with improved mechanical performance, enhanced electrical conduc-
tivity, or even improved fire retardancy or sound damping, depending on the type of
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added nanoparticle and developed foam cellular structure, new developments in hybrid
PU nanocomposite foams have emerged in recent years, mainly a consequence of the
development of novel nanosized materials, better understanding of the characteristics
and properties of these materials, as well as improvement of the methods used to ade-
quately incorporate them into polymer-based systems.

Taking advantage of the particular platelet-like geometry of nanoclays and their
high ion-exchange capability, intercalation, and swelling properties, different studies
have appeared very recently related to the preparation of nanohybrids made from
carbon nanotubes synthesized in the surface of montmorillonite nanoclays (MMT-
CNT nanohybrids) (Gournis et al., 2002; Li et al., 2009; Lu et al., 2005; Madaleno
et al., 2012b; Zhang, Phang, and Liu, 2006). Owing to the particular combination
of properties of both nanofillers, the construction of these nanohybrids and later
incorporation into PU foams could result in remarkable improvements in mechanical
and physical properties.

Pyrz’s research group has just published a couple of works about the preparation
of MMT-CNT nanohybrids and their incorporation into PU foams (Madaleno et al.,
2012a, 2013). The nanohybrids were prepared by chemical vapor deposition (CVD)
of the carbon nanotubes on the surface of different types of iron-montmorillonite
nanoclays. It was observed that the nanotubes formed a network structure connecting
the clay layers and helped to increase clay interlayer space (see the scheme presented
in Figure 6.11). The synthesized nanohybrids were incorporated into rigid PU foam
formulations and PU nanocomposite foams were prepared by in situ polymeriza-
tion. PU nanocomposite foams presented considerably finer cellular structures when
compared to the unfilled PU foam, which was explained on the basis of an effective
cell nucleation effect promoted by the properly dispersed nanohybrids, which
in turn was favored by the pre-exfoliated internal structure of MMT assisted by
the surface growth of carbon nanotubes. Not only the addition of the nanohybrids
improved the thermal stability of the resulting foams, but most importantly they
significantly enhanced the compressive mechanical properties of PU nanocompos-
ite foams, offering new possibilities for their use in several structural applications.
Particularly, significant improvements in terms of the specific compressive modulus
and strength were attained with only adding a 0.25 wt% of nanohybrid (respectively
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FIGURE 6.11 Basic scheme showing the formation of MMT-CNT nanohybrids according
to Madaleno L. et al. (From Madaleno L. et al., 2012a, Polym. & Polym. Comp. 20, 693-700.)
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FIGURE 6.12 (a) Specific compressive modulus and (b) specific compressive strength of
unfilled PU foams and PU nanocomposite foams reinforced with MMT-CNT nanohybrids.
(Adapted from Madaleno, L. et al., 2013, Comp: Part A 44, 1-7.)

31 and 20% improvements when compared to the unfilled PU foams). No further
enhancements were observed with increasing the concentration of nanohybrid (see
results presented in Figure 6.12) related to the presence of nanohybrid aggregates at
higher concentrations.

Based on the inherent self-repair capability of the human body, tissue engineer-
ing has emerged from medical sciences in the last 20-25 years as almost a scientific
field on its own. Tissue engineering may be generically defined as the in vitro or
ex vivo regeneration of living tissue resulting from the combination of biocompat-
ible structural scaffolds and implanted living tissue cells (Velasco and Antunes, in
press). It has been shown that a good design of the cell-supporting structural scaffold
is as important as the implanted cells, hence the great amount of effort dedicated
to the development of adequate structural scaffolds for tissue engineering applica-
tions. These scaffolds have to be biocompatible and biodegradable, highly porous
and interconnected in order to allow an effective cell adhesion and penetration, as
well as mechanically consistent. Though different materials have been considered in
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the design of tissue engineering scaffolds, owing to their lightness and mechanical
properties, polymer-based materials are clearly the most popular ones. The most
used polymers for tissue engineering scaffolds are based on biocompatible synthetic
polyesters such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), polycapro-
lactone (PCL), and their blends or copolymers (Seal, Otero, and Panitch, 2001).
However, segmented PU elastomers, which have been shown to display an adequate
combination of biocompatibility and excellent mechanical properties (Christenson,
Anderson, and Hittner, 2007; Grenier et al., 2009; Piticescu, Popescu, and Buruiana,
2012), have also been considered in a great number of biomedical applications. PU
represents an interesting material for developing tissue engineering scaffolds, as it
displays a great versatility in terms of final foam characteristics, enabling its use
from soft tissue regeneration (flexible foams) to cartilage and bone repair (rigid
foams) (Fromstein and Woodhouse, 2002; Zhang et al., 2003). In this last case, the
bioactivity of PU scaffold’s surface must be improved in order to properly bond with
bone tissue and promote new bone formation, which is usually done by functional-
izing its surface prior to bioactive molecule immobilization (Huang, Wang, and Luo,
2009; Jozwiak, Kielty, and Black, 2008).

In the line of the development of new nanohybrids based on the combination
of MMT and CNT and incorporation into PU foams for mechanical improvement,
CNTs have increasingly been considered in recent years to enhance some proper-
ties and functionalities of structural scaffolds for tissue engineering (Harrison and
Attala, 2007; MacDonald et al., 2005), such as osteoconductivity and mineralization
potential, mechanical reinforcement, or even electrical conductivity, which can
be used to promote cell growth. Thus, the development of last generation hybrid
scaffolds based on PU foams functionalized with conductive carbon-based nanofill-
ers combined with bioactive micro- or nanometric-sized ceramic particles and/or
natural polymers (such as collagen) has generated a great deal of interest (see scheme
presented in Figure 6.13).

Zawadzak et al. have considered the development of new tissue engineering
scaffolds based on highly porous and interconnected PU foams electrophoretically
coated with carbon nanotubes (Zawadzak et al., 2009). These authors observed that
the presence of a uniform CNT coating on the surface of PU foams accelerated
the formation of calcium phosphate, an indication of the material effectiveness to
form strong bonds to bone tissue, when compared to the uncoated foams, which
was related to favored calcium phosphate crystal nucleation and growth induced
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FIGURE 6.13 Basic scheme of the use of a hybrid PU-CNT scaffold for cell implantation.



140 Polymer Nanocomposite Foams

by the carbon nanotubes. In conclusion, hybrid scaffolds based on CNT-coated PU
foams showed a great potential to be used in bone tissue engineering, owing to their
combination of high porosity and interconnected porous structure, bioactivity, and
functionalized nanostructured surface topography.

Similarly, Jell et al. (2008) have prepared hybrid PU-based scaffolds with
MWNTs, though they incorporated the carbon nanotubes in the bulk by thermally
induced phase separation. Though a good MWNT dispersion throughout the PU
matrix could be achieved, a rough nanostructured texture was formed at the surface
of the scaffolds, which in fact could further enhance cellular adhesion. As a result,
the addition of increasingly higher concentrations of nanotubes altered the surface
chemistry of the scaffolds without affecting their wettability while significantly
increasing the compressive strength (from 55 kPa/g-cm of unfilled PU foams to as
high as 170 kPa/g-cm for a MWNT content of 5 wt%). These authors also analyzed
the in vitro cellular response of the hybrid scaffolds in terms of cytotoxicity, miner-
alization, and angiogenic potential, observing that the incorporation of increasingly
higher amounts of MWNTs did not result in osteoblast-like cells (SaOS-2) cytotoxic-
ity or decreased mineralization. Interestingly, they observed that it was possible to
control bone cellular growth by varying the concentration of MWNTs, as assessed
by the improvement of the angiogenic factor of vascular endothelial growth after
3 days in culture with increasing the proportion of nanotubes.

As the overall performance of hybrid PU-CNT scaffolds is often hindered by the
poor intrinsic quality of carbon nanotubes or their later poor dispersion throughout
the scaffold walls, the same research group further extended their study by incor-
porating chemically modified MWNTs and analyzing the interaction of the result-
ing hybrid scaffolds with osteoblasts (Verdejo et al., 2009). The incorporation of
small concentrations of oxidized MWNTs, proven to be well dispersed throughout
the solid matrix due to covalent bonding to the isocyanate component, significantly
reduced PU’s surface hydrophobicity, providing improved wettability and support-
ing the claim that nanotubes are mainly active at the surface of the scaffold. The
resulting nanocomposite foams adequately supported bone cell adhesion, growth,
mineralization, and angiogenesis, with the particularity of qualitatively displaying a
better osteoblast SaOS-2 mineralization than unfilled PU scaffolds.

In conclusion, hybrid PU-CNT nanocomposite foams are promising materials for
tissue engineering scaffold applications, as they combine the versatility of PU foams
in terms of general mechanical behavior (flexible or rigid) and developed cellular
structure with the advantages of incorporating small amounts of carbon nanotubes,
which can enhance mechanical performance or electrical conductivity. In addition,
PU-CNT foams have been shown to support bone cell adhesion and growth, with
carbon nanotubes having an important effect in adequately adapting the surface
characteristics of the scaffold to specific tissue engineering applications as well as
improving cell phenotype.

Due to the particular characteristics of PU foaming, which basically consists
of the reaction between two liquids at room temperature, thus enabling the rela-
tively easy incorporation of solid mechanical reinforcements, the research group in
which I am involved has recently considered the preparation of novel hybrid rigid
PU-based nanocomposite foams with improved properties by applying the concept
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of multiscalar mechanical reinforcement (Antunes et al., 2011; Antunes, Maspoch,
and Velasco, 2012). Generally speaking, multiscalar reinforcement may be defined
as the combination of at least two different mechanical reinforcements having dif-
ferent scale dimensions. The multiscalar reinforcement effect of combining nano-
metric-sized functional reinforcements such as nanoclays or carbon nanotubes with
more conventional micrometric-sized fibrous-like reinforcements could not only
solve most of the problems related to poor mechanical performance of PU foams,
but could also add specific functionalities or characteristics to the foam resulting
from synergies between both reinforcements.

Asthereis a greatinterestin developing environmentally sustainable low cost struc-
tural lightweight materials, biobased hybrid PU foams reinforced with macroscopic
fibers, fabrics, or wools obtained from renewable sources, mainly cellulose-based,
could come as a good low cost possibility. If low amounts of a nanosized func-
tional material were to be added in combination with the cellulose-based mechanical
reinforcement, novel hybrid lightweight materials could be obtained. Particularly,
we have considered the simultaneous incorporation of high amounts of macro-
scopic esparto wool (38—65 wt%), a cellulosic-based material characterized by its
high cellulose content, and relatively small amounts of montmorillonite (1-15 wt%)
(Antunes et al., 2011). The incorporation of increasingly higher amounts of MMT and
especially the multiscalar combination of MMT and esparto resulted in PU foams
with considerably finer cellular structures, reaching cell sizes as small as 40 um for
relative densities of 0.25 and even below 100 um for extremely low relative densities
of 0.09, compared to the around 220 um of unfilled PU foams (see Figure 6.14). The
addition of different amounts of MMT can thus be seen as a strategy to regulate
the cellular structure of the resulting PU foams in terms of cell size and distribu-
tion. However, the addition of both reinforcements resulted in foams with important
open-cell contents, a direct result of the well-known cell opening effect of MMT
and high esparto content. Though worse in terms of the absolute values of compres-
sive collapse strength derived from their higher open-cell contents, hybrid PU foams
reinforced with MMT and esparto displayed a less abrupt decrease of the collapse
strength with decreasing relative density, as well as the highest energy absorbed until
collapse, hence showing promising possibilities as low cost lightweight structural

FIGURE 6.14 Scanning electron micrographs of (a) unfilled PU and (b) PU-MMT-esparto
foams.
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materials with tailor-made properties by control of the developed cellular structure
(MMT content) and macroscopic mechanical reinforcement (esparto concentration).

Trying to further extend the concept of multiscalar reinforcement applied to rigid
PU foams, we have recently presented a work that addressed the combination of
organically modified MMT and other cellulose-based reinforcements in addition to
esparto, particularly cellulose pulp and cardboard paper (Antunes, Maspoch, and
Velasco, 2012). While the incorporation of MMT promoted the formation of PU
foams with finer and more homogeneous cellular structures as well as contributed to
important density reductions, thus resulting in foams with lower compressive prop-
erties than the unfilled ones, the inclusion of both cellulose and cardboard paper
significantly increased the collapse strength of PU foams even at lower relative
densities, demonstrating their effectiveness as mechanical reinforcements of rigid
PU foams. The results presented in both works demonstrate the viability of obtaining
rigid PU foams with improved mechanical properties over a wide range of densities
by combining the incorporation of low cost macroscopic cellulose-based reinforce-
ments with small amounts of a nanosized filler.

6.6 CONCLUSIONS

Polyurethane foams are one of the most successful and most commonly used types
of polymer-based cellular materials, owing to their unbeaten combination of good
specific mechanical properties and high thermal insulation. Though complex, PU
foam formulations have developed in such a way throughout the years that have
enabled, along with the emergence of new processing technologies, the preparation
of PU foams with a wide range of characteristics for the most varied applications,
from open-cell flexible PU foams with improved softness for cushioning to closed-
cell rigid foams for structural thermal insulation applications.

Nevertheless, loss in mechanical performance with foaming is still significant,
especially in the case of low-density foams, preventing the use of PU foams in
a great number of applications. The addition of nanosized particles has recently
been considered as a possible strategy to improve the poor mechanical properties of
PU foams. As a result of their high specific surface area, nanoparticles have been
shown, when properly dispersed, to have a significant effect even at low amounts
in mechanically reinforcing PU foams, which has been shown to be mainly a
consequence of the combination of the inherently high mechanical properties of
said nanoparticles and their influence in generating foam cellular structures with
considerably smaller cell sizes and higher cell densities. As a consequence, a great
deal of the research work dedicated to PU nanocomposite foams has been focused
on low-density rigid foams, as both mechanical reinforcement and improved ther-
mal insulation are to be expected, setting interesting new possibilities for these
lightweight materials.

The study and development of novel hybrid PU nanocomposite foams has been
strongly guided by the possibility of introducing specific characteristics or proper-
ties to PU foams by incorporating functional nanoparticles that combine mechanical
reinforcement with other interesting properties. For instance, carbon-based nanopar-
ticles are often added due to their high electrical conductivity, which could result in
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the emergence of new piezoelectric components based on elastic-like flexible PU
nanocomposite foams.

The concept of hybrid PU foams has been taken recently a bit further, mainly a
consequence of the arrival of new nanosized materials and nanohybrids, improved
methods to incorporate nanoparticles into polymer-based systems, and better
understanding of the complex phenomena involved in polymer nanocomposite
foaming. Particularly, nanohybrids obtained from the combination of different
nanosized particles have been considered as viable materials for the mechanical
reinforcement of rigid PU foams at globally lower amounts than common nanopar-
ticles, with the additional advantage of facilitating an improved nanofiller—PU
matrix interaction and thus higher nanofiller efficiency. Multiscalar reinforcement
by combining low cost macroscopic reinforcements and low amounts of nanopar-
ticles has recently been contemplated as a strategy to improve the mechanical
properties of PU foams while decreasing their final cost, thus showing promising
possibilities in the building sector. Hybrid PU nanocomposite foams have started
to be considered as interesting materials to be used as structural scaffolds for
tissue engineering, especially for bone regeneration, though flexible open-cell
PU nanocomposite foams are also expected to have possible applications in the
regeneration of soft-like tissues.
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7.1  POLYMER/CLAY NANOCOMPOSITE TECHNOLOGY

The use of minerals as fillers in polymer materials was extensively employed until the
late 1970s aiming to reduce final costs, since these fillers are heavier and cheaper than
the polymers that had been used. As there was a vertiginous increase in petroleum
prices during and after the 1973 and 1979 crises, in addition to the introduction of poly-
propylene on a commercial scale and the development of new materials containing
mica, glass spheres and fibers, talc, and calcium carbonate, the ceramic raw material
market as fillers was expanded and research regarding the interaction between
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polymers and fillers was initiated. This research was developed during the 1980s
and the 1990s and contributed to raising minerals from a simple filler condition to
a functional filler condition.

Polymer/clay nanocomposites were first prepared by Carter, Hendricks, and
Bolley (1950), but only at the end of the 1980s was there the development of a great
turning point in the polymer—clay nanocomposite technology by Toyota, using
polyamide 6 and organophilic clays especially prepared for this nanocomposite
(Kawasumi et al., 1989; Okada et al., 1988). They developed this nanocomposite to
be applied in timing belt covers of Toyota vehicles, in collaboration with the UBE
Industries, a Japanese polyamide 6 industry. This nanocomposite had only 5 wt%
special clay, which sensibly improved the final material properties as compared with
pure polyamide 6. The nanocomposite formation provided an increase of 40% in the
rupture tension, 60% of the tensile modulus, and 126% in the flexion modulus, in
addition to the increase in the thermal distortion temperature from 65 to 152°C as
compared to the pure polymer.

Therefore, polymer/clay nanocomposites can be defined as a new class of
composites with polymer matrices in which the dispersed phase is the silicate
constituted by particles that have at least one of the dimensions at nanometer
level. One of the components is the matrix, in which the particles of the second
material are dispersed. The most used mineral particles in these nanocomposites
are smectitic clays (montmorillonite, saponite, and hectorite), having their parti-
cles’ lamellae morphology with sides at micrometer level and thickness around one
nanometer (Alexandre and Dubois, 2000; Esteves, Barros-Timmons, and Trindade,
2004).

Many properties can be improved by the polymer/clay nanocomposite forma-
tion, for example, higher resistance toward high temperatures, UV radiation, high
gas impermeability, low expansibility, and processing flexibility. Hence, they
can be used in a wide range of applications. Furthermore, these nanocomposites
are attractive since they can be processed by many types of processing, such as
blending, compression, fusion, mixture, and polymerization, among others, satis-
fying premises for the production of the most different types of products, such as
films, membranes, automotive parts, electronics, packaging materials, and so forth
(Ke and Stroeve, 2005).

Several reviews about polymer/clay nanocomposites were carried out in recent
years (Choudalakis and Gotsis, 2009; Mittal, 2009; Pavlidou and Papaspyrides,
2008; Ray and Okamoto, 2003b; Schmidt, Shah, and Giannelis, 2002; Yeh and
Chang, 2008) and a large amount of research presents the use of montmorillonite
(MMT) as clay. Then, considering the great attention paid to polymer/montmo-
rillonite clay nanocomposites and to polymer foams, the presentation of research,
which involves both topics, is opportune. In this chapter, nanocomposite mor-
phologies, types of polymer—clay nanocomposite production, and modifications in
polymer and montmorillonite structures, which allow them to be used in nanocom-
posite preparation, will be presented. The concepts involving foam production and
its morphology will also be presented. Hence, having developed these concepts,
works related to the use of montmorillonite in polymer nanocomposite foams will
be discussed.
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7.1.1  PoLYMER/CLAY NANOCOMPOSITE PREPARATION METHODS

Frequently, three preparation methods are widely used in polymer/clay nanocom-
posite technology. The first one is in situ polymerization. This method consists of
the use of a monomer as a medium to the clay dispersion while favorable conditions
are imposed to perform the polymerization between the clay layers. These layers
present high surface energy and the monomer units are thus attracted to the inside
of the galleries until equilibrium is reached. Polymerization can be initiated by heat
or radiation, by the diffusion of an adequate initiator or a fixed catalyzer inside the
layers before the filling step by the monomer. After that, polymerization reactions
occur between the layers with lower polarity, dislocating the equilibrium and then
aiming at the diffusion of new polar species between the layers.

Another method is solution dispersion where there is an exfoliation of silicate
in single layers in a solvent medium in which the polymer or prepolymer is soluble.
Since weak forces maintain united silicate layers, they can be easily dispersed in
an adequate solvent by an increase in entropy caused by the disorganization of the
layers, which exceeds the organizational entropy of the lamellas. The polymer is
then sorbed into the delaminated layers and when the solvent is evaporated, or the
mixture is precipitated, the layers are reunited, filled with the polymer.

The third method is fusion intercalation, a method developed by Vaia et al. in
1993 (Ma et al., 2012), which consists of a mixture of silicate with a thermoplastic
polymer matrix in its melted state. Under these conditions and if the layer surface
is sufficiently compatible with the chosen polymer, polymer chains can be dragged
to the interlamelar space, forming the nanocomposite. The driving force in the
melt intercalation process is the enthalpic contribution of the interactions between
polymer and clay. The advantage of this technique is the nonuse of solvent (Ke and
Stroeve, 2005; Souza, Pessan, and Rodolfo, 2006).

In addition to these three techniques, there is a less common method in which
clay slurry is directly mixed with the polymer. The idea of this technique consists
of increasing the basal spacing of the clay in the first stage of the process, by the
polymerization of the monomers or clay suspension in water/solvents and hence, the
polymer matrix is intercalated in the increased basal spacing (Kaneko, Torriani, and
Yoshida, 2007). The use of supercritical carbon dioxide fluids and sol-gel technology
can also be mentioned as preparation methods (Chuayjuljit, Maungchareon, and
Saravari, 2010).

7.1.2  PoLyMER/CLAY NANOCOMPOSITE MORPHOLOGY

Three different types of nanocomposites are thermodynamically accepted according
to the interfacial interactions forces between polymer matrix and silicate (Figure 7.1):

e [Intercalated nanocomposites: In the intercalated nanocomposites, the
insertion of polymer matrix in the silicate structure occurs in a regular way,
crystallographically, by alternating polymer chains and silicate layer. The
distance between each other varies from 1 to 4 nm, which is the distance in
the range of the polymer chain length.
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e Flocculated nanocomposites: These are the same as intercalated nanocom-
posites, except for the fact that some silicate layers are, sometimes, floc-
culated due to the interactions between the hydroxyl groups of the silicate.

e Exfoliated nanocomposites: In the exfoliated nanocomposites, the individual
clay mineral layers are randomly separated in a continuous polymer matrix
by an average distance which depends on the clay charge. Generally, the clay
content in an exfoliated nanocomposite is much lower than in an intercalated
nanocomposite (Ke and Stroeve, 2005; Ray and Okamoto, 2003b).

7.1.3  MONTMORILLONITE CLAY AND ITS ORGANOMODIFICATION

The mineral particles most used in these nanocomposites are the smectitic clays, for
example, montmorillonite, saponite, and hectorite (Lee et al., 2005a; Liu et al., 2011).
These clays belong to the 2:1 phylossilicate family.

Montmorillonite (MMT) clay can be studied by X-ray diffraction since itis composed
of extremely small particles. The unitary layer of the montmorillonite consists of three
sheets: one octahedral sheet composed of hydrargilite-brucite included between two
tetrahedral sheets composed of silicon and oxygen. The tetrahedral edges of each silica
layer form a common layer with one of the hydroxyl layers of the octahedral sheet, with
oxygen atoms instead of hydroxyl groups (Papin, 1993). These layers are continuous in
the a and b directions and are stacked in the ¢ direction (Figure 7.2).

The clay thickness is around 1 nm and the side dimensions can vary from 30 nm
to various micrometers, depending on the clay. The layer stacking by van der Waals
and weak electrostatic forces originates the interlayer spaces or the galleries. In the
layers, aluminium ions can be replaced by iron and magnesium ions, and as well,
magnesium ions can be replaced by lithium ions, and so, the negative charge of the
clay layers is neutralized by the alkaline and terrous-alkaline cations that are between
these layers. Furthermore, there are water and other polar molecules which cause an
expansion in the ¢ direction, which can vary from 9.6 A, when any polar molecule is
between the unitary layers, up to complete separation in some cases (Brigatti, Galan,
and Theng, 2006). That is, the expansion of the basal space leads to the occurrence
of intercalated structures and the loss of registration of the ordered silicate layers
produces exfoliated structures, which are responsible for the improvements observed
in the properties of polymer/clay nanocomposites.

QTW \\\\\ ‘ZE sl 7/4 5

Intercalated Intercalated and Flocculated Exfoliated

FIGURE 7.1 Tllustration of the three types of thermodynamically accepted nanocompos-
ites. (From Anadao P., 2011, In Advances in Nanocomposite Technology, ed. Hashim, A.,
133-46. Rijeka: InTech.)
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Montmorillonite (OH)Al,SigO54.xH,0

FIGURE 7.2 Schematical representation of the montmorillonite structure. (From Anadéo P.,
2011, In Advances in Nanocomposite Technology, ed. Hashim, A., 133-46. Rijeka: InTech.)

This resulting surface charge is known as cation exchange capacity (CEC) and is
expressed as mequiv/100 g. It should be highlighted that this charge varies accord-
ing to the layer and is considered an average value in the whole crystal (Lee, Chen,
and Hanna, 2008; Tomasko et al., 2003). The surface charge was described by Lagaly
(1981) by considering the total elemental analysis and the dimension of the unit cell
(Equation 7.1):

e _§
Surface charge: —— = —=- (7.1
nm ab

which & is the layer charge (0.33 for MMT), a and b are the cell parameters (for
MMT, 5.18 A and 9.00 A, respectively), whose surface charge value is 0.780 e~/nm?,
which means that the average distance between exchange sites is 1.188 nm for MMT,
by assuming that the cations are evenly distributed in a cubic array over the silicate
surface and that half of the cations are located on one side of the platelet, and the
other half are on the other side.

Frequently, in order to increase compatibility between the hydrophilic clay and
the hydrophobic polymers, the clay surface is modified by organic surfactants.

The adsorption of organic materials by organic materials have been explored by
humanity since 7000 B.C. (Lagaly, 1984), but the first research related to it appeared
in the 1920s. Undoubtedly, Jordan (1949) contributed very much to this issue, as
he presented the factors involved in the organoclay swelling and the extension of
conversion of the clay from hydrophilic to hydrophobic.
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The preparation of organoclays consists of reactions in which the water molecules
in the interlayer spaces are displaced by polar molecules that can form complexes
with the interlayer cations. Two methods are often used to prepare organoclays,
which are the cation exchange and the solid-state reactions.

The first method consists of the exchange of the interlayer cation by quaternary
alkylammonium cations in aqueous solution. And, the solid-state reaction performs
this exchange without using solvent, which means that this method is environmentally
friendly, since the dried clay is used in this process.

Different structures can be formed when the organoclay is produced. These struc-
tures are dependent mainly on the layer charge and on the chain length of the organic
ion. Other factors can also influence the final structure, such as the geometry of the
surface and the degree of exchange (Lagaly, 1981). Monolayer or bilayer structures
can be produced, in addition to an inclined paraffin-type structure and pseudotrimo-
lecular layers (Figure 7.3).

As mentioned before, the most common cationic surfactants used in the organo-
modification are the quaternary alkylammonium salts, which are generally syn-
thesized by complete alkylation of ammonia or amines. Figure 7.4 presents some
examples of these alkylammonium salts.

The type of quaternary alkylammonium salt influences the affinity between
polymer chains and the clay mineral platelets. As an example, nonpolar polymers,
such as polypropylene and polyethylene, are more compatible with organoclays pre-
pared with dimethylammonium halides, while polar polymers present more affinity
with the organoclays containing alkyl benzyl dimethylammonium halides and alkyl
hydroxyethylammonium halides.
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FIGURE 7.3 Organoclay structures: (a) monolayer, (b), bilayer, (c) pseudotrimolecular layer,
and (d) and (e) paraffin-type arrangement of the organic molecules within the clay mineral
layers. (From Bergaya F. and Lagaly G., 2001, Applied Clay Science 19, 1-3.)
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FIGURE 7.4 Molecular structure of the ammonium quaternary salts: (a) Dodigen®,
(b) Praepagen®, (¢c) Genamin®, (d) Cetremide®. (From Barbosa R. et al., 2006, Polimeros:
Ciéncia e Tecnologia 16, 246-51.)

In addition to ammonium quaternary salts, other surfactants are also mentioned
in the literature as an organomodifier in organoclays. Nonionic surfactants, which
are linear alcohol ethoxylate, with low toxicity and potential for biodegradation are
used to prepare organomontmorillonite (Shen, 2001). Furthermore, clays can also be
modified with biomolecules, such as proteins, enzymes, amino acids, peptides, and
so forth.

7.1.4 PoOLYMER GRAPHITIZATION

In addition to clay organomodification, changes can be performed in the polymer in
order to increase polymer—clay compatibility. A compatibilizing agent, generally a
polymer, can be used to offer a chemically compatible nature with the polymer and
the clay. By a treatment, such as the graphitization of a chemical element that has
reactive groups, or copolymerization with another polymer, which also has reactive
groups, polymer becomes more compatible with the clay. Hence, amounts of the
modified polymer are mixed with the polymer without modification and the clay to
prepare the nanocomposites.

Aiming to increase compatibility between polymer and clay, parameters such as
molecular mass, type and content of functional groups, compatibilizing agent/clay
proportion, and processing method should be taken into account. Maleic anhydride
is the organic substance most used to compatibilize polymer, especially with poly-
ethylene and polypropylene, since the polar character of maleic anhydride results in
favorable interactions, creating a special affinity with the silicate surfaces (Fu and
Naguib, 2006; Strauss and D"Souza, 2004).
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7.2 FOAMS

Polymer foams, or porous polymeric materials, can be defined as dispersions of a
gas in a liquid, which, once solidified, consist of individual cells (pores) and walls
that form a skeletal structure. Foam production is an alternative to decrease the
amount of resin used, as foams keep acceptable mechanical properties and can be
produced as several types of morphology. Hence, they are used in many applications,
which include insulating, packaging, textile, agriculture, construction, and automo-
tive industries, due to their low weight, excellent strength-to-weight ratio, and good
thermal and sound insulation.

Foams are often classified by three main parameters, which are across-cell
nominal diameter or cell size, BET (Brunnauer—-Emmett-Teller) surface area (m?/g),
and cell density (number of cells per unit volume [cells/cm?]). According to the cell
size, polymer foams can be classified into:

e Macrocellular foams (>100 um), which are very attractive mostly because
of their lower cost per volume unit compared to unfoamed materials, but
also, for their sound or heat insulating properties, cushioning ability, and so
forth. However, the foam mechanical properties are generally lower than
plain material ones, which limit their range of applications.

e Microcellular foams (1-100 um), which were first developed by Martini
(1981) about 30 years ago, present superior mechanical properties in terms
of their impact strength, toughness, and fatigue life over conventional foams
and can also provide better thermal insulation and acoustic properties.

e Ultramicrocellular foams (0.1-1 um).

¢ Nanocellular foams (0.1-100 nm).

Regarding the rigidity of the skeletal structure, the foams can also be catego-
rized as rigid (largely employed in building insulation, appliances, transportation,
furniture, etc.) and flexible foams. Still, according to the nature of the cells, the
foams can also be defined as either closed or open cell foams. The closed cell foams
present cells isolated from each other and the cavities are surrounded by complete
cell walls. Open cell foams are composed of broken cell walls and the structure is
constituted by ribs and struts. Closed cell foams present lower permeability than
open cell foams, which leads to better insulation properties.

The mechanical and thermal properties of the foams depend mainly on the
relative density, which is the foam density divided by the solid density. The linear
elastic properties of foams can be described as a function of relative density by
Equation (7.2):

Foa.m property _ c pf (72)
Solid property ps
where C is the property of the polymer matrix which includes all the geometric

constants of proportionality, n represents the deformation mode of the struts that
make up the foam (tensile or compressive) and is characterized by values between
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1 and 427, and p is the density, for which the s and f refer to the solid and the foam
structures, respectively. C and n are dependent on the microstructure of the foam
including the cell type (open or closed), geometrical arrangement of cells, cell size,
and angle of intersection (Abu-Zahra and Alian, 2010; Chang et al., 2011; Ibeh and
Bubacz, 2008; Istrate and Chen, 2011; Mitsunaga et al., 2003; Modesti, Lorenzetti,
and Besco, 2007; Taki et al., 2004; Urbanczyk et al., 2010a, 2010b).

7.2.1 FoAM PREPARATION METHODS

Different methods can be used to prepare foams. The most common is extrusion, in
which a blending often composed of a physical blowing agent and molten polymer is
formed in order to produce a homogenized high-pressure solution for instantaneous
free expansion at the extrusion exit, where the foam will be generated. This pro-
cess comprises four steps, which are: (a) the dissolution of the foaming agent into a
polymer melt at elevated pressure, (b) the nucleation of bubbles in a supersaturated
solution of foaming agent in a molten polymer, (c) the growth of bubbles in a molten
polymer, and (d) the stabilization of the cellular structure by lowering the tempera-
ture below the melting point or the glass transition temperature of polymer (Zandi,
Rezaei, and Kasiri, 2011).

Another method is the compression molding process, which consists of a previ-
ously extrusion-compounded material that is foamed inside a hot-plate press or a
modified oven by simultaneously applying temperature and pressure to gradually
foam the material. Generally, a chemical blowing agent is employed and the process
can be carried out in a single or a two-step foaming process. In this process, the
cellular structure can be controlled by regulating the decomposition temperature
of the chemical foaming agent and the melt viscosity of the polymer. If the tem-
perature is high, the decomposition rate will be fast and the melt strength of the
polymer will be low, resulting in coalescence and cell rupture. On the other hand, if
the decomposition temperature is low, the decomposition rate will decrease—which
will require higher foaming times—and the melt viscosity and strength of the base
polymer will be much higher, restraining cell growth and resulting in only partially
foamed products (Antunes et al., 2009).

The injection molding process can also be mentioned as a foaming prepara-
tion method. And, less frequently, there is also the high internal phase emulsion
(HIPE), which consists of an emulsion with a large volume of internal liquid phase,
at least 74% (by volume), which is dispersed in a small volume of monomeric
continuous phase. An open-cellular solid porous material will be provided by the
polymerization of the HIPE template and the subsequent removal of the locked
internal phase from the solidified foam emulsion will produce the poly(HIPE). The
cells or voids in the solid foam are characterized by being interconnected with
small intercellular pores. These voids usually have a mean diameter between 5 and
100 um, while the pore average sizes vary between 1 and 10 um (Moghbeli and
Shahabi, 2011).

Furthermore, the foaming process can be performed in a batch or continuous
system. Batch foaming is characterized by being simple and easy to control. The
material is foamed inside an autoclave reactor by a high-pressure gas dissolution
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process and then bubble nucleation and growth are induced by quick pressure release
(pressure quench) or temperature increase (Antunes et al., 2009; Guo, Lee, and
Tomasko, 2008).

Regarding the types of foaming agents, there are two types, which are the physical
and the chemical blowing agents. The chemical blowing agents consist of reactive
species that produce gases in the foaming process. The reactive species decompose
inside the press at a given temperature and single temperature (to produce foams
higher than 100 kg/m?) and two-step foaming process (foams lower than 100 kg/m?).
Most thermoplastic foams are synthesized via a two-step process and the nanocom-
posites as well (Ibeh and Bubacz, 2008).

The physical foaming agents are substances that gasify under foaming conditions.
Generally, the physical foaming processes can be performed in two ways: batchwise
or continuously. The batchwise process can be conducted by saturating the polymer
with gas (e.g., CO, and N,) at room temperature, subsequently releasing the gas and
foaming the polymer by heating it to a temperature above its softening point in a
high temperature bath. However, during the transfer of gas-saturated materials to
the high temperature environment, diffusion would occur inevitably, which leads
to a lower cell density and expansion ratio. Also, in this process, the saturation time
is very long, occurring from hours to days depending on diffusivity, which limits
the production. The other way in which a batchwise process can be performed is by
saturating polymer with gas at a relatively high temperature and pressure (in super-
critical conditions) followed by rapid depressurization to atmospheric pressure. This
process takes advantage of the depression of polymer softening temperature induced
by the presence of gas (Khorasani et al., 2010).

Several gases can be used in polymer foaming. Due to the prohibition of the
chlorofluorocarbons and hydrochlorofluorocarbons, which are ozone-depleting
substances, other gases should be employed in the foaming processes such as the
hydrofluorocarbons, which are greenhouse gases but expensive, and the hydrocar-
bons, which present high flammability and a volatile nature. Hence, inert gases, such
as H,0, CO,, and N,, are preferable due to their better solubility, nonflammability,
and nontoxicity, in addition to being inexpensive and environmentally friendly.

The most used blowing agent is CO,, which presents as advantageous because it is
nontoxic, nonflammable, noncorrosive, abundant, inexpensive, commercially avail-
able in high purity, and has readily accessible supercritical conditions (T, = 31.1°C
and P, = 7.37 MPa). Moreover, it has substantial solubility in amorphous and semi-
crystalline polymers and it can be used in a wide range of preparation methods,
for example, in the liquid/melt state by extrusion, injection molding or compression
molding, or in solid state, in which gas is forced into a solid polymer followed by
depressurization. Finally, as no residue is left, it can be simply removed from the
polymer matrix by a simple depressurization step (Liao, Zhang, and He, 2012).

By using CO,, the gas is diffused into the polymer matrix, forming a polymer/
CO, solution in which the density, the surface tension, and the viscosity of the
polymer are reduced and the mobility of polymer chains is increased. As the system
reaches equilibrium, the phase separation is induced by either reducing pressure
(pressure quench method) or increasing temperature (temperature soak method),
which produces nuclei that will grow and form the porous structure. It is important



The Use of Montmorillonite Clay in Polymer Nanocomposite Foams 159

to mention that the CO, sorption level is dependent on the temperature, pressure, and
intermolecular interactions between CO, and polymer (Han et al., 2003; Urbanczyk
et al., 2010b). Hence, the factors that influence the nucleation rate are the CO, diffu-
sivity, gas concentration in polymer, interfacial tension in the polymer/gas mixture,
temperature, pressure drop rate, and the degree of supersaturation.

A different foaming was also proposed by Goel and Beckman which uses super-
critical CO,, obtained above the critical pressure and temperature. Its advantage
when used as the physical blowing agent is that it will depress the glass transition
temperature of the polymer and will prevent the vapor/liquid boundary, which can
damage the cellular structure. The critical temperature of the CO, is 304.15 K and
its critical pressure is 7.38 MPa, making it a good solvent. When used in foaming
processes, a polymer sample is saturated with supercritical CO, and the microcellular
foam is produced by a fast depressurization (Wee, Seong, and Youn, 2004).

7.2.2  PoLyMER/CLAY NANOCOMPOSITE FOAMS

A successful manufacture of microcellular foams requires high-pressure drop, fast
cooling rate, and less bubble coalescence during foaming to control the cell size
and cell density (Zhu et al., 2010). Moreover, polymer foams represent a group of
lightweight materials whose applications are limited due to their inferior mechanical
strength, poor surface quality, and low thermal and dimensional stability. Considering
this problem, the use of new technologies has come to improve foam properties.

The preparation of nanocomposite foams has been shown to improve cell mor-
phology, making them smaller and more isotropical and resulting in enhanced
thermomechanical properties with respect to the neat polymer foams. A small amount
of well-dispersed nanoparticles in the polymer may serve as nucleation sites to facilitate
the bubble nucleation process and thus, the reduction of the cell size is explained as
more bubbles start to nucleate concurrently; there is a smaller amount of gas available
for bubble growth in the presence of the nanoparticles, leading to a reduction of cell
size. Therefore, the size, shape, and distribution of the nanoparticles can affect the
nucleation efficiency. The amount and distribution of the nucleation agents also deter-
mine foam quality. The extremely small dimensions and large surface area of nanopar-
ticles provide much more intimate contact between the particles, polymer matrix, and
gas (Chang et al., 2011; Jiang et al., 2009; Keramati et al., 2012; Zeng et al., 2003).

As the polymer/clay nanocomposite technology presents several final material
improvements on thermal, mechanical, chemical, and barrier properties, the use of
clay nanoparticles was also thought to improve material and foam properties at the
same time. Hence, the development of nanocomposite foams is one of the latest
evolutionary technologies of polymeric foam through pioneering efforts by Okamoto
and colleagues, who prepared poly(L-lactide)/clay nanocomposite foams in a batch
process by using supercritical CO, as a physical foaming agent (Ema et al., 2000).

The clay nanoparticles act as nucleation agents for bubble generation in foams
using CO, as a physical foaming agent, via batch or direct extrusion. In both cases, clay
reduces the cell size and increases cell density. Generally, the cell density increases
linearly with clay concentration at low clay concentrations up to 10 wt%. Moreover,
cell nucleation can be improved if an exfoliated-type of structure is achieved by the
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clay particles, with finer particles reducing the nucleation energy for the growth of the
gaseous phase. Hence, clay particles act as a reinforcing agent, expanding the range
of properties and creating mechanically improved foams for structural applications
(Ibeh and Bubacz, 2008).

7.2.3 A BRrIer THEORY CONCERNING THE NUCLEATION AGENT

The nucleation agent used in foaming preparation is very important since it deter-
mines the final foaming properties. The number and the size of the bubbles as well as
the foam cell density are determined by the concentration of the nucleation agent. Its
distribution is also important since a nonuniform distribution of the nucleation agent
leads to a nonuniform cell size distribution result, characterized by a higher number
of cells in the nucleation agent rich area and a lower number of cells in the areas with
a lower content of nucleation agent.

There are two types of nucleation: the homogeneous one and the heterogeneous
one. The classic nucleation theory is the approach used to describe bubble nucleation
in polymeric foams, although there is a discrepancy attributed to the intervening
heterogeneous nucleation.

The steady-state nucleation rate, N, is given by Equation (7.3):

COfOexp (_AGcrit )

N =
0 kyT

(7.3)

where AG _,,,, kg, and T are the free energy of critical nucleus formation, the Boltzmann
constant, and the absolute temperature, respectively. C,, is the number of gas molecules
dissolved per volume of the primary phase and f; is a kinetic pre-exponential factor that
is believed to be weakly dependent upon temperature.

The incorporation of clay induces heterogeneous nucleation because of a lower acti-
vation energy barrier compared with the homogeneous nucleation, although the compe-
tition between the homogeneous and the heterogeneous is no longer discernible. Then,
the nucleation rate in the heterogeneous nucleation, N,, is expressed by Equation (7.4):

Cifiexp (~AGL;)
ksT

(7.4)

1=

where f is the frequency factor of gas molecules joining the nucleus and C, is the con-
centration of heterogeneous nucleation sites. The AG"™ is dependent on the contact
angle between the gas, polymer, and particle surface and from the particle surface
curvature (Ibeh and Bubacz, 2008).

7.3 EXAMPLES OF POLYMER/MONTMORILLONITE
NANOCOMPOSITE FOAMS
It is well-known that montmorillonite (MMT) clay is the most used clay in polymer/

clay nanocomposite foams. Hence, it is suitable to present the effect of adding mont-
morillonite clay in the preparation of polymer nanocomposite foams and its effect
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as nucleation agent in the final foam properties. Next, scientific advances related to
the use of montmorillonite are presented, these studies being divided into general
purpose plastics, engineering plastics, elastomeric polymers, biodegradable poly-
mers, and natural polymers, and correlating them with the production method, final
morphology, and resulting properties.

7.3.1  GENERAL PURPOSE PLASTIC/MONTMORILLONITE NANOCOMPOSITE FOAMS

General purpose plastics are characterized for being used in low cost applications
due to the ease of processing and low level of mechanical exigency. One way to add
value to these commodities is nanocomposite formation, aiming to improve their
properties (Anadao et al., 2011).

A large number of papers focus on the use of polystyrene (PS) in the produc-
tion of nanocomposite foams (Guo, Lee, and Tomasko, 2008; NGO et al., 2010;
Wee, Seong, and Youn, 2004; Zhu et al., 2010). One of these studies showed
that by combining nanocomposites and the extrusion foaming process, the cell
structure could be designed and controlled in microcellular foams. Polystyrene/
organomodified MMT (Cloisite 20A) nanocomposites were prepared by mechanical
blending and in situ polymerization. By using an extrusion foaming process with
CO, as foaming agent at a screw rotation speed of 10 rpm and a die temperature
at 200°C, it was found that the cell density increased linearly with the clay content
increase or pressure drop rate. The MMT addition increased the nucleation sites and
then the nucleation rate, according to the heterogeneous nucleation theory. A better
dispersion of the clay particles provided more nucleation sites than the less well-
dispersed clay particles, since the exfoliated nanocomposite presented the highest
cell density (1.5 x 10? cells/cm?) and the smallest cell size (4.9 um). The nanocom-
posite foams also showed higher tensile modulus, improved fire retardance, and
better barrier properties in comparison with the pristine polystyrene foams (Han
et al., 2003; Zeng et al., 2003).

Suspension polymerization of water-in-oil inverse emulsion was also employed to
produce water expandable PS/sodium MMT nanocomposite foams. The use of water
as a carrier allowed the MMT incorporation into the polymer beads, which helped
to trap more water in the beads during synthesis and to reduce the water loss during
storage. This presence of water enlarged the cell size (~100 um) and decreased the
foam density (< 0.05 g/cm?) (Shen, Cao, and Lee, 2006).

Another polymer largely used in the preparation of MMT nanocomposite foams
is the high-density polyethylene (HDPE) (Jo and Naguib, 2007a,b,c; Lee et al.,
2005b). Microcellular HDPE-MMT nanocomposite foams were prepared via a
batch high temperature process using supercritical N,. The volume expansion and
the cell density were improved by MMT use since it increased the cell nucleation
and N, sorption. The MMT dispersion affected the microcellular morphology, and
its better dispersion increased the number of nucleation sites available. The crystal-
line morphology also played an important role in the cell growth mechanism of this
process since the solid-state nucleation was followed by a cell growth in a softened
system strengthened by its degree of crystallinity and melting point (Khorasani
et al., 2010).
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Poly(methyl methacrylate) (PMMA) was also used in MMT nanocomposite foam
preparation (Fu and Naguib, 2006; Weickmann et al., 2010). Organomodified MMT
was used in its preparation by in sifu bulk polymerization and batch foaming process
with N,. The MMT acted as a heterogeneous nucleation agent in polymer matrix
that reduced cell size and increased cell density. Moreover, MMT addition decreased
dielectric constant and slightly increased the thermal conductivity as well as the
mechanical strength due to the well-dispersed clay mineral platelets (Yeh et al., 2009).

Poly(styrene-co-acrylonitrile) (SAN)/MMT nanocomposite foams were prepared
with the supercritical CO, technique (Urbanczyk et al., 2010b). The influence of
two batch foaming processes was investigated and the use of a one-step foaming
process at 100°C, also called depressurization foaming technique, showed that clay
had little influence on the foam density, but doubled the cell density. The temperature
also affected clay role as cell density was slight, increased at 60°C, and was largely
increased at 40°C, showing the importance of the foaming condition influence when
dealing with heterogeneous nucleation (Urbanczyk et al., 2010a).

Furthermore, as rigid poly(vinyl chloride) (PVC) foam is becoming increasingly
popular in the building materials industry and sometimes its use is limited due to
its inferior strength, poor surface quality, and low thermal and dimensional stability,
the preparation of nanocomposite foams is welcome. Thus, two types of montmo-
rillonite were used to prepare nanocomposite foams: calcium montmorillonite and
montmorillonite modified with a quaternary ammonium salt and the foams were
prepared by extrusion with the chemical blowing agent called azodicarbonimide. As
both MMT content decreased, the cell diameter decreased whereas the cell number
increased since the nucleation rate was enhanced by significantly decreasing the
activation barrier, resulting in a large number of cells at a controlled size. The effect
of both MMT on decreasing the foam density was more significant at lower levels
of blowing agent. Still, both MMTs produced exfoliated nanocomposites and as it
is known, the more dispersed the clay platelets are, the more efficient the nucleation
is (Abu-Zahra and Alian, 2010).

7.3.2  ENGINEERING PLASTIC/MONTMORILLONITE NANOCOMPOSITE FOAMS

As an example of an engineering plastic used in the foam production, polyimide (PI)
can be cited because of their unique properties, such as good thermal and acoustic
insulation, high thermal stability, and excellent fire resistance; and thus, PI foams
have been widely used in many fields, as for example, spacecraft, aircraft, marine,
and high-speed train. As technologies advance, new possible applications demand
better properties and so, new PI foams with improved properties will be developed.
Hence, lightweight PI/MMT nanocomposite foams were prepared by solid blending,
which means that MMT and PI were blended in the solid state by super-high speed
mechanical shearing to conduct the MMT dispersion. Exfoliated nanocomposites
were obtained as a result of the good MMT dispersion.

The average cell size of the nanocomposite foams decreased with the increase
of the MMT content due to the nucleation effect of the MMT. As mentioned before,
nucleation efficiency was enhanced due to the extremely fine dimensions and large
surface area of the MMT that provided a more intimate contact between the PI chains
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and the gas. Regarding the mechanical properties, with the MMT increase to 7 wt%,
the partial MMT agglomeration led to a marked decrease in the reduced compressive
strength. Moreover, storage modulus increased to 5 wt% MMT and then decreased
continuously with the increase of MMT content to 7 wt% as a result from the strong
interaction between the MMT and the PI matrix to 5 wt%. Still, the thermal stability
was improved by the MMT incorporation, denoted by an increase of the temperature
for 10 wt% mass loss, as a result of the thermal isolation effect of the MMT. Finally,
the nanoscopic-confinement effects in the randomly exfoliated and intercalated
layer structures were responsible for the decrease in the dielectric constants of the
nanocomposite foams (Pan, Zhan, and Wang, 2011).

7.3.3  ELASTOMERIC POLYMER/MONTMORILLONITE NANOCOMPOSITE FOAMS

Elastomeric polymers are widely used in applications such as foamed sheets, auto-
motive parts, durable goods, impact-modifiers in engineering plastics, and wire and
cable owing to their outstanding heat, ozone, and weather resistance.

Ethylene-propylene-diene terpolymer (EPDM)/organomodified MMT (Cloisite
20A) nanocomposite foams were prepared by melt blending followed by foaming
with CO, in an autoclave. Hybrid morphology, that is, exfoliated/intercalated nano-
composites were obtained. By increasing the clay content, the tensile modulus and
tensile strength were increased due to the interfacial action between polymer and
clay nanoparticles. Cell size was decreased by half (from 12.0 um to 6.2 pm) and the
cell density was increased to 2.4 x 10'° cell/cm?, about 5.7 times larger, in compari-
son with the pure EPDM foam. These values were attributed to the larger effective
nucleation sites provided by the fine dispersion of the clay particles in the nanocom-
posite (Chang et al., 2011).

Polyethylene-octene elastomer (POE) was also used to prepare Cloisite
20A-containing nanocomposite foams with poly[ethylene-co-(methyl acrylate)-co-
(glycidyl methacrylate)] as a compatibilizing agent by melt blending followed by
foaming with CO, in an autoclave. Intercalated nanocomposites were produced.
Moreover, the tensile modulus of POE was increased by the stiffening effect of the
clay particles and the dynamic storage moduli were enhanced due to the huge inter-
facial action between the polymer and the clay nanoparticles. The foams exhibited
a closed-cell structure and the increase of the cell density was explained by the
much larger effective nucleation sites in comparison with the pure polymer foam.
The effective increase in the modulus due to the presence of clay nanoparticles
also restrained the cell growth and their coalescence, which resulted in a cell size
reduction (Chang, Lee, and Bae, 20006).

Still, open cellular elastomeric nanocomposite foams were obtained by polymer-
ization of water-in-oil high internal phase emulsions containing 2-ethylhexylacrylate,
styrene, divinylbenzene, and organomodified montmorillonite (Cloisite 15A and
Cloisite 30B). Cloisite 15A produced foams with pore sizes smaller than the foams
with Cloisite 30B due to the type of organoclay, which influenced the phase separation
behavior within the polymerizing organic phase. Intercalated nanocomposites were
obtained, although the mechanical properties were not improved (Moghbeli and
Shahabi, 2011).
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7.3.4 BIODEGRADABLE POLYMER/MONTMORILLONITE NANOCOMPOSITE FOAMS

As the plastics produced from fossil fuels, when discarded into the environment,
end up as waste that cannot degrade spontaneously, there is an urgent need for the
development of biodegradable polymers. However, their low thermal stability and
mechanical properties usually limit their application. Therefore, nanocomposite
preparation is an option to overcome these problems.

Poly(e-caprolactone) (PCL)/organomodified MMT nanocomposite foams pre-
pared by chemical foaming with azodiformamide were reported in the literature.
In comparison with the pristine foam, the nanocomposites presented an enhanced
compressive property. By increasing clay content, the pore size decreased and the
pore wall thickness remained almost the same at low clay contents. However, at high
clay contents, both parameters increased due to the change in the melt viscosity of
nanocomposites and the heterogeneous nucleation behavior of the clay at low con-
tents (Liu et al., 2009).

Another biodegradable polymer used to prepare nanocomposite foams is poly(lactic
acid) (PLA), which is used in service ware, grocery, waste-composting bags, mulch
films, controlled release matrices for fertilizers, pesticides, and herbicides (Di et al.,
2005; Lee and Hann, 2008; Lee et al., 2008; Ma et al., 2012; Ray and Okamoto,
2003a). The PLA nanocomposite foams prepared with two types of organomodified
MMT via a batch process in an autoclave with CO, can be mentioned. Intercalated
nanocomposites were obtained. At low foaming temperatures, the nanocomposite
foams showed smaller cell size and larger cell density in comparison with the neat
PLA foam, which suggested that the dispersed clay nanoparticles acted as nucle-
ation sites for cell formation and these properties were a result of heterogeneous
nucleation since it had a lower activation energy barrier as compared with the homo-
geneous nucleation. This conclusion was evidenced by the characterization of the
interfacial tension between bubble and matrix. Finally, the foams obtained had pores
in the range of microcellular (30 um) to nanocellular (200 nm) (Ema, Ikeya, and
Okamoto, 20006).

7.3.5 NATURAL POLYMER/MONTMORILLONITE NANOCOMPOSITE FOAMS

A different technique was used to prepare chitosan/xanthan gum/sodium mont-
morillonite nanocomposite foams. Aqueous colloidal suspension was prepared and
a gel structure was formed as a consequence of freezing, called cryogel, which
is a gel formed due to the concentration increase of the substrates caused by the
ice formation during freezing. This gel was dried, producing a macroporous foam.
Exfoliated nanocomposites were produced and the influence of the freezing method
was studied in terms of foam morphology. It was found that, in the case of the
contact freezing, rapid freezing (-2°C/min) produced randomly aligned pores in
comparison with the foam produced by slow freezing (—0.25°C/min) whereas the
mean pore size for rapid freezing and slowing freezing were 40 pum and 68 um,
respectively. Again, the use of MMT improved the hardness of the prepared foams
(Liu, Han, and Dong, 2009).



The Use of Montmorillonite Clay in Polymer Nanocomposite Foams 165

7.4 FUTURE PERSPECTIVES

A great number of studies focuses their attention on general purpose plastic/mont-
morillonite nanocomposite foams, although great attention has also been given to
biodegradable polymer nanocomposite foams. Moreover, it is important to mention
that a great deal of research has used organomodified montmorillonite in these nano-
composite foams as this type of montmorillonite presents higher compatibility with
the polymer chains and thus the clay particle dispersion is high, promoting a large
number of nucleation sites, and hence, a higher cell density and a smaller cell size.

The use of montmorillonite clay was especially beneficial for the production of
microcellular foams, which are considered for structural applications since they
are lightweight and a high-strength material. By adding montmorillonite, foam and
material properties were improved, which expands the range of applications.

However, the research presented refers to laboratory-scale production and in
aiming to turn these materials toward commercial availablility, several developments
must be performed, for example, the production of organomodified montmorillonite
in large scale and low cost. Moreover, new types of organomodified montmoril-
lonite should be investigated, for example, with nonionic surfactants, in order to
obtain nanocomposites, which are completely exfoliated since it is still a challenge
in the polymer/clay nanocomposite technology. By developing new types of
organomodified montmorillonite, nucleation and growth of the bubbles can also be
controlled rigorously. If these challenges are overcome, the use of montmorillonite in
polymer nanocomposite foams can be a successful way to produce foams in a wide
range of pore sizes that can be used in several types of applications.
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8.1 INTRODUCTION

Polymer nanocomposites are an important class of materials, which are an alterna-
tive to the conventionally filled polymers. These are materials in which nanosized
inorganic fillers, typically 1-100 nm in at least one dimension, are individually dis-
persed in a polymer matrix. Because of the nanometer sizes of the filler, nanocom-
posites exhibit markedly improved properties as compared to the pure polymers
or their conventional composites. These include increased modulus and strength,
outstanding barrier properties, improved solvent and heat resistance, and decreased
flammability (Lagashetty and Venkataraman, 2005).

Since their discovery in the early 1990s, both multi-walled (MWNTs) and
single-walled carbon nanotubes (SWNTs) have received considerable attention
due to their high strength and flexibility, large aspect ratio, low mass density,
and extraordinary electrical, optical, and thermal properties (Fischer, 2006).
Therefore, carbon nanotubes (CNTs) have been considered for a wide range of
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potential applications, especially as fillers in polymer composites (Ajayan et al.,
1994; Moniruzzaman and Winey, 2006; Spitalsky et al., 2010). In order to maxi-
mize the advantage of CNTs as effective reinforcement for high-strength polymer
nanocomposites, CNTs should not form aggregates, and must be well dispersed
to enhance the interfacial interaction with the matrix. Together with the reinforc-
ing effect, uniformly dispersed CNTs can imply a high electrical conductivity
of the composite by formation of an interconnected nanotube network inside the
polymer matrix at a relatively low content (Ramasubramaniama, Chen, and Liu,
2003). The most common methods for fabricating bulk CNT-polymer nanocom-
posites are based on mixing CNTs and polymers using solution or melt processing
or an in situ polymerization approach. In order to enhance nanotube affinity to
engineering polymer matrices, chemical modification of CNTs is necessary (Tasis
et al., 2006).

Weight reduction of nanocomposites is important in many applications because it
results in saving materials and energy, as well as easier manipulation. Formation of
pores during synthesis or postprocessing is usually an effective way to reduce both
the mass and density of bulk materials. Aerogels are an intriguing kind of foam-like,
solid-state material with unique properties such as extremely low density, large open
pores, and high surface areas (Pierre, 2011). Aerogels consist of a three-dimensional
solid network with a large number of air-filled pores that take up most of the volume.
A typical procedure for preparation of aerogels involves transformation of precursor
molecules in a liquid into wet gel and subsequent drying using specific techniques
(i.e., supercritical drying, freeze drying, etc.,) to avoid substantial shrinkage of the
solid network formed and to preserve the porosity of material (Biener et al., 2011).
Although most aerogels are fabricated from silica and pyrolized organic polymers,
there is an increasing interest in preparation of acrogel composites (Ramakrishnan
et al., 2006). In particular, assembling CNTs into aerogels creates a new nanocom-
posite material that integrates the intriguing properties of CNTs with the unique
structure and related properties of aerogels.

In this chapter, the recent advances in the field of carbon nanotube/polymer
nanocomposite aerogels and related materials are described. An emphasis is paid
to the relationship between the preparation method and the most characteristic
properties of these materials such as density, surface area, electrical conductivity,
mechanical strength, and so forth.

8.2 NANOCOMPOSITE AEROGELS CONTAINING A HIGH
CONCENTRATION OF CARBON NANOTUBES

The outstanding properties of CNTs in combination with their light weight have
prompted studies oriented toward the fabrication of low-density CNT-based foams
(Cao et al., 2005). Unfortunately, very often the realization of the intrinsic nanotube
properties in macroscopic forms such as foams has been limited. Free-standing CNT
aerogels fabricated from a wet gel based on CNTs dispersed by a low molecular mass
surfactant apparently suffer from low mechanical strength, resulting from the weak
van der Waals forces responsible for the structural integrity (Bryning et al., 2007).
The use of polymer binders to structurally reinforce CNT aerogels typically leads
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FIGURE 8.1 (See color insert.) Images of aerogels. (a) Macroscopic pieces of 7.5 mg/mL
CNT aerogels. Pristine CNT aerogel (left) appears black, whereas the aerogel reinforced in
a 1 mass% PVA bath (right) is slightly gray. (b) Three PVA-reinforced aerogel pillars (total
mass = 13.0 mg) supporting 100 g, or ca. 8000 times their weight. (c) This scanning electron
microscopy (SEM) image of a critical-point-dried aerogel reinforced in a 0.5 mass% PVA solu-
tion (CNT content = 10 mg/mL) reveals an open, porous structure. (d) This high-magnification
transmission electron microscopy (TEM) image of an unreinforced aerogel reveals small-
diameter CNTs arranged in a classic filamentous network. (Reprinted from Bryning M. B.
et al., 2007, Adv. Mater. 19, 661-664, with permission from John Wiley & Sons.)

to a significant increase of mechanical strength. In this case, the amount of polymer
is comparable to that of CNTs. For instance, poly(vinyl alcohol) (PVA) was success-
fully exploited in a number of works for reinforcement of aerogels made from both
SWNTs and MWNTs. Bryning and coworkers (2007) reported the first study on the
preparation of single- and double-walled CNT/PVA aerogels from aqueous gel pre-
cursors by supercritical drying or freeze drying (Figure 8.1).

The nanocomposite aerogels obtained are highly porous materials, with the pore
size ranging from tens of nanometers to one micron. Furthermore, the freeze-dried
samples possess a second generation of pores from tens to hundreds of micrometers
as a result of ice crystals that are formed during the freezing process. It was dem-
onstrated that the addition of a certain amount of PVA (PVA:CNTs mass ratio 1-6)
improves the strength and stability of the aerogels as compared to the fragile unrein-
forced CNT aerogels. Such materials can support at least 8000 times their own mass.
The electrical conductivity of the aerogels was found to depend mainly on the drying
process and PVA content. The freeze-dried samples are less conductive than the sam-
ples dried at supercritical conditions. The difference is attributed to the disruption
of the nanotube network that occurs during freezing. The electrical conductivity
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decreases proportionally to the increase of PVA content in the aerogel and reaches
values typical for solid polymer composites with comparable nanotube volume frac-
tion. Interestingly, the same authors discovered that short, high current pulses applied
to CNT/PVA nanocomposite aerogel produces an irreversible, stepwise increase of
electrical conductivity. The net increase could be quite large, for example, several
orders of magnitude, as shown in Figure 8.2.

Although this procedure did not induce any noticeable macroscopic and micro-
scopic changes in the sample, it was suggested that the current pulses decompose
PVA at the junction between the nanotubes.

MWNT/PVA nanocomposite aerogels with various nanotube content (25-91
mass%) were fabricated by applying flash freezing of aqueous nanotube/PVA
dispersion in liquid nitrogen and subsequent lyophilization (Skaltsas, Avgouropoulos,
and Tasis, 2011). During the freezing, ice crystals are formed and, as a result, the
dispersed CNTs and PVA macromolecules are accumulated in the regions between
crystal galleries. Thus, after sublimation of ice by freeze drying, a CNT/PVA scaf-
fold is produced, whose structure is a negative replica of the ice crystal structure.
It is confirmed by SEM analysis and nitrogen adsorption—desorption test that two
levels of porosity exist in the aerogels—mesopores identified as the distance between
isolated tubes or bundles and macropores identified as the distance between the
aerogel walls. A comparative study of aerogels with different MWNT concentra-
tion revealed that both the porosity and size of mesopores decrease gradually with
decreasing nanotube content.

It was demonstrated that MWNT/PVA aerogels exhibit interesting thermal and
catalytic properties as well as absorption capacity of polycyclic aromatic substances
and can be applied as catalyst supports, membranes, and thermal conductors.

MWNT/PVA aerogels have been fabricated employing the procedure for synthesis
of chemically cross-linked cryogels (Kueseng et al., 2010). In this case, glutaralde-
hyde was added to CNTs/PVA mixture to cross-link the polymer chains.

Another original approach for fabrication of nanocomposite aerogels based
on CNTs and chemically cross-linked polymers was described by Zou, Liu, and
Karakoti (2010). The authors first disperse MWNTs by poly(3-hexylthiophene)-b-
poly(3-(trimethoxysilyl)propyl methacrylate) (P3HT-PTMSPMA) due to the m—m
interaction between nanotubes and P3HT, form a physical gel and, then, cross-link
the polymer layer by hydrolysis and condensation of PTMSPMA blocks (Figure 8.3).

It is pointed out that the chemically cross-linked wet gel is a more advantageous
precursor for aerogels than the physical gel, which is mechanically weaker, and some
physical interactions may become diminished after the removal of the solvent. Further,
the wet gel was unidirectionally frozen by liquid nitrogen. Under such conditions,
pseudo-steady-state continuous growth of ice crystals generates an array of
micrometer-sized polygonal ice rods parallel with the freezing direction. The ice rods
act as a template for the honeycomb structure of nanocomposite aerogels obtained
by freeze drying. In addition to the unique macroporous structure, it was found that
aerogels have mesopores developed in the honeycomb walls, confirming that acrogels
are hierarchically porous materials. Noteworthy, the better dispersion of MWNTSs in
aerogels is indicated by the much narrower mesopore size distribution than that of
as-produced MWNTs. Regardless of their ultra-light density (4 mg/cm?), MWNT/
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FIGURE 8.2 (a) Discrete current pulses, 1, applied across a sample, as shown in this

schematic, improved the electrical conductivity of PVA-reinforced CNT aerogels. (b) A
15 ms, 0.5 mA current pulse (depicted by the vertical gray line) was applied to a 13.3 mg/
mL CNT critical-point-dried sample reinforced in a 0.5 mass% PVA bath. The conductivity
improved by ca. 2x after the pulse, and remained at the new level indefinitely. (c) A 15 ms,
100 mA current pulse was applied across the same sample, after the sample had undergone
repeated current pulses and the starting resistance was much lower. Although the current here
was much higher, conductivity improved only transiently, presumably because of heating, and
returned to the original value in a matter of seconds. (d) and (e) The full breakdown history
of this sample: (d) pulsing current was linearly increased up to 100 mA (pulse duration was
always 15 ms; pulses were spaced more than 30 s apart). Each point represents a discrete
current pulse. Arrows point to the pulses depicted in (b) and (c). (e) The corresponding steady-
state conductivity, measured 30 s after each pulse. Notice that the conductivity improved by
several orders of magnitude after repeated pulsing. (Reprinted from Bryning M. B. et al.,
2007, Adv. Mater. 19, 661-664, with permission from John Wiley & Sons.)
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FIGURE 8.3 (See color insert.) Schematic illustration of gelation process of P3HT-
b-PTMSPMA dispersed MWCNTs. Before gelation, P3HT blocks bond to the MWCNT
surface through m—m interaction; PTMSPMA blocks locate at the outer surface of MWCNT.
After gelation, MWCNTs interact with each other through chemical bonding formed by
PTMSPMA blocks. (Reprinted from Zou J. et al., 2010, ACS Nano 4, 7293-7302, with
permission from the American Chemical Society.)

P3HT-PTMSPMA aerogels are mechanically robust as confirmed by compression
tests with the stress loaded along and perpendicular to the cell axis direction. The
material can be repeatedly compressed down to 5% of its original volume and recov-
ers most of its volume after the release of compression. These properties are attributed
to the mechanical strength of MWNTs and the cross-linking of polymer binder. The
good compression recovery and conductive properties (3.2x102 S/cm) of aerogels
provided pressure responsive properties of the material (Figure 8.4).

The reproducible and highly sensitive change of the resistance with the applied
pressure (5—200 Pa) makes these aerogels a promising candidate for ultrasensitive
pressure sensing. In addition, it was found that aerogel’s resistance increases when
exposed to chloroform vapor in 0.5 s and then completely recovers the previous value
in air at a very low detection limit (1 ppb). Thus, such materials have a potential
application as chemoresistance vapor sensors.

Stable aerogels based on single- or double-walled CNTs and ferrocene-grafted
poly(p-phenyleneethynylene) (Fc-PPE) copolymers were produced by forming
a three-dimensional assembly in solution, followed by CO, supercritical dry-
ing (Kohlmeyer et al., 2011). The method is based on the fact that at sufficient
copolymer concentration, the ferrocenyl groups act as anchoring units and the
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FIGURE 8.4 (a) The resistance change of MWCNT aerogel with applied pressure. At
low-pressure range, the resistance varies linearly with the pressure (inset). (b) Change of
WCNT aerogel resistance with loadings. Arrows indicate the moments of the application
and release of loading. (Reprinted from Zou J. et al., 2010, ACS Nano 4, 7293-7302, with
permission from the American Chemical Society.)

copolymer cross-links CNTs, resulting in formation of a stable organic gel precursor
for fabrication of aerogels. The mass of Fc-PPE (20, 33, and 50%) has notable effect
on the mechanical stability, electrical conductivity, surface area, and porosity of
aerogels. Aerogels with 20 mass% Fc-PPE exhibit the highest electrical conductivity,
specific surface area, and mesopore volume, however, their mechanical weakness
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makes them less attractive materials. Conversely, aerogels with 50% Fc-PPE dis-
play the best mechanical properties, but have low specific surface area. Hence, aero-
gels containing 33% Fc-PPE are considered the most suitable materials for further
investigation. While the copolymer is crucial to form stable organogels and aerogels,
it was found that it could substantially block the micropores (<2 nm) and small meso-
pores (2—4 nm) and reduce the specific surface area and mesopore volume of aerogel.
However, it was demonstrated that by a thermal annealing procedure the copolymer
can be decomposed and the originally blocked micropores and small masopores can
be reopened. As a result, specific surface areas of annealed aerogels were increased
dramatically by 50-240%, while the electrical conductivity was increased by a fac-
tor of 6-13 (up to 1.96 S/cm).

Aerogels based on CNTs and natural polymers have also been investigated
for numerous applications. For instance, chitosan was used as both a disper-
sion agent and structure binder to fabricate MWNT aerogels via the so-called ice
segregation-induced self-assembly process (Gutiérrez et al., 2007). This approach
allows preparation of aerogels built from interconnected MWNT/chitosan sheets
arranged in parallel layers (Figure 8.5) by unidirectional freezing of the aqueous
dispersion in liquid nitrogen and subsequent freeze drying.

Aerogel composition determines its physical properties. For example, the
increase of MWNT content from 66 to 89 mass% increases the electrical
conductivity of material from 0.17 to 2.5 S/cm. Aerogel containing 89 mass%
MWNTs was further decorated with Pt nanoparticles and its electrocatalytic prop-
erties were studied. Due to the combination of high electrical conductivity, high

FIGURE 8.5 (See color insert.) Picture of MWCNT/CHI monoliths with different shapes
and sizes resulting from the ISISA processing of MWCNT/CHI suspensions placed in
different disposable containers; an insulin syringe (left) and a polystyrene cuvette (right).
(a) Bar is 1 cm. SEM micrograph of the longitudinal section of a MWCNT/CHI monolith.
(b) Bar is 50 um. The MWNT content of every monolith shown is 85 mass%. Arrows indicate
the direction of freezing. (Reprinted from Gutiérrez M.C. et al., 2007, J. Phys. Chem. C 111,
5557-5560, with permission from the American Chemical Society.)
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internal reactive surface, and the easy access through the aligned microchanelled
structure, such material has remarkable performance as anode for a direct
methanol fuel cell.

The advantages of aerogels with aligned structure over those with disordered
structure were demonstrated by Kwon, Kim, and Jin (2009). Aerogels based on
MWNTs and silk fibroin with aligned structure were obtained by unidirectional
freezing of aqueous dispersions in liquid nitrogen at a constant rate of 10 cm/h
and freeze drying, while the nonaligned aerogels were prepared by formation of
MWNTs/silk fibroin hydrogels, flash freezing, and freeze drying. As a result, all
aligned aerogels have a porous microchannel structure, while the nonaligned aero-
gels possess a 3D random network structure. Inner morphology observations by
TEM revealed that MWNTs in the aligned samples are better connected to each
other than those in the disordered samples. Overall, the aerogels with aligned porous
structure exhibit higher electrical conductivity, thermal resistance, and surface area
as compared to nonaligned aerogels.

Foam-like MWNT/polymer nanocomposite has also been prepared by a method
already described for silica foams (Carn et al., 2004). First, SWNTs were dis-
persed in water using carboxymethyl cellulose sodium salt and then a liquid foam
was obtained via a bubbling process on a column (Leroy et al., 2007). This method
allows control of the size and shape of cells by playing with the diameter of the
porous filter and the liquid flux. Finally, the liquid foam was cooled down to —80°C
and lyophilized.

8.3 NANOCOMPOSITE AEROGELS CONTAINING A LOW
CONCENTRATION OF CARBON NANOTUBES

The general trend seen in the studies focused on nanocomposite aerogels containing
a high concentration of CNTs is that the polymers serve as structure binders, that is,
they reinforce the material, but do not dominate the physico-mechanical properties.
As a typical example, the addition of polymers, which are usually insulators,
decreases the electrical conductivity of CNT aerogel to a certain extent but the val-
ues reported are still in the range of those accepted for conducting materials.

In terms of conventional CN'T/polymer nanocomposites, usually the incorporation
of CNT fillers aims at increasing both the mechanical properties and conductivity
of polymer matrix. Preferably, the content of CNTs should be as low as possible,
thus, providing cheaper materials. In particular, the fabrication of CNT/polymer
nanocomposite aerogels with low CNT content (<5 mass%), which combine good
mechanical properties and high electrical conductivity, still seems to be a challenge.
One of the first papers dealing with CNT/polymer aerogels highlighted that the resis-
tivity of such material can be decreased significantly only by thermal decomposition
of the polymer (Nabeta and Sano, 2005). Otherwise, the aerogels obtained from
SWNT/gelatin hydrogels (ca. 1, 3, and 16 mass% nanotubes with respect to polymer)
by freeze drying are insulators. According to SEM analysis and electrical resistivity
measurements, SWNTs are completely embedded in the polymer matrix but do not
form an interconnected network (percolation threshold) even at the highest nanotube
concentration studied.
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FIGURE 8.6 Representative SEM micrograph of PNIPAAm cryogel with MWNTs
embedded into the walls. (Reprinted from Petrov P. and Georgiev G., 2012, Eur. Polym. J.
48, 13661373, with permission from Elsevier.)

A similar tendency was observed by our team in experiments focused on
the preparation of MWNT/polymer nanocomposites employing an established
procedure for synthesis of cryogels via UV irradiation (Petrov and Georgiev, 2012).
When MWNTs were mixed with the reagents and then the cryogel was formed by
cryogenic treatment and irradiation with UV light, all nanotubes were fully embed-
ded into the cross-linked polymer matrix due to the cryo-structuring phenomena
(Figure 8.6).

As expected, at low CNT concentration (0.1-0.5 mass%), the nanocomposite
aerogels were insulators, determined by the nature of polymer matrix. One should
mention that these materials were fabricated mainly for comparison with other nano-
composite aerogels that exhibit high electrical conductivity at the same CNT’s con-
centration. The last materials were obtained by deposition of CNTs onto the inner
surface of preformed aerogels (Petrov and Georgiev, 2011). The process involves
soaking of chemically cross-linked polymer aerogels in stable aqueous dispersion of
modified CNTs, freezing at —20°C, and subsequent lyophilization. It is assumed that
during the cryogenic treatment, most of the water in the system forms ice, whereas
CNTs are accumulated on the top of crystals and are gradually pushed to the cryogel
walls by the growing crystals (Figure 8.7).

As a result, aerogel walls are coated with a very thin layer of interconnected
tubes (Figure 8.8) unlike the aerogels where the tubes are embedded into the polymer
matrix.

The layer is built mainly by individual CNTs instead of bundles, which favors the
formation of an interconnected CNT network at low concentration. Indeed, electri-
cal conductivity measurements revealed a sharp decrease of aerogel resistivity at
CNT concentration in the range of 0.12—0.15 mass%. Since the polymer matrix is
made by insulating polymers, the high conductivity values (Table 8.1) are attributed
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CNTs layer

FIGURE 8.7 (See color insert.) Schematic representation of ice-mediated deposition of
CNTs onto inner surfaces of cryogel walls. (Reprinted from Petrov P. and Georgiev G., 2011,
Chem. Commun. 47, 5768-5770, with permission of The Royal Society of Chemistry.)
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FIGURE 8.8 Representative SEM micrograph of the wall of a freeze-fractured macropo-
rous PNIPAAmM/MWNT composite containing 0.15 mass% CNTs to the polymer weight.
(Reprinted from Petrov P. and Georgiev G., 2011, Chem. Commun. 47, 5768-5770, with
permission of The Royal Society of Chemistry.)

to the CNT’s arrangement into a 3D network. It is important to note that nanocom-
posite aerogels with high electrical conductivity were obtained from different poly-
mer precursors at a similar concentration of both SWNTs and MWNTs. The tensile
properties of nanocomposites obtained by deposition of CNTs onto preformed aero-
gels (Table 8.2) were nearly the same as compared to the native polymer matrix
(without CNTs). On the other hand, by changing the polymer type nanocompos-
ite, aerogels of different stiffness and flexibility can be fabricated. For instance, the
materials based on poly(N-isopropylacrylamide) (PNIPAAm) and polyacrylamide
(PAAm) are harder and more brittle, while those based on 2-hydroxyethylcellulose
(HEC) and poly(ethylene oxide) (PEO) are softer and more flexible. Moreover, mix-
ing of a soft (HEC) and a rigid (PAAm) precursor provides material that combines
both good stiffness and high flexibility (Figure 8.9). Concerning the conductivity
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TABLE 8.1

Electrical Conductivity of Different CNT/Polymer Nanocomposite Aerogels
Fabricated by Deposition of Carbon Nanotubes onto Preformed Polymer
Aerogels

Polymer Type* CNT Type CNT Concentration (wt%) Electrical Conductivity (S/m)

HEC SWNTs 0.14 5.9x102
HEC/PAAm SWNTs 0.12 3.2x102
PNIPAAm SWNTs 0.15 2.8x1072
PNIPAAm MWNTs 0.15 1.1x102
PEO MWNTSs 0.12 5.1x1072
PEO/PAAm MWNTs 0.15 4.2x107

* Electrical conductivity of all polymer aerogel precursors was below the instrument detection limit
(0.0001 S/m).

TABLE 8.2

Mechanical Properties of Different Precursors and CNT/Polymer
Nanocomposite Aerogels Fabricated by Deposition of Carbon Nanotubes
onto Preformed Polymer Aerogels

CNT Elongation at
Polymer CNT Concentration  Yield Strength Young’s Ultimate
Type Type (Wt%) (MPa) Modulus (MPa)  Strength (%)
PNIPAAm — — 0.021 £ 0.002 32+0.1 34+0.1
PNIPAAm MWNTs 0.15 0.020 = 0.001 3.1+0.1 3.0+0.1
HEC — — 0.004 = 0.001 0.06 = 0.01 219=+1
HEC SWNTs 0.14 0.004 + 0.001 0.06 = 0.01 198 +1
HEC/PAAm — — 0.011 £ 0.002 1+0.1 10.1+1
HEC/PAAm  SWNTs 0.12 0.012 +0.001 1.1+0.1 94=x1

level, such nanocomposite aerogels are suitable for applications as electrostatic
dissipation materials (Ramasubramaniam, Chen, and Liu, 2003).

Another strategy for preparation of highly conducting CNT/polymer aerogels
with low concentration of CNTs is based on the coupling of CNTs and intrinsi-
cally conducting polymers (Zhang et al., 2011). Accordingly, composite aerogels
containing MWNTs (1-20 mass%) were obtained by supercritical CO, drying of
poly(3,4-ethylenedioxythiophene)-polystyrenesulfonate (PEDOT-PSS)/MWNTs
hydrogel precursors. For instance, the embedding of 5 mass% MWNTs increased the
conductivity of PEDOT-PSS aerogel from 1.2x10-2 to 6.9x10-2 S/cm. Importantly, it
was established that the specific surface area of aerogels increases with CNT con-
tent up to 2 mass% and then drops down (Figure 8.10). This result is ascribed to the
quality of MWNTs dispersal in the polymer matrix. When loading an amount of
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FIGURE 8.9 Flexible MWNT/HEC-PA Am nanocomposite aerogel prepared by deposition
of nanotubes on to the preformed polymer gel.
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FIGURE 8.10 BET surface areas versus nanotube contents of PEDOT-PSS/carbon nano-
tubes composite aerogels. (Reprinted from Zhang X. et al., 2011, Carbon 49, 1884-1893, with
permission from Elsevier.)

MWNTs < 2 mass%, nanotubes are dispersed uniformly in the aerogel, so the higher
the nanotube loading, the more the individual nanotubes take place in the surface
area enhancement. Above 2 mass%, the increase in MWNT concentration leads to
worse dispersing and, consequently, the number of individual tubes decreases.

8.4 CARBON NANOTUBE-BASED AEROGELS
IMPREGNATED WITH POLYMERS
The benefit of fabricating robust, highly conducting CNT-based aerogels

possessing open-cell macroporous structure was further exploited toward devel-
opment of new types of composite materials. They were prepared by backfilling
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or infiltrating a CNT-based sponge with melted thermoplastic polymer or other
liquid (resin, monomer) that could be subsequently cured to form a solid compos-
ite comprising a 3D nanotube network embedded in the polymer matrix. Thus, a
CNT aerogel (prepared from SWNTs and gelatin and subsequent thermal decom-
position of the polymer) was immersed in a low-density polyethylene melt and
then cooled (Nabeta and Sano, 2005). The porous structure allowed the polymer
to penetrate into the sponge without disintegrating the foam structure. The result-
ing composite has similar electrical conductivity to the original nanotube aerogel
but is more elastic. One of the major differences between the present composite
and the composites made by dispersing CNTs in polymers is that the nanotube
network is formed prior to mixing and its integrity is not disrupted during the
process.

In a similar manner, PVA-reinforced CNT aerogel was successfully impreg-
nated with epoxy resin and cured (Bryning et al., 2007). The initial results
indicated that, upon filling and curing, the conductivity of composite remained
constant to within a factor of two. Further, this concept was extended to the
preparation of stretchable conductors by backfilling SWNT aerogels with the elas-
tomer polydimethylsiloxane (PDMS) (Kim, Vural, and Islam, 2011). The resultant
composites are highly bendable, deformable, and stretchable. The electrical con-
ductivity varies in the range of 70-108 S/m and remained the same under high
bending strain and increased slightly at a tensile strength of 100%. The transpar-
ency of the elastic conductors increased with decrease of the thickness and, for
example, 3-um thin composite film exhibited transmittance of 93% in the visible
light region.

Moreover, measurement conducted after 20 stretch—release cycles, both parallel
and perpendicular to the conduction direction, revealed that the conductivity
remains almost constant. As mentioned above, one of the striking characteristics of
SWNT aerogel/PDMS composite films is the negligible dependence of their electri-
cal conductivity on bending deformations (Figure 8.11).

This behavior was attributed to the isotropic structure of SWNT aerogel and
short mean length of the nanotubes, which allows it to withstand multiaxial loading
and elongation with negligible change in the electrical properties. Importantly,
all composite materials remained robust after repeated stretch—release cycles and
bending.

Carbon nanotube/polymer composite fibers have been obtained by infiltration
of a liquid monomer into millimeter-long MWNT aerogel fibers with subsequent
in situ polymerization (Zhang et al., 2009). It was found that the composition
can be changed by playing with the soaking time. For instance, the soak-
ing of MWNT aerogel fibers in the monomer (methylmethacrylate, MMA) for
3 h yielded composite containing 15 mass% MWNTs. SEM analysis of this
composite showed a homogeneous penetration of MMA into the CNT fiber
(Figure 8.12).

With an increase in MMA soaking time to 12 h, more liquid penetrates into the
CNT fibers and they become swollen. In this case, the concentration of MWNTS in
the final composite was 3 mass%. At such low content, there are some regions with
heterogeneous distribution of polymer. The composite fibers exhibited improved
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FIGURE 8.11 Normalized resistance as a function of radius of curvature for transparent
and nontransparent SWNT-aerogel/PDMS composite films. For all composite films, the
electrical conductivity remained almost unchanged under bending deformations. The insets
show transparent and nontransparent SWNT-aerogel/PDMS composite films bent by 180°.
(Reprinted from Kim K. H. et al., 2011, Advanced Materials 23, 2865-2869, with permission
from John Wiley & Sons.)
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FIGURE 8.12 SEM images of CNT-PMMA composite fiber with 3 h of MMA liquid
soaking: (a) fiber surface, (b) large magnification of (a), (c) cross-section, and (d) large
magnification of (c). Arrows show the cutting directions. (Reprinted from Zhang, S. et al.,
2009, Macromol. Rapid Commun. 30, 1936—1939, with permission from John Wiley & Sons.)
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tensile strength and modulus as compared to control PMMA (without CNTs) and
as-drowned MWNT aerogel fiber. It was proposed that the local ordering of PMMA
(evidenced by WAXS) could increase the load transfer to the aligned 1 mm long
CNTs in the composite fibers.

Highly conductive stiff composite with remarkable low CNT concentration
(1.2 mass%) were fabricated from SWNT-based aerogel and PDMS (Worsley,
Kucheyev, Kuntz et al., 2009). The composite material exhibited ca. 300% increase
in the elastic modulus relative to the unloaded PDMS elastomer and electrical
conductivity over 1 S/cm. SEM study showed that the SWNT network is homoge-
neously distributed throughout the polymer matrix, suggesting that there is good
wetting at the PDMS/nanotube interface and that the CNT scaffold is intact after
infiltration and curing.

8.5 AEROGELS FORM CARBON NANOTUBE/
POLYMER NANOCOMPOSITE PRECURSORS

As already mentioned, macroscopic low-density aerogels fabricated from CNTs,
though conductive, are mechanically weak and the use of polymer binders to
reinforce the foam-like structure is required (Bryning et al., 2007). The binders
often decrease the electrical and thermal properties of the CNT scaffold due to
their insulating nature. The design of a CNT aerogel with a conductive binder, how-
ever, could yield materials, which simultaneously exhibit the desirable properties
like mechanical robustness and high electrical conductivity. A valuable strategy
for fabricating such composite materials, based on the carbonization of a poly-
mer binder, has been reported by Worsley, Satcher, and Baumann (2008). It is
based on the sol-gel method typically used for the synthesis of carbon aerogels
(Kong et al., 1993). The preparation protocol involves mixing CNTs with resor-
cinol, formaldehyde, and catalyst (NaCO,) in water and formation of hydrogel
due to the polycondensation reaction of resorcinol and formaldehyde. Then, the
hydrogel is supercritically dried with CO,. The obtained composite CNT/polymer
aerogel precursor was pyrolysed at 1050°C in an inner atmosphere to afford a CN'T/
carbon nanocomposite aerogel (CNT/CA). An example of double-walled carbon
nanotube (DWNTs)/CA containing relatively low amounts of nanotubes is shown
in Figure 8.13. The structure of aerogel consists of an interconnected network of
primary carbon particles and embedded DWNTs.

It was established that the electrical conductivity of DWNTs/CA increases
with nanotube concentration and reaches 8.1 S/cm at the highest content stud-
ied (8 mass%). A similar trend was observed by the same authors for the thermal
conductivity of DWNTs/CA (Worsley, Satcher, and Baumann, 2009). Further, the
study was extended to the fabrication of SWNTs/CA containing up to 55 mass%
nanotubes (Worsley, Pauzauskie et al., 2009). Interestingly, above 20 mass%, the
microstructure of aerogel changed from a network of carbon nanoparticles to a
network of randomly oriented filament-like formations. Hence, at high SWNT con-
centrations, the majority of nanoparticles are located on the surface of the SWNTs
and interconnect the nanotube bundles. In other words, above concentrations of
20 mass%, SWNTs dominate the microstructure of aerogels and determine their
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FIGURE 8.13 SEM images of SWNT-CA with (a) 4 mass%, (b) 20 mass%, (c) 30 mass%,
and (d) 55 mass% SWNTs. (Reprinted from Worsley M. A., Pauzauskie P. J. et al., 2009, Acta
Mater. 57, 5131-5136, with permission from Elsevier.)

properties. For instance, a pronounced enhancement of the electrical conductivity
and large decrease of the volumetric shrinkage that occurs during the drying and
carbonization steps were observed for SWNT/CA containing 30 and 55 mass%
nanotubes as compared to the aerogels with less than 20 mass% nanotubes.
Nanoindentation measurements of SWNT/CAs showed density dependences of
mechanical properties (Worsley, Kucheyev, and Satcher et al., 2009). On the other
hand, the morphology change from nanoparticle network to filament network made
by CNT bundles interconnected by carbon particles, resulted in an increase of the
Young’s modulus by a factor of 2 to 3 (Shin et al., 2012). In addition, these materi-
als exhibited remarkable elastic behavior up to compressive strains as large as 80%
(Figure 8.14, inset). Compared to other types of aerogels, at given density, CNT/
CAs seems to be the stiffest material. For example, at density less than 100 mg/
cm, CNT/CAs with high nanotube content are ca. 12 times stiffer than conventional
silica aerogel (Figure 8.14).

The use of MWNTs/polyacrylonitrile as an alternative precursor for
preparation of MWNT/CAs has been reported by Bordjiba, Mohamedi, and Dao
(2007). The amount of MWNTSs in nanocomposite aerogels was varied from 3 to
10 mass%. These materials also exhibited high specific surface area, specific
capacitance, and conductivity, and were considered for electrochemical capacitor
applications.
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FIGURE 8.14 Dependence of Young’s modulus on density for monolithic CNT foams
compared to carbon, silica, and alumina aerogels. The inset shows the sequence of uniaxial
compression of a monolith (30 mg/cm? and 55 mass% CNT content), illustrating the
superelastic behavior with complete strain recovery after compression to strains as large as
~76%. (Reprinted from Worsley M. A., Kucheyev S. O. et al., 2009, Appl. Phys. Lett. 94,
073115, with permission from the American Institute of Physics.)

8.6 CONCLUSIONS

Fabricating CNT-polymer nanocomposite aerogels is a straightforward strategy
to obtain ultralight foam-like materials with intriguing properties and many
potential applications as vapor sensors, catalyst support, thermal conductors,
anodes, electrostatic dissipation materials, and so forth. As a whole, CNT-polymer
nanocomposite aerogels possess high surface area and electrical conductivity,
very low density, and reasonable mechanical strength. Usually, the polymer
fraction in aerogels is comparable to CNT mass and acts as a structural binder.
Chemical cross-linking of polymers in the wet gel precursor leads to enhanced
mechanical properties of aerogels. Alternatively, nanocomposite aerogels
with low CNT content and high conductivity can be prepared by ice-mediated
deposition of modified nanotubes onto preformed polymer aerogels. CNT-polymer
nanocomposite aerogels can be also used as precursors for preparation of monolith
materials, by infiltration with melted polymer, monomer, or resin, or CNT-carbon
aerogels by pyrolysis of the polymer fraction.
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9.1 INTRODUCTION

Conventional polymeric foams are employed in many application fields such as pack-
aging, buildings industry, transportation (automotive, aeronautics, naval), and human
safety because they are lightweight structures that can combine structural properties
(stress mitigation, cushion, energy absorption) to functional ones (thermal or electric
insulation, acoustic insulation or absorption, weight reduction, comfort management,
filtration, thermal stability, fire resistance). The service temperatures in these appli-
cations are not much different from room temperature (Gibson and Ashby, 1997) and
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foams based on conventional polymers fulfill the performance requirements. In this
context, the growing needs of reducing weight at high service temperatures (Sun and
Mark, 2002; Sun, Sur, and Mark, 2002) for high-performance applications such as
in transportation (sandwich structures to be employed in automotive or aeronautics)
or electronics (where electric insulation should be combined to high thermal conduc-
tion) is leading to wider requests for high-performance foams.

High-performance thermoplastic polymers are gaining increasing attention for
producing foamed materials due to their several advantages on thermosets, such as
higher impact strength, recyclability, weldability, absence of volatile organic com-
pounds, reduced processing time, and lower manpower for large scale productions
(conversely the thermoplastic process is not affordable in case of small productions
or prototyping), but a deep understanding of the foaming process is still ongoing
(Sorrentino, Aurilia, and Iannace, 2011). Thermoplastics exhibit a very high viscosity
when compared to thermoset polymer precursors and have to be processed above
their characteristic transition temperatures (glass transition temperature, for amor-
phous matrices, or melting temperature, in case of semicrystalline polymers). Unlike
thermosets, they can also be worked several times because cross-linking does not
take place and molecules can still flow above specific temperatures.

High-performance thermoplastics (HPTP) have a narrow market diffusion due
to their high cost and the difficulties in their processing. Consequently, HPTPs are
only used in specialized applications that require a polymeric matrix with a com-
bination of extraordinary properties, from both a mechanical point of view (high
stiffness, strength, and toughness) and a functional one. In particular, HPTPs are
very interesting for their thermal properties (service temperatures, thermal stability,
or shrinkage properties) and their FST characteristics, being frequently intrinsically
flame retardant.

Among all the peculiar properties, which are conventionally used to distinguish
HPTPs from commodity or engineering polymers, the transition temperatures are
the most relevant. In fact, the glass transition temperature, T,, and the melting tem-
perature, T,, can reach values as high as 270°C for amorphous polymers and 380°C
for semicrystalline polymers, respectively, extending their working temperatures to
the lower limit of metals.

The main properties of high-performance thermoplastics are summarized in
Table 9.1 and compared to some commodity polymers and common metals. It is
evident that from a mechanical point of view, HPTPs exhibit improved properties
with respect to conventional polymers, but that they are far from the values of metals
even if looking to specific properties. HPTPs, of course, can be shaped and are
characterized by processing temperatures much lower than metals.

To further improve HPTP’s structural as well as functional properties, additives
can be incorporated into the polymeric matrix. Short fibers from glass, aramid,
carbon, or basalt are often used to improve the mechanical properties of HPTPs,
and to extend their working temperature range due to the increase of the heat deflec-
tion temperature. They are usually dispersed in the melt state through extruders or
mixers, but due to the high temperature needed, the processing conditions have to be
carefully controlled. The elastic moduli increase is proportional to the fiber content,
but a high amount of short fibers (25% or more) have to be used to gain significant
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TABLE 9.1
Main Properties of High-Performance Thermoplastic Polymers

Heat Deflection Tensile Impact Strength

Temperature @ Tensile Yield Modulus (1zod Notched) Density
Material 1.82 MPa, °C Strength MPa GPa J/m g/cm3
HDPE 44 28 1.3 32 0.96
PP 52.8 22 1.3 30 0.91
PC 129 62 2.4 850 1.20
PMMA 92 72.4 3.0 21 1.19
PEK 163 104 32 — 1.27
PEEK 160 94 3.7 84 1.32
PEKK 175 103 4.1 55 1.30
PET 65 80 2.6 90 1.37
PEN 109 108 2.5 39 1.33
PA66 90 83 2.8 53 1.14
LCP 187 182 10.6 95 1.40
PAEK 160 95 32 64 1.38
PCT 66.2 48 1.8 150 1.21
PES 234 84 24 86 1.37
PPS 115 86 32 17 1.35
PI 238 92 2.8 — 1.33
PAI 265 138 4.0 111 1.38
PEI 210 105 3.0 53 1.27
sPS 95 38 (yield) — 1.02

Tensile
Melt Tensile Modulus Impact Strength Density

Temperature °C Strength MPa GPa J/m g/cm?
Al 660 17 68.0 2.69
Steel 1430 250 201.0 7.86
Ti 1650-1670 170 116.0 4.50

improvements of the heat distortion temperature. Inorganic powders are instead
used, still in high amount, to improve tribological properties, flame retardancy, ther-
mal conductivity, EM shielding, electrical conductivity, or to improve crystallization
kinetics. A high filler loading creates processing difficulties, related to the good
dispersion of the reinforcing phase to avoid aggregates and to the preservation of
shape factors (in particular for fibers which must have minimum length to diameter
ratios to be effective).

In order to overcome this issue, nanofillers are increasingly considered because
they can boost performances with a small weight fraction (lower than 5% by weight).
They can also be used to embed functional properties, such as flame retardancy, EM
shielding, gas barrier, and can help in controlling the processing parameters, such
as crystallization kinetics and foamability. In order to exploit their potential, a very
good dispersion is essential, and the processing issues typical of nanocomposite
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polymers still apply to the HPTP, such as tightening the industrial production
processes. Furthermore, property improvements strongly depend on the degree of
nanofiller dispersion and the nanofiller-matrix interfacial adhesion (Diez-Pascual,
Naffakh, Marco, Ellis et al., 2012; Moniruzzaman and Winey, 2006; Thostenson,
Ren, and Chou, 2001).

Conventional platelet-like nanofillers, such as montmorillonite or fluorhectorite
nanofillers based on organomodified ammonium salts, cannot be used for either cell
nucleation or performance improvement at high processing temperatures because
degradation of the organic modifier occurs. Several difficulties are encountered in the
production of high-performance nanocomposite-based organomodified nanofillers,
in particular through melt blending techniques. In fact, due to the very high process-
ing temperatures needed, nonconventional organic modifiers or a different class of
nanofillers should be considered for the preparation of high-performance nanocom-
posites and their foams.

Structural and functional properties are widely dependent on particle charac-
teristics, such as their amount, nature, shape, particle size, surface characteristics,
degree of dispersion in the polymer, and, eventually the size of their aggregates. The
huge interfacial area in a polymer nanocomposite helps to influence the composite’s
properties to a great extent even at rather low filler loading but the homogeneous
dispersion of nanoparticles is very difficult to achieve because they tend to easily
agglomerate.

High-performance foams based on thermoplastics are difficult to produce by
means of conventional thermoplastics technologies, such as the extrusion foaming
process, because the high temperatures involved could be responsible for thermal
degradation of the matrix, and a careful control of the foaming conditions should
be assured. High-performance foams could also be formed starting from prefoamed
sheets by means of the thermoforming technology, but only simple geometries can
actually be produced due to the high temperatures issue.

To further improve performances, nanometric fillers are widely investigated for
embedding in the polymeric matrix. Especially in foams, they can improve cell
nucleation, crystallization kinetics, and elongational viscosity (fundamental for the
production of a fine cellular structure).

Many studies have been conducted on processes and characterizations of foams
from high-performance thermoplastic polymers and their nanocomposites in order
to exploit their potential, which is mainly related to the cellular morphology. The
morphology of foams is very complex to control, because it is characterized by sev-
eral parameters, namely specific density, mean cell size, cell size distribution, degree
of cell interconnections (with the extremes of the range being closed cells and open
cells), and cell anisotropy. Foam characteristics, and in particular the morphology,
has to be carefully designed according to the requirements of the specific application.
For example, foams with microcellular closed-cell structure (cell density of at least
10° cells/cm?® and diameters of less than 10 um) (Colton and Suh, 1986,1987a;
Sorrentino, Di Maio, and lannace, 2010) are needed to maximize mechanical or
thermal insulating properties, while open-cell morphology with a high degree of
interconnections has to be used in filtration applications, with mean cell size propor-
tional to the minimum particle diameter to be sieved.
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Actually, very few high-performance foams are available on the market, probably
due to the difficulties of manufacturing. They are often based on thermoset polymers
and usually produced through complex and long processes, such as foaming from
low-molecular-weight precursors or stabilizing the cellular structure by polymer
cross-linking. Nanocomposite foams from high-performance thermoplastics are
their most promising replacements because they can couple high heat deflection
temperatures with a fine control of their morphology, in turn maximizing the perfor-
mances to the specific application.

9.2 PROCESSING PARAMETERS

In order to form polymeric foams, bubbles must first nucleate and grow within
the molten or plasticized viscoelastic material. Subsequently, consolidation of the
structure must occur due to the increase of viscosity during cooling and/or reduc-
tion of plasticization and finally solidification of the continuous phase. The initial
nucleation is induced by a change in thermodynamic conditions, generally a change
of temperature and/or pressure. During this stage, a second phase is generated from
a metastable polymer/gas homogeneous mixture (Cotugno et al., 2005; Klempner
and Sendjarevic, 2000).

Several industrial processes are available to produce foamed polymers and are
based on the following operations:

e Solubilization of the blowing agent.

e Bubble nucleation generally obtained by a sudden modification of the local
thermodynamic conditions that induce a phase separation in the matrix—
gas system. Usually, this can be achieved by a decrease of pressure or an
increase of temperature.

* Bubble growth through the diffusion of gases from the polymer/gas mixture
to the nucleated bubbles.

e Stabilization of the cellular structure through a fine control of the solidifi-
cation process to avoid the collapse of the structure and/or the coalescence
of cells.

The process parameters that can be controlled to tailor the architectural
morphology of cellular structures (Sorrentino, Di Maio, and Iannace, 2010; Sun and
Mark, 2002; Sun, Sur, and Mark, 2002) such as density, cell size, cell size distribu-
tion and cell density (number of cells per unit volume) are mainly (i) the amount of
the blowing agent in the matrix/gas mixture, (ii) the foaming temperature, (iii) the
pressure drop, and (iv) the pressure drop rate. They should be chosen by taking into
consideration the intrinsic limitations related to the particular molecular structure,
the viscosity of the melt and, for crystalline materials, their crystallization kinetics
(Ramesh, Rasmussen, and Campbell, 1991).

In order to improve the number of cells, it is industrial practice to use nucleating
agents to have a fine control of the final foam morphology (Fujimoto et al., 2003;
Mitsunaga et al., 2003). Traditional nucleating agents are microsized particles,
such as talc, which is cheap, efficient, easy to disperse in the polymer, and in large
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amounts to form master batches. The presence of this filler gives heterogeneous
nucleation, which is characterized by both reduction of the barrier energy to nucle-
ation and improvement of the nucleation sites (Lee et al., 2005). In the foaming
process, according to classical nucleation theory (Colton and Suh, 1987a,b,c), the
heterogeneous nucleation rate is a function of the heterogeneous nucleation sites’
concentration (defined as the number of particles per cubic centimeter). Therefore,
the particle’s concentration is very important because it sets the upper (theoretical)
limit for heterogeneous nucleation. In heterogeneous nucleation, the highest nucle-
ation efficiency can only be achieved when the nucleation on the nucleant surface is
energetically favored (relative to its homogeneous counterpart) and the nucleant is
homogeneously and effectively dispersed in the polymer matrix (Figure 9.1). In most
cases, the observed cell density is much lower than the potential nucleant density,
implying that either the nucleants are not energetically effective, or their effects have
been compromised due to poor dispersion.

Once the cell is nucleated, it will grow due to the diffusion of the gas molecules
from the solution to the gas phase. The phenomena governing the expansion of the
cell are strictly related to the transport properties of the gas in the polymeric melt
and to the rheological properties of the material around the cell. It is thus necessary
to know the dependence of thermodynamic, transport, rheological properties, and
surface energy of the gas/polymer mixture to solve the predictive model for the cell
growth (Arefmanesh, Advani, and Michaelides, 1992). While the main governing
parameter for the formation of cells is the degree of the gas supersaturation, when
pressure is suddenly reduced or the temperature is raised, the cell growth is kineti-
cally governed by the gas diffusion from the material/gas solution to the gas phase
and by the viscoelastic forces around the growing cell. By controlling nucleation
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FIGURE 9.1 Effect on the energy reduction factor f (m, w) of the contact angle 6 and
the relative curvature w. (Reported from Shen J. et al., 2005, Polymer 46, 14, June,
5218-5224, doi:10.1016/j.polymer.2005.04.010, http:/linkinghub.elsevier.com/retrieve/pii/
S50032386105004349.)
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rate and growing rate of cells, it is possible to optimize the morphology of the foam
(number and size of cells) and, as a consequence, the mechanical and functional
performances of the cellular structure.

Nanometric fillers gained attention due to their potential improvement in different
properties when compared to virgin polymer or conventional microcomposites
(Alexandre and Dubois, 2000; Giannelis, Krishnamoorti, and Manias, 1999). Due
to the high nucleation efficiency, nanoparticles provide a powerful way to increase
cell density and reduce cell size. This is particularly beneficial for the production of
microcellular foams. Microcellular foams have been considered a lightweight and
high strength material for structural applications. However, the narrow operation
window and less than desirable cell morphology has limited the applications of this
technology. The use of nanoparticles has been investigated to address this difficulty
and may greatly enhance the industrial applications of microcellular foam (Di et al.,
2005; Di Maio and Iannace, 2009; Lee et al., 2005; Marrazzo, Di Maio, and lannace,
2008). However, mass production of polymer nanocomposites and nanocomposite
foams depends on reliable and affordable synthetic and processing methods. There
must be robust techniques to prepare exfoliated nanocomposites with the required
mechanical properties in large quantity and low cost. For foam products, vari-
ous desirable cell morphologies (e.g., small versus large cells, open versus closed
cells) must be attainable through the successful control of nucleation and growth of
bubbles.

Suitable materials for industrial foaming applications must display adequate
properties, and their manufacture process must be relatively simple and inexpensive.
The manufacture of foamed products requires a careful combination of polymer/
foaming agent system and the proper optimization of the individual steps of the
process. The main requirement is the foamability, which for thermoplastic polymers
is related to the rheological characteristics of the melt. Polymers whose viscosity
decreases slowly with the increase in temperature are favored and therefore amor-
phous polymers are generally easier to foam than semicrystalline polymers. In the
latter case, materials partially cross-linked and/or highly branched should be used in
order to get suitable elongational melt viscosity to withstand the stresses on the cell
walls during the growing of the gas bubbles. The knowledge of rheology of polymer/
gas solutions is important for several reasons. It gives important information for the
optimization of the manufacturing processes based on extrusion (extrusion foaming,
injection molding) or for computer-assisted die design.

The plasticization effect (dependent on the sorption properties of the polymer)
of the gas in the polymer melt results in lower viscosity and different rheological
behavior, which influences the temperature and pressure profile in the extruder
and the die during processing. The extent of viscosity reduction depends upon the
polymer/gas pair and the processability of the new foam compound, which can be
optimized by adjusting the composition and the processing parameters according
to the rheological properties of the mixture (Krause, Mettinkhof et al., 2001; Tang,
Huang, and Chen, 2004).

Rheology also plays a fundamental role in the development of the foam morphol-
ogy. A low viscosity is generally desired for bubble nucleation but strain hardening
elongational behavior is necessary for the stabilization of the growing bubbles.
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The elongational viscosity, especially its nonlinear response at high strain, is a criti-
cal property for the foaming of semicrystalline polymers.

The elongational viscosity is the most important parameter to obtain low density
foams. The elongational viscosity can be improved by using long chain branching,
polydispersity, and bimodality of the molecular weight distribution, with the pres-
ence of high-molecular-weight polymer component. For example, polyesters such
as poly(ethylene terephthalate) (PET) (see Figure 9.2a), can be chemically modified
with pyromellitic dianhydride (PMDA) (see Figure 9.2b) in order to obtain polymers
with a higher molecular weight and branching (Sorrentino et al., 2005). The chain
extender can react with the hydroxylic end group of two different PET macromolecules
and form two carboxylic groups (see Figure 9.2¢). At high temperatures these carbox-
ylic groups can react with -OH groups leading to a branched structure (Bratychak
et al., 2002; Chae et al., 2001; Rhein and Ingham, 1973).

However, commercial chain extended PET showed slower crystallization kinetics
as compared to that of bottle grade PET. In particular, the energetic barriers to
nucleation and molecular mobility of the chain moving from the melt to the growing
crystals were higher for the chain extended PET, suggesting a lower nucleation rate
and a lower molecular mobility (see Figure 9.3).

The macromolecular structure can be therefore modified to optimize the
rheological properties and the crystallization kinetics that are both affected by the
degree of cross-linking/branching.

Another potential system to improve the rheological characteristics of HPTP
polymers is the use of nanoparticles (Kim and Macosko, 2008). The development
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FIGURE 9.2 (a) Schematic formulas of PET, (b) PMDA, and (c) branching of PET chains
by PMDA. (Reported from Sorrentino L. et al., 2005, Journal of Polymer Science Part
B: Polymer Physics 43, 15, August 1966—-1972, doi:10.1002/polb.20480, http://doi.wiley.
com/10.1002/polb.20480.)
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FIGURE 9.3 Crystallization kinetics of unmodified and modified PET. (From Sorrentino L.
etal., 2005, Journal of Polymer Science Part B: Polymer Physics 43, 15, August 1, 1966-1972,
doi:10.1002/polb.20480. http://doi.wiley.com/10.1002/polb.20480.)

of polymer/platelet-like nanocomposites is one of the latest evolutionary steps of
the polymer technology. Since the possibility of direct melt intercalation was first
demonstrated, the melt intercalation method has become a main route for the
preparation of the intercalated polymer nanocomposites without in situ intercalative
polymerization. In recent years, intensive studies have been devoted to the complete
exfoliation of the stacked silicate layers in the polymer matrix to develop materials
with better properties (Figure 9.4). The use of nanoparticles can lead to new materials
to be used for foaming since this will allow the modification of properties such as
the gas absorption and diffusivity, local thermodynamic properties responsible for
nucleation and growing phenomena, and rheological characteristics related to the
final morphology of the foams.

Among the most important properties of a polymer-gas mixture in determining
the foam structure are gas solubility and diffusivity in the molten polymer, mixture
viscosity and viscoelastic behavior, and surface tension and transition temperatures
(glass transition temperature and crystallization temperature). All these factors are
significantly affected by the nature of components, by the concentration of the foaming
agent and, obviously, by operating temperatures and pressures (see, for example, the
works of Arefmanesh and Advani [1991] and Goel and Beckman [1995]). Investigation
of solubility and diffusivity of polymer-gas mixtures is, hence, of primary impor-
tance. In particular, gas solubility determines the extent of the plasticization effect on
the polymer and the final density of the foam and is one of the primary concerns when
choosing physical blowing agents in a foam extrusion process (Pontiff, 2000).

Another key factor for foam processing is the mutual diffusivity of the blowing
agent and the polymer. It affects the nucleation (nucleation has been described as a
short range diffusion process) and the growth phenomena (gas has to diffuse out of
the solution to inflate the bubbles), while from the processing point of view, diffusion
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FIGURE 9.4 Effect of nanoparticle dispersion on the viscosity of PEN nanocomposites
based on (a) graphite oxide and (b) graphene. (Reported from Kim, H. and Macosko C. W.,
2008, Macromolecules 41, 9, May, 3317-3327, doi:10.1021/ma702385h, http://pubs.acs.org/
doi/abs/10.1021/ma702385h.)

fixes the residence time and the cooling rates on the extruded foam needed to avoid
cell collapse. Mass transport properties of polymers can be described by using free
volume theories (Vrentas and Duda, 1977), according to which mass transport is
controlled by the availability of free volume within the system.

9.3 FOAMING TECHNOLOGIES FOR HPTP FOAMING

HPTP foams can be produced by using continuous (extrusion) or discontinuous
technologies (injection molding and batch foaming). Each technique should
be used according to the final article shapes and to the number of articles to be
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produced, but if a very fine morphology is required the batch foaming technique
gives the best results.

9.3.1 BatcH FoaMING

The batch foaming process has, in the industrial practice, very little usage, since
it is characterized by a very low productivity. High-added value products are
manufactured using this technique (Harris, Kim, and Mooney, 1998; Krause,
Mettinkhof et al., 2001; Mooney et al., 1996; Sorrentino, Aurilia, and Iannace,
2011; Sorrentino et al., 2011) such as the case of high-performance thermoplastics in
biomedical or pharmaceutical fields. From a research point of view, instead, it has
proved to be very useful, since it allows a fine control and a wide investigation range
of the foaming variables and it is quite inexpensive.

The batch foaming technology is based on a thermo-regulated pressure vessel,
whose temperature is controlled by means of an electric resistance or circulated
oil bath. A schematic of the batch foaming apparatus is reported in Figure 9.5. The
polymer is placed in the vessel and tightly enclosed. The blowing agent (usually a
physical one) is then injected into the vessel at the desired pressure, and then the
temperature is increased to a specified value (sorption temperature), to be defined
according to the specific thermal and sorption properties of the selected HPTP. The
physical blowing agent, PBA, diffuses into the polymer and after a defined time inter-
val, depending on the transport properties of the gas/polymer mixture, saturates the
sample. At the end of the saturation phase, a stable homogeneous solution is obtained.
In order to foam the polymer, two procedures can be adopted: (a) temperature
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FIGURE 9.5 Schematics of the batch foaming apparatus. (Reported from Guo Q. J. et al.,
2006, Industrial & Engineering Chemistry Research 45, 18, August, 6153-6161, doi:10.1021/
ie060105w, http://pubs.acs.org/doi/abs/10.1021/ie060105w.)
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increase and (b) pressure reduction. Typically, the former is used for glassy polymers
(or quenchable, slow crystallizing semicrystalline polymers), while the second one
for semicrystalline polymers.

9.3.1.1 Temperature Increase Foaming

Foaming by increasing the temperature is widely used to produce foams character-
ized by very fine structures (Krause, Mettinkhof et al., 2001; Krause et al., 2002) and
they are mostly characterized by closed-cell structures. The polymer/PBA solution
is to be cooled to a temperature well below the T, of the solution (well below the T,
of the pure polymer) (Baldwin, Shimbo, and Suh, 1995; Goel and Beckman, 1993;
Paterson et al., 1999; Paul et al., 1999). The pressure is then released from the pres-
sure vessel and samples are immersed in a high temperature bath and maintained
at that desired temperature (foaming temperature) during a predetermined foaming
time. When the foaming temperature is higher than the glass transition temperature
of the saturated polymer, the polymer expands and a porous structure is obtained.
The porous samples are finally quenched to room temperature.

The influence of the processing parameters on the foam morphology and den-
sity was thoroughly studied by Krause, Mettinkhof et al. (2001), who showed that
the most critical parameters are the saturation pressure and the foaming tempera-
ture. In the polysulfone (PSU)/carbon dioxide system, the cell density (number of
cells per unit volume) increased exponentially with the increase of the saturation
pressure, while the mean cell diameter decreased linearly. They also found that a
characteristic foaming temperature range exists for each saturation pressure. Below
the lower bound temperature (the glass transition temperature of the polymer/PBA
mixture) the polymer/gas mixture is in a glassy state, which hinders the expansion
of the polymer. Above the upper bound temperature (the glass transition temperature
of the pure polymer), the nucleated cells tend to disappear because the polymer is
not able to stabilize the cellular structure and the gas goes outside the cells. Kumar
and Weller (1994) and Handa and Zhang (2000) performed similar investigations
for polycarbonate (PC) and for polymethylmethacrylate (PMMA), respectively.
They found comparable behaviors between the cell size and cell density patterns
with respect to both dissolved carbon dioxide concentration and foaming tempera-
ture. These authors related the upper bound of the foaming temperature interval to
cell coalescence: at higher temperatures the low elongational viscosity reduces the
elongational stresses bearable by cell walls, in turn causing their rupture and the
coalescence of the cellular structure. The exact value of the upper bound temperature
depends on the polymer properties, namely its melt viscosity, melt strength, surface
properties, and transport properties of the polymer/PBA mixture.

9.3.1.2 Foaming by Pressure Quenching

This technology is used when the polymer is capable of fast forming a crystalline
phase that can hinder the cell collapsing after expansion at foaming temperature.
The saturation temperature has to be higher than the melting temperature of the
pure polymer, in order to melt the crystalline phase and to allow the blowing agent
(usually of physical type) solubilization in the whole mass of polymer. After solubi-
lization, the mixture is cooled down to the foaming temperature and then pressure



Nanocomposite Foams from High-Performance Thermoplastics 201

quenched to atmospheric pressure for foaming. Finally, the temperature is reduced
to room temperature. The pressure reduction is needed to induce the thermodynamic
instability responsible for the supersaturation of the blowing agent in the mixture
and for its subsequent migration into the nucleated bubbles. Also, in this case the
blowing agent diffusion from the polymer reduces the plasticization of the polymer
matrix and increases the transition temperatures (T, and T, of the system, contribut-
ing to the stabilization of the developed cellular structure.

The density of the foam decreases with the increase of the saturation concentra-
tion, as more blowing agent is available for cell growth. Furthermore, the increase of
blowing agent amount in the polymer determines an increase of the number of cells
(cell density) because of a more intense nucleation. The foaming temperature has to
be selected in order to avoid the premature crystallization of the foaming solution but
has to be low enough to allow cellular structure consolidation after foaming, either for
polymer crystallization or viscosity increase. The useful temperature range is quite
narrow with this technology because low temperatures lead to the formation of foams
with good morphology but high density, while high temperatures lead to low density
foams but large diameters. If the foaming temperature is too high, cell collapse occurs.

Pressure drop rate is also very important because nucleation and growth compete
in subtracting the expanding gas from the molten polymer/gas solution and if growth
is allowed no further nucleation can take place around the growing bubble.

9.3.2 ExtrusioN FOAMING

Extrusion is the leading technology in thermoplastic processing and extrusion foam-
ing is the most important foaming process. In fact, it is continuous (a must have for
high throughput production), involves a small amount of material (very important
for effective temperature control, because the foaming processing window for ther-
moplastics is typically narrow), and is able to produce both finished or semifinished,
for further processing, products (Klempner and Frish, 1991; Lee, 2000). Extrusion
foaming process is more critical for HPTP polymers with respect to commodity
polymers because all the thermal phenomena involved in the foaming process are
radicalized as a result of the typical abrupt temperature drop at the die exit. It is thus
fundamental to properly account for or to increase the crystallization kinetics in
semicrystalline polymers to stabilize the cellular structure, or to adequately manage
the glass transition temperature reduction for the plasticizing effect of the blowing
agent in amorphous polymers.

Furthermore, extrusion allows the use of both chemical and physical blowing
agents, which need specific treatments to be correctly handled. The most critical
operations for producing thermoplastic foams by extrusion are summarized in the
following.

9.3.2.1 Feeding and Melting

A proper feeding of all of the components is crucial to obtain stable foam. In fact,
whether chemical (CBA), added through the feeder, or physical (PBA), to be injected
along the extruder, blowing agents are used, the initial composition fixes the final
density of the foam. Additives such as nucleating agents have a strong effect on cell
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nucleation and, therefore, on the final foam morphology. Care must be taken in set-
ting the barrel temperature to avoid the premature decomposition of the blowing
agent, if a CBA is used.

In the first path of the extruder, the polymeric material is heated above the melting
temperature and compounded to the additives. This second task is not trivial as a fine
dispersion of the additives, in particular the nucleating agents, is necessary for obtain-
ing a stable and a high-quality foam. The nucleating agents tend to agglomerate in
clusters, the fracture of which often justifies the use of twin-screw extruders. This stage
immediately precedes the gas injection or the CBA decomposition zone and melting
has to be completed in this section of the extruder because if solid polymer is still pres-
ent, the blowing agent (from the injection port or the CBA decomposition zone) can
escape through the hopper. In order to avoid this issue, a dynamic sealing can be used.

9.3.2.2 PBA Injection/CBA Decomposition

The gas or liquid blowing agent can be injected at a pressure higher than that in the
barrel at injection point. The mass flow rate has to be constant, as it determines
the final density of the foam but also the plasticizing effect on the molten poly-
mer, which has a dramatic effect on the processability of the expanding mixture.
If a CBA is used it must not prematurely decompose, and temperature should be
adequately increased to promote the CBA decomposition. The failure to reach the
decomposition temperature, which could result in inadequate density reduction, or
the premature CBA decomposition is faced by using activating agents that decrease
the decomposition temperature or retard the decomposition.

9.3.2.3 Mixing and Solubilizing

Dissolution of the blowing agent to form a single phase with the molten polymer is
of primary importance. The solubilization is limited by the equilibrium gas concen-
tration at the processing pressures and temperatures, and it limits the lowest foam
density attainable. It is very important to reduce the solubilization time, usually by
means of a temperature increase or an intense mixing, to reduce the residence time.
The temperature can be set to a value below the melting point of the polymer, as
the plasticizing effect of the blowing agent lowers the polymer/gas solution melting
temperature.

9.3.2.4 Cooling and Die Forming

The most peculiar phase of the extrusion foaming is the cooling of the polymer/gas
solution prior to die exit. It is also very critical, since a bad temperature control deter-
mines unsuccessful foaming or polymer premature crystallization. Temperature
gradients should be avoided, to prevent underblown or overblown portion of the
extrudate, by means of optimal screw design, a proper temperature control, and the
use of static mixers.

In the foaming process, the exit die has the very important role of controlling the
pressure drop responsible for bubble formation and the pressure drop distribution along
the die to prevent premature bubble formation. The die temperature, which corresponds
to the foaming temperature of the polymer/gas solution, must be properly defined to
reach the desired foam density and to avoid cell collapsing. Thanks to the plasticizing
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effect of the gas, the die temperature can be set to a value below the crystallization
temperature of the neat polymer, in turn also exploiting the viscosity increase during
gas escaping from the matrix to further consolidate the cellular morphology developed.

9.3.3 INJECTION MOLDING

Another important processing technique for foaming is the injection molding, which
is a modification of the conventional injection-molding process. As with the extru-
sion process, the selection of the blowing agent type (chemical or physical) influ-
ences the process, in terms of the way of performing the injection of the polymeric
solution into the mold.

The injection-molding process combines the extrusion process with the injec-
tion one through the use of alternating movement of the screws. This alternative
movement causes pressure oscillations that have to be controlled in order to avoid
premature nucleation of the bubbles in the barrel, in particular when the polymeric
solution approaches the last zone of the barrel. The pressure must be kept above the
saturation pressure by using the backpressure, which is the pressure applied during
the backward movement of the screws.

After the die exit, the solution is injected into the mold and is expanded by the
blowing agent. The injection rate and the mold design determine the nucleation
kinetic and growth. The faster the injection, the higher the pressure drop and, as a
consequence, the smaller the bubbles. Such as in the extrusion foaming process, the
amount of foaming agent influences both the mean cell size and the density of the
molded object.

The very high temperatures to be used with HPTPs also in this case radical-
ize the thermal issues, in particular the interaction of the cell growth process and
the consolidation (during cooling in the mold) of the cellular structure. In fact, as
the foaming melt solution is injected into the mold cavity, a portion of the polymer
touches the cold mold walls, thus quenching and hindering the expansion. A layer of
solid polymer develops along the mold wall, whose thickness should be minimized
through properly selecting the injection conditions, imparting a skin/core structure to
the article. Before opening the mold, the molded part has to be completely solidified,
otherwise warping or volume change will occur. This could be a serious issue due to
the very low thermal conductivity of the foam and also leads to a low productivity
or polymer degradation in the extruder barrel. The plasticizing effect of the blowing
agent on the polymer can help because it allows the lowering of the injection tem-
perature with respect to the bulk polymer.

9.4 HIGH-PERFORMANCE THERMOPLASTICS AND THEIR FOAMS

9.4.1 AROMATIC POLYKETONES

High-performance semicrystalline thermoplastic polymers such as aromatic poly-
etherketones are ideal candidates as matrices in nanocomposite materials due to their
unique combination of high glass transition temperature (T,), stiffness, strength, tough-
ness, chemical and solvent resistance, thermo-oxidative stability, flame retardancy, low
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dielectric constant, retained properties at very high temperatures, long storage peri-
ods, and recyclability (Diez-Pascual, Naffakh, Marco, Ellis et al., 2012). Aromatic
polyketones (PEEK, PEK, PEKK, PAEK) are widely employed in aeronautics and
high-end applications due to their high stiffness and strength, high resistance to a huge
number of solvents, for example, Jetfuel, Skydrol, and methylethylketone (MEK), and
have a good flame retardancy. They are crystalline thermoplastic polymers and have a
glass transition temperature ranging between 140 and 165°C, and a melting temperature
ranging between 340 and 375°C. They exhibit very good mechanical properties at room
temperature, such as an elastic modulus up to 4.5 GPa (PEKK) and a tensile strength
of 110 MPa.

Polyetherketone-based nanocomposites can be produced by conventional poly-
mer processing techniques such as extrusion and compression molding, frequently
combined with preprocessing stages such as mechanochemical treatments in organic
solvents. In order to further increase their properties, nanofiller addition has been
considered but dispersion and improved load transfer ability from the matrix to the
nanoreinforcement must be achieved and different routes have been developed to
efficiently incorporate nanofillers into these matrices.

A wide variety of nanofillers have been investigated. In the case of carbon nanofill-
ers polymer functionalization (Blundell and Osborn, 1983; Diez-Pascual, Martinez,
and Goémez, 2009), covalent grafting (Oh et al., 2006), and nanofiller wrapping
in compatibilizing systems (Diez-Pascual et al., 2009; Diez-Pascual et al., 2010)
have been tried to improve the performance of polyketone-based nanocomposites
(Diez-Pascual, Naffakh, Marco, Ellis et al., 2012).

Mishra et al. (2012) prepared a PEEK nanocomposite by using zirconia nanopar-
ticles observing that their presence enhanced various basic and functional properties,
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in particular the dynamic mechanical ones (Figure 9.6). A uniform dispersion of
nanoparticles was achieved by using melt blending in a twin-screw extruder for
proper dispersion of the silane-modified zirconia powder.

Nanoreinforced fibers based on PEEK containing up to 10 wt% vapor-grown carbon
nanofibers were produced by using conventional polymer processing equipment such
as a twin-screw extruder (Sandler et al., 2003) or injection molding (Verdejo et al.,
2009). Mechanical tensile testing revealed increases in nanocomposite stiffness, yield
stress, and fracture strength and also the alignment of nanofibers along the direction of
flow during processing. Furthermore, the degree of crystallinity of the poly(ether ether
ketone) matrix increased with the addition of nanofibers. MWNTs/PEEK nanocom-
posites (Deng, Ogasawara, and Takeda, 2007), nano-zinc sulfide (ZnS)- and nano-
titanium dioxide (TiO,)-reinforced PEEK composites (Knor et al., 2009), nano-SiO,/
PEEK (Kuo et al., 2010), nano-SiO,/short carbon fiber PEEK ternary system (Zhang,
Chang, and Schlarb, 2009) PEEK (Balaji, Tiwari, and Goyal, 2011), PEEK/(aluminum
nitride) AIN; (Goyal, 2009), PEEK/inorganic fullerene-like WS, (Naffakh et al., 2010),
Nano-TiO,/PEEK (Wu et al., 2012), and MMT (Cloisite 15A)/PEEK (Jaafar, Ismail,
and Matsuura, 2012) were successfully produced by conventional plastics techniques
(mainly twin-screw extrusion) and evidenced good dispersions and improvements in
mechanical as well as functional (thermal, dynamic mechanical) properties. Also, the
use of a compatibilizer was explored to enhance the dynamic mechanical and thermal
properties of PEEK/carbon nanotube systems (Diez-Pascual et al., 2009).

Polyketones have also been investigated with respect to their foamability, but only
limited investigations were performed on nanocomposite systems. Some analysis of
the sorption properties and crystallization behavior of carbon dioxide in PEEK have
been reported by Wang et al. (2006, 2007b).

Microcellular PEEK foams have been prepared by using a two-stage batch foam-
ing process by using carbon dioxide as blowing agent. Two cell sizes were evident
in samples (Figure 9.7), exhibiting a sandwich-like structure with nucleated cells
and cell size depending on the blowing agent uptake and on viscoelastic properties,
respectively (Wang et al., 2007a).

Microcellular foams were also produced by Behrendt et al. (2006), who
expanded thin PEEK films by using the batch foaming technique with the aim to
prepare electrets. They obtained a low porosity structure, as a consequence of the
crystallization during the foaming process, but the polymer was crystallized after
the foaming process. Blends based on PEEK have been used to exploit the interfaces
as nucleating sites in Tan et al. (2003) and Nemoto, Takagi, and Ohshima (2010). In
particular, Nemoto et al. were able to obtain nanoscale cell structure from poly(ether
ether ketone) (PEEK)/para-diamine poly(ether imide) (p-PEI) as well as PEEK/meta-
diamine poly(ether imide) (m-PEI) blends by a temperature quench foaming process
with CO, as blowing agent. They stated that the difference in chemical configuration
between m- and p-PEI gave rise to a prominent change in the higher-order blend
morphology and cell structure of the respective foams. The bubble nucleation site and
bubble size were controlled by templating the morphology of the PEEK/p-PEI blend,
which showed an immiscible and unique strip-patterned crystalline morphology
(Figure 9.8). The properties influenced by the immiscibility of the PEEK/p-PEI
blend, investigated using SEM, thermal analysis, and rheology, and compared with
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FIGURE9.7 SEM images of foaming films with different sorption times: (a): 40 s; (b): 5 min;
(¢): 15 min; (d): 30 min (foaming temperature: 140°C; foaming time: 10 min). (Reported from
Wang D. etal., 2007a, Journal of Polymer Science Part B: Polymer Physics 45, 20, October 15,
2890-2898, doi:10.1002/polb.21266, http://doi.wiley.com/10.1002/polb.21266.)

FIGURE 9.8 TEM micrographs of a cross-sectional area of (a) p-PEI-40 and (b) p-PEI-
60-cast film foamed at 200°C. (MD: machine direction, to which the film was stretched.)
(Reported from Nemoto T. et al., 2010, Polymer Engineering & Science 50, 12, December 30,
2408-2416, doi:10.1002/pen.21766, http://onlinelibrary.wiley.com/doi/10.1002/pen.21766/full.)
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the properties of the miscible PEEK/m-PEI blend, allowed understanding that the
bubble size and location were highly controlled in the PEI disperse domain that was
aligned between the PEEK crystalline layers in the PEEK/p-PEI blend (Nemoto,
Takagi, and Ohshima, 2010).

Attempts at producing foams on PEEK-based nanocomposites have been per-
formed by Verdejo et al. who used vapor-grown carbon nanofibers (CNFs) to sta-
bilize the foaming process through an injection-molding process, in which they
used commercial chemical blowing agents. They produced integral foams with both
unfilled and nanocomposite systems and verified the positive effect of the nanofiller
on the cellular structure (Figure 9.9). A homogeneous dispersion of the nanofibers
in the cellular PEEK cores was achieved, which was responsible for the mechanical
properties increase, in bending, of the foam injection-molded samples with nanofi-
ber loading fractions up to 15 wt%, demonstrating a strong interaction between the
matrix and the nanoscale filler (Verdejo et al., 2009).

Macroporous foams based on PEEK were also produced (Figure 9.10). Particle-
stabilized liquid foams provide a general route for producing low-density macropo-
rous materials from either melt-processable or intractable thermoplastics. By varying
the size, concentration, and wettability of the particles in the colloidal suspensions

0 wt% CNF 5 wt% CNF

10 wt% CNF 15 wt% CNF

1 mm

FIGURE 9.9 Optical light microscopy images of the fracture surfaces of injection-molded
foam samples produced using a commercial chemical blowing agent. (Reported from Verdejo
et al., 2009, Journal of Materials Science 44, 6, January 15, 1427-1434, doi:10.1007/s10853-
008-3168-y, http://www.springerlink.com/index/10.1007/s10853-008-3168-y.)
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FIGURE 9.10 Particle stabilized foams of PEEK from liquid solution. (Reported from
Akartuna et al., 2009, Polymer 50, 15, July, 3645-3651, doi:10.1016/j.polymer.2009.05.023,
http://linkinghub.elsevier.com/retrieve/pii/S0032386109004297.)

and controlling the processing conditions, macroporous materials with porosity of
74% and a median size of particles between 80 and 180 um were obtained (Akartuna
et al., 2009; Wong et al., 2010).

9.4.2 Pouvesters (PET, PEN)

Among the most diffuse and commercially available polyesters, PEN is the only one
that has adequate performances for the inclusion in the HPTPs class, because it has a
glass transition temperature of 125°C and a melting temperature higher than 265°C.
PET, although commonly included within engineering polymers because of its glass
transition temperature (T, = 75°C), could be included within HPTPs if conveniently
reinforced with nanoparticles, which are able to enhance its mechanical as well as
functional characteristics.

Several nanoparticles of different shape factors have been considered for
PET reinforcement. Platelet-like nanoparticles, such as MMT or graphene, have
demonstrated allowance of a strong enhancement of heat deflection and glass transi-
tion temperatures, of elastic modulus and dynamic mechanical performances. Clay
nanoparticles improve barrier properties to gas sorption (Hayrapetyan et al., 2012)
and are also capable of enhancing crystallization kinetics of the polymer (Durmus
etal.,2009). This is a very important issue for cellular morphology stabilization since
crystallization kinetics of foaming grade PET is slowed by the molecular weight
increase after the chain extension process (Sorrentino et al., 2005). PET nanocom-
posites have been produced through different routes, but melt blending techniques
are preferred due to the ease of the process and its productivity (Ghasemi et al., 2011;
Ozen et al., 2012; Tsai et al., 2005). Since the organic modifier in conventional clay
nanoparticles is not able to bear high processing temperature, more thermally stable
modifiers have been investigated to allow a good intercalation and to limit polymer
degradation during extrusion (Scamardella et al., 2012).
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Carbon-based nanofillers do not show thermal degradation issues, and thermal
and thermo-oxidative degradation temperatures of PET/EG nanocomposites are
improved substantially with the increment of their content. Graphene (Zhang et al.,
2010) as well as expanded graphite (Li and Jeong, 2011), have been successfully melt
blended into PET to increase the mechanical (both static and dynamic mechanical) and
functional (thermal stability, electrical conductivity) properties. Carbon nanotubes
have been also used as reinforcing nanophase into PET matrix and have shown
similar performance improvement of graphite nanoparticles (Aurilia, Sorrentino,
and lannace, 2012; Kim, Choi et al., 2009; May-Pat, 2011; Yesil and Bayram, 2011).
Nanopowder-based nanocomposites did not show significant mechanical perfor-
mance improvement, but were able to increase the crystallization properties of PET
nanocomposite, such as in the case of silica nanoparticles (Bikiaris, Karavelidis, and
Karayannidis, 2006; Liu et al., 2004).

PET nanocomposites have been widely investigated from the sorption (Baldwin,
Shimbo, and Suh, 1995; Pavel and Shanks, 2003) and crystallization Kinetics
(Ghasemi, Carreau, and Kamal, 2012; Ke, Long, and Qi, 1999; Sorrentino et al.,
2005) points of view and different routes have been explored to increase their
molecular weight in order to get foamability. To increase rheological properties,
reactive extrusion is the main technique used to bond polymer end groups through
the use of multifunctional epoxy-based additives or pyromellitic dianhydride (Japon
et al., 2000; Nguyen et al., 2001; Xanthos et al., 2001, 2004), even if postcondensa-
tion has been considered because of its lower processing temperatures and its higher
control on the chain extension reactions with respect to the reactive extrusion (Al
Ghatta and Cobror, 1998).

Studies on mechanisms and processing for the production of closed-cell micro-
cellular foams were performed in the 1990s by Baldwin et al., who used solid-state
foaming technique to induce foaming in a carbon dioxide solubilized quenched
PET film (Baldwin, Park, and Suh, 1996). Despite the large number of works on
the foaming of neat PET, only limited investigations are available on PET-based
nanocomposite matrices, due to the difficulties to stabilize the cellular structure
after the melt blending process. In 2012, Scamardella et al. used a new approach to
compensate the thermal degradation of both polymer macromolecules and inorganic
modifier at the high processing temperatures with the use of pyromellitic dianhydride
directly during the nanofiller melt blending (Scamardella et al., 2012). The nanofiller
was used to increase the crystallization kinetics, to improve the cell’s nucleation and
cell’s stabilization during the batch foaming process, and to extend the maximum
working temperature of the foams as a result of the gain in polymer viscosity related
to the good platelet dispersion.

Regarding PEN nanocomposites, SiO,-based systems have been developed since
2004 by Ahn, Kim, and Lee (2004), who surface-modified silica nanoparticles to
improve their dispersion in the polymer during melt blending in an internal mixer.
They reported on the increase of the elastic modulus and elongation at break at
low nanoparticle content (0.4%wt). On the same nanocomposite system, Kim
et al. showed an increase of several chemical-physical properties (thermal sta-
bility, dynamic mechanical behavior, and crystallization kinetics) after nanopar-
ticle addition, and also a fourfold gain in the elastic modulus above the glass
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transition temperature with 2.0% by weight of silica nanoparticles (Kim, Kim, and
Kim, 2009).

Carbon nanotubes have been widely investigated as a PEN nanofiller. Kim et al.
obtained a huge improvement of the viscosity by adding 2.0%wt of MWCNT, but
they obtained a plateau of both tensile modulus and tensile strength after the addition
of just 0.5%wt of nanofiller. This behavior could be attributed to the difficulties of
dispersing a high amount of carbon nanotubes and to the presence of ineffective par-
ticles aggregates (Kim and Kim, 2006). Further developments also showed increases
in the crystallization kinetics (Kim, Han, and Kim, 2007; Kim, Han et al., 2009),
thermal stability, and elastic modulus above the glass transition temperature with
respect to the neat polymer (Kim, Kim, and Kim, 2009).

Layered silicate nanoparticles have also been used to prepare PEN-based nanocom-
posites through the direct intercalation of PEN polymer chains from the melt into the
surface-treated clay. An internal mixer was used and exfoliated silicate layers within a
PEN matrix were obtained. Mechanical and barrier properties measured by dynamic
mechanical and permeability analysis showed significant improvements in the storage
modulus and water permeability when compared to neat PEN (Wu and Liu, 2005).

In order to limit degradation phenomena related to the organic modifier pres-
ent as intercalant of platelets, exfoliated graphite has been considered by Kim and
Macosko (2008). They obtained a very good dispersion of graphene sheets, by means
of a twin-screw extruder, which was responsible for the significant improvements in
viscosity, electrical conductivity, gas barrier, and mechanical properties. The use of
exfoliated graphite in nanocomposites exhibited strong improvements with respect
to microsized graphite composites. Expanded graphite was used by Sorrentino
et al. (2010) to prepare PEN nanocomposites as matrix for foamed materials. They
reported on the improved crystallization kinetics of nanoparticles, coupled with the
nucleating activity for both crystals and cells.

Closed-cell PEN foams were for the first time produced by Sorrentino, Aurilia,
and Tannace in 2011 (2011). They used a batch foaming apparatus to solubilize car-
bon dioxide into amorphous PEN. Foams were produced within an extended tem-
perature range (from 100 to 240°C) and were characterized by relative densities
ranging from 0.13 to 0.44 and average cell size between 5 and 15 um. Cell nucleation
strongly increased above PEN glass transition temperature, as a consequence of the
higher molecular mobility.

Expanded graphite (EG) and silica nanocomposites based on PEN were prepared
by means of a twin-screw extruder by Sorrentino et al. (2011a). The presence of
platelet-like reinforcement (EG) reduced the carbon dioxide uptake, while silica
nanoparticles only slightly affected the sorption properties. EG nanoparticles were
also more effective as a nucleating agent for both crystallization and foaming with
respect to silica nanoparticles (Sorrentino et al., 2011b). In fact, 10'° cells per cm?
were obtained with EG, while neat PEN and SiO, nanocomposite only showed 10°
cells per cm®. Foam density resulted as low as 0.15 and 0.11 g/cm?, for EG and SiO,
nanoparticles, respectively, but a microcellular morphology was only obtained after
EG addition (Figure 9.11). Planar nanoparticles also resulted in the increase of the
compressive modulus in foams, thanks to the reinforcing effect of the stiffer EG
platelets, which aligned along cell walls during cell growth (Sorrentino et al., 2012).
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500 pm

FIGURE 9.11 Comparison of the cellular morphology of foams from (a) neat PEN and
(b) 1.0%wt EG/PEN nanocomposite. (Reported from Sorrentino L. et al., 2012, Journal of
Cellular Plastics 48, 4, July 12, 355-368, doi:10.1177/0021955X12449641, http://cel.sagepub.
com/cgi/content/abstract/48/4/355.)

9.4.3 SuLFONE POLYMERS

Sulfone polymers are amorphous high T, polymers, which are characterized by
resistance up to 220°C, good mechanical properties and high fracture resistance,
resistance to superheated steam, and exceptional resistance to chemicals. These
polymers are employed in several applications in construction of equipment, in the
electrical and electronics fields, and in automotive engineering. Recently, food indus-
try has discovered these polymers because they can be available in FDA (United
States) compliant grades. They have long-term service temperatures of up to 190°C,
good dimensional stability, creep strength at high temperatures, and are characterized
by good resistance to oil, fuels, and fluorine even if they are in the amorphous state.

Sulfone polymers have been widely investigated since 2009 as a matrix for nano-
composites. Li et al. used TiO, nanoparticles to improve the performance of micro-
porous polyethersulfone (PES) membranes (Li et al., 2009). Aurilia et al. investigated
the effects of SiO, and expanded graphite (EG) nanoparticles on the solvent sorption
and mechanical properties of PES nanocomposites. Both nanoparticles improved the
solvent resistance of the amorphous matrix acting as a barrier to the solvent diffusion
in the polymer (EG to a higher extent), but only EG induced a strong improvement
on the structural response (Aurilia et al., 2010).

PES nanocomposites have been investigated to increase the filtration performance
of membranes, by incorporation of carbon nanotubes (Park et al., 2010), organically
modified clay (Ghaemi et al., 2011; Liang et al., 2012), TiO, (Liang et al., 2012;
Madaeni et al., 2012), modified halloysite nanotubes (Zhang et al., 2012), SiO,
nanopowders (Huang et al., 2012), and multi-wall carbon nanotubes (Yun et al., 2012).

Foams from sulfone polymers have been prepared since 2001. Krause et al. inves-
tigated the foaming process of poly(ether sulfone) (PES) and polysulfone (PSU), by
using carbon dioxide as a physical blowing agent and the temperature rise foaming
technique after gas solubilization. They measured a strong glass transition tempera-
ture depression after gas sorption (Figure 9.12), and a wider temperature range for
foaming was detected at high-solubilization pressures (Figure 9.13). Microcellular
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FIGURE 9.12 Glass transition temperature of PSU () and PES (¥) dependent on the
dissolved amount of carbon dioxide. (Reported from Krause B. et al., 2001, Macromolecules
34, 4, February, 874-884, doi:10.1021/ma001291z, http://pubs.acs.org/doi/abs/10.1021/
ma00 1291z.)

1012 ‘ ;

[ «— Foaming range —— >

[ ® Dy 50 bar

P .

« 1 1
5 r 1 ;
= | ‘ ;
5 1 <—— Foaming range ——>|
~ L | | |
£ 100 ! ! © _Pgel5bar |
1%} 1 1 '
£ [ i i 2 i
2 1 o 1
3 Foo ! !
A L e !
1010 L | L I I 1 L

80 100 120 140 160 180 200 220
Foaming Temperature, °C

FIGURE 9.13 Cell density of PSU for different foaming temperatures saturated with
15 bar and 50 bar carbon dioxide for 2 h at room temperature. Foaming times of 30 s were
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FIGURE9.14 SEM micrographs of (a) PES and (b) PEI foams showing the sub-microcellular
structures with nanoporous walls produced at 240°C. (Reported from Sorrentino, L., M.
Aurilia, and S. Iannace, 2011, Advances in Polymer Technology 30, 3, September 8, 234243,
doi:10.1002/adv.20219, http://onlinelibrary.wiley.com/doi/10.1002/adv.20219/full.)

closed-cell morphologies were obtained, but foam density was higher than 0.4g/cm?
(Krause, Mettinkhof et al., 2001).

Blends of PES and PEI were also investigated to exploit the combined action
of glass transition temperature depression after blowing agent sorption and to the
interfaces between the different polymer matrices. The result was the production of
foams with nanocellular cells, but very high foam density (Krause, Sijbesma et al.,
2001).

Investigations on the mechanical response of PES and PSU foams was performed
by Sun et al. who used a two stage batch process to induce a microcellular morphol-
ogy (Sun and Mark, 2002; Sun, Sur, and Mark, 2002).

Poly(phenyl sulfone) (PPSU) have also been investigated for foaming by Sorrentino,
Aurilia, and Iannace (2011). They detected a reduced foamability with respect to PES,
showing lower nucleated cells, higher relative foam density (0.4 and 0.2 for PPSU and
PES, respectively), and average cell size (9 um and 1 um for PPSU and PES, respec-
tively). The coupled effect of CO, plasticization and fast cell formation lead to interesting
cell wall morphologies, exhibiting nanometrix voids as shown in Figure 9.14.

Van Houten and Baird produced PAES foams with a pressure quench technique,
using both carbon dioxide (CO,) and water as well as nitrogen and water as physical
blowing agents. Foams produced with a water/CO, system yielded foams with better
properties than nitrogen and water because both water and CO, are plasticizers for
the PAES resin. A cell size of ~50 um, while maintaining a primarily closed-cell
structure, was obtained, thus enhancing the mechanical properties of the foam (Van
Houten and Baird, 2009). The further addition of the CNFs greatly reduced the mean
cell size, increased the nucleation rate and the compressive properties while slightly
decreasing the impact strength of the foams. By adding in only 1% of the CNFs, both
the specific compressive modulus and specific compressive strength were increased
by over 1.5 times the modulus and strength of the unreinforced PAES foam.

PES nanocomposites prepared with SiO, and EG nanoparticles were studied by
Sorrentino et al. They have found that the use of silica nanoparticles did not affect the
solubility of carbon dioxide, while EG reduced it at high filler loadings. Foams were
obtained with the temperature rise technique after solubilization in a high-pressure
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vessel. EG filled PES foams exhibited lower foam density, with respect to SiO, filled
ones, and allowed a two order of magnitude increase of the nucleated cells up to 10"
cells per cm? (SiO, gave a one order of magnitude increase) with respect to unfilled
matrix (Sorrentino et al., 2011).

9.4.4 THermorLAsTIC PorvimiDEs (P1, PAI, anD PEI)

Polymers with imide groups in their backbone possess very special properties
that make them prime candidates when high temperature material performance is
required. They are characterized by some of the highest glass transition tempera-
tures available among thermoplastics, up to 285°C for poly(amide imide), depending
on the aromatic groups in the repeating units. This valuable property is also the
main weakness, from the processing point of view, since thermoplastic polyaryimide
(PAI) and polyimide (PI) cannot be processed by melt compounding techniques, and
methods such as solution casting, powder sintering, sol gel, or precursors curing have
to be used. Only poly(ether imide) polymers, among PI class, have been processed
by melt compounding at temperatures usually higher than 350°C because its glass
transition temperature is around 220°C and viscosity should be lowered to accept-
able values during extrusion or injection molding.

The preparation of polyimide-based nanocomposites is even more difficult
because viscosity during nanoparticle dispersion strongly rises. For this reason,
methods such as precursor curing, for the preparation of layered silicate nanocom-
posites (LeBaron, 1999), or sol gel (Chen and Iroh, 1999), for the dispersion of silica
nanoparticles, have been used in the past. Other nanoparticles have been investigated
to develop PI nanocomposites by using thermal imidization processes, such as Al,O,
(Cai et al., 2003), thermally stable aromatic amines-modified montmorillonites
(Liang, 2003), dual intercalating agent system montmorillonites (Huang et al., 2008),
and carbon nanotubes (Cai, Yan, and Xue, 2004).

Some investigations have been made on thermoplastic polyimide nanocomposites,
but they were specifically developed in the laboratory. Golubeva et al. developed nano-
composites based on a thermoplastic polyimide, poly{1,3-bis(3",4-dicarboxyphenoxy)
benzene[4,4"-bis(4”-N-phenoxy)diphenyl sulfone]imide}, and synthetic magnesium
silicate nanoparticles with montmorillonite structure, prepared from melts after a
modification of the nanoparticle surface with (aminoethylaminomethyl)phenethyl-
trimethoxysilane (Golubeva et al., 2007). Yudin and Svetlichnyi prepared graphene
sheet-based nanocomposites using specially synthesized amorphous and semicrys-
talline polyimide matrices, and employed silicate (natural and synthetic) and carbon
nanoparticles with different morphology (tubes, platelets, discs, and spheres), study-
ing the influence of nanoparticle morphology on the rheological behavior of nano-
composite melts during processing (Yudin and Svetlichnyi, 2010). They were able to
work with melt blending technologies, such as melt mixing and injection molding, to
prepare blends and samples at temperatures between 350 and 360°C. PAI/MMT nano-
composites have been prepared since 2002 by means of solvent suspension technique
to intercalate or exfoliate nanoparticles followed by thermal imidization to consoli-
date the polymer (Faghihi, Shabanian, and Bolhasani, 2012; Ranade, D’Souza, and
Gnade, 2002). Sol gel technique, also followed by thermal imidization, has been used
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to disperse MMT (Shantalii et al., 2005), silica nanoparticles (Son et al., 2008), and
multi-walled carbon nanotubes (Lee et al., 2010). In all cases, absorption properties
of PAl/nanocomposites decreased significantly, while the thermal stability increased
significantly with increasing the nanofiller content in PAI matrix.

Poly(etherimide) nanocomposites were developed in 2001, when Huang et al.
prepared PEI/montmorillonite nanocomposites by melt intercalation of nanopar-
ticles specifically modified with thermally stable aromatic amines (Huang et al.,
2001). They used an internal mixer to disperse MMT nanoparticles, obtaining a
very good particle dispersion (exfoliated structure), and also verified that nanocom-
posites exhibited a substantial increase of glass transition temperature and thermal
decomposition temperature, and a dramatic decrease in solvent uptake compared
to the virgin PEI due to the molecular dispersion of the MMT layers and the strong
interaction between PEI and MMT (Liang and Yin, 2003).

Other nanofillers used in PEI nanocomposites are single-wall carbon nanotubes
(Siochi et al., 2004), multi-walled carbon nanotubes (Liu, Tong, and Zhang, 2007),
also prepared with ultrasound assisted twin-screw extrusion (Isayev, Kumar, and
Lewis, 2009; Shepard et al., 2012), nano-TiO2, and short carbon fiber (through
twin-screw extrusion) (Chang et al., 2005; Xian, Zhang, and Friedrich, 2006).
Solution casting has also been used to disperse MWCNT (Shao et al., 2009), BaTiO,
(Choudhury, 2010) or aluminum nitride nanoparticles (Wu et al., 2011).

Polyimide foams were prepared in 1995 by Hedrick et al. by using a blowing
agent developed during thermal treatment of the polymer (Charlier et al., 1995;
Hedrick, 1995; Hedrick et al., 1996, 1998). Foams with pore sizes in the nanometer
regime were prepared by casting block copolymers comprising a thermally stable
block and a thermally labile material, such that the obtained morphology was char-
acterized by the matrix made of the thermally stable material and a dispersed phase
made of the thermally labile material. Thanks to temperature rise, the thermally
unstable block degradates by thermolysis, and leaves pores with size and shape
defined by the initial copolymer morphology.

A different approach was used by Weiser et al. (2000), who developed a method
where polyimide foams were made from powders of solid-state polyimide precur-
sors (i.e., poly[amic acid], PAA) by using tetrahydrofuran (THF) as a blowing agent
that complexes through hydrogen bonding to the poly(amic acid) structure. During
the foaming process, solid powder particles of poly(amic acid) precursors are heated
from room temperature to produce microspheres and ultimately foams. A deep
understanding of this method was performed by Cano et al. (2005) who investigated
the competitive diffusion phenomena, which is verified during the foaming process.

Only recently, microcellular structure was directly induced in large-sized poly-
imide foams. In fact, the preparation of lightweight microcellular polyimide foams
with a large size is challenging and inefficient, because of low gas solubility, high
stiffness, and an extremely long saturation time. A viable solution to these problems
was the use of solid-state microcellular foaming technology with the compressed
CO, as a physical blowing agent and tetrahydrofuran as a coblowing agent (Zhai
et al., 2012). The presence of a coblowing agent increased the gas sorption of PI,
causing a dramatic increase in the expansion ratio of microcellular PI. The authors
also verified the possibility of preparing PI foamed beads to employ compression
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molding processes to 3D shape products. They coated beads with a poly(ether imide)
(PEI)/chloroform solution, in order to well infiltrate the PI foams’ surface, in turn
strongly bonding beads.

PEI foams have been easily prepared by solid-state foaming processes (tempera-
ture rise) after blowing agent solubilization in a high pressure vessel. Miller et al.
investigated the solid-state batch foaming of polyetherimide (PEI) using subcritical
CO, as a blowing agent (Miller, Chatchaisucha, and Kumar, 2009). They reported on
the creation of microcellular and nanocellular morphologies in PEI foams, with 40%
and higher relative density. A large solid-state foaming process window has been
identified that allows for the creation of either microcellular or nanocellular struc-
tures at comparable density reductions (Figure 9.15). A transition from microscale

FIGURE 9.15 Microcellular PEI structures created at 1 MPa (A-C) and 4 MPa (D,E)
saturation pressures. (a) Sample bar = 10 um, (b) Sample bar = 5 um, (c) Sample bar = 10 um,
(d) Sample bar =2 um, (e) Sample bar = 5 um. (Reported from Miller D. et al., 2009, Polymer
50, 23, November, 5576-5584, doi:10.1016/j.polymer.2009.09.020, http://linkinghub.elsevier.
com/retrieve/pii/S0032386109007770.)



Nanocomposite Foams from High-Performance Thermoplastics 217

FIGURE 9.16 Microcellular sample #9, 56.0% relative density, showing nano fea-
tures on internal cell wall. (a) Bar = 2 um, (b) Focus area of interior of cell wall shown in
(a), (b) Bar = 500 nm. (Reported from Miller D. et al., 2009, Polymer 50, 23, November,
55765584, doi:10.1016/j.polymer.2009.09.020, http:/linkinghub.elsevier.com/retrieve/pii/
S0032386109007770.)

cells to nanoscale cells was observed at gas concentrations in the range of 94-110 mg
CO,/g PEI and a hierarchical structure was observed which consisted of nanocellular
structures internal to microcells (Figure 9.16), as also experienced by Sorrentino,
Aurilia, and Tannace (2011).

Nanocellular foam was prepared by the CO, temperature quench method from a
high T, engineering polymers blend, namely PEEK with two types of PEI differing
for the diamine in the structure (Nemoto, Takagi, and Ohshima, 2010; Pan, Zhan,
and Wang, 2010). They prepared foams by templating the blend morphology of the
immiscible PEEK/p-diamine PEI blends and foaming the amorphous PEI. The cell
size was reduced to 100 nm and the bubble location was highly controlled in the
p-PEI domain, aligned between the PEEK layers.

9.4.5 LiQuip CrysTAL PoLymers (LCP)

High-performance liquid crystalline polymers are polymers characterized by high
melting temperatures (in the order of 280°C) and glass transition temperatures
higher than 100°C. Their main property, from the processing point of view, is that
they have very low viscosity above the melting temperature, and this renders them
very compliant to injection-molding applications. This aspect, on the contrary, is
counterproductive in the foaming process, for which high viscosity is needed. For
this reason very poor investigations on their foamability have been performed, and
they were only used in combination with amorphous polystyrene to prepare foams
with extended service temperature range (Jin, 2001). In this case, foamed PS/LCP
blends with cell diameter less than 7 um have been produced by using supercritical
CO,, solubilized at 25 MPa, 80°C for 6 h. Due to poor adsorption of supercritical
CO, by LCP under experimental conditions used by authors, the microvoids only
exist in the polystyrene phase of the blends. A skin-core structure was detected in
both unfoamed and foamed PS/LCP blends. In compositions where the compati-
bilizer, zinc sulfonated polystyrene ionomer (ZnSPS), was used, the microcellular
blends exhibited larger cell size than those without ZnSPS and lower nucleated cells,
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as a consequence of the improved interfacial adhesion and the lack of heterogeneous
sites for nucleating cells.

In order to improve the rheological properties of LCP polymers, the availability of
nanocomposites could be a viable solution to prepare foams with good morphologies.
MMT nanoparticles were used to prepare LCP nanocomposites by Bandyopadhyay
et al. who experienced a significative increase in the rheological properties through
the addition of 3.4% of dimethyl dehydrogenated tallow quaternary ammonium-
modified MMT (Bandyopadhyay, Sinha Ray, and Bousmina, 2007, 2008).

Multi-wall carbon nanotubes (MWNTs) were also used as the reinforcing phase
in LCP nanocomposites prepared by means of melt blending technique in a twin-
screw extruder equipped with an ultrasonic unit to facilitate MWCNT dispersion
(Kumar and Isayev, 2010). The role of ultrasonication was positive and resulted
in increased structural as well as rheological properties because of the better-
dispersed nanofiller. MWCNT were also used in LCP blends with polycarbonate
(PC) (Mukherjee et al., 2009) and PEI (Nayak, Rajasekar, and Das, 2010). In the
first case, PC/LCP/MWNTs nanocomposites containing as-received or modi-
fied (COOH-MWNT) carbon nanotubes were prepared through the melt process
in an extruder and then compression molded. The incorporation of functionalized
MWCNTs improved thermal, structural, dynamic-mechanical, and electrical prop-
erties of the composites, in particular in blends with treated MWCNTs. MWCNTs
were also used, both unmodified and surface treated with SiC particles, to improve
dispersion in PEI/LCP blends prepared by melt blending. In the ternary system,
viscosity in the blend with modified MWCNTs was found to be lower than the ter-
nary blend with pure MWCNTs, probably because modified MWCNTSs improved
the fibrillation of LCP compared to pure MWCNTs. Nanocomposite matrices have
not been used to prepare foams yet.

9.4.6 PoLrY(PHENYLENE SuLFIDE) (PPS)

Poly(phenylene sulfide) is a semicrystalline polymer and, despite of its glass transition
temperature of 85°C, is usually included in the high-performance polymers family
thanks to its melting temperature equal to 285°C and its high degree of crystallinity,
which gives it high elastic modulus and solvent resistance up to 110°C. No evidence
of attempts to foam it are present in the literature, but some investigations have been
made to reinforce it with nanoparticles.

Nanocomposite of PPS/CaCO; was prepared by a melt mixing process, which
allowed a good dispersion of calcium carbonate nanoparticles when the filler content
was below 5 wt%. CaCO; nanoparticles resulted in improvement of the nucle-
ation of crystals, but retarded the mobility of polymer chains (Wang et al., 2006).
Nanoparticles also resulted in a slight improvement in the tensile strength but
significantly increased fracture toughness of 300%. Authors addressed this behavior
to the fact that CaCO; nanoparticles could act as stress concentration sites, which
can promote cavitation at the particles’ boundaries during loading, leading to higher
plastic deformation of the matrix and in turn improving fracture toughness.

Tungsten disulfide (WS,) nanoparticles also were used to prepare PPS
nanocomposites via melt blending (Naffakh et al., 2009). The addition of IF-WS,
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with concentrations greater than or equal to 0.5 wt% remarkably improved the
mechanical performance of PPS with an increase in the storage modulus of 40-75%
in dynamic mechanical tests.

The preparation and characterization of PPS nanocomposites based on
polyetherimide-wrapped single-wall nanotubes and inorganic fullerene-like
nanoparticles WS, has been reported by Diez-Pascual, Naffakh, Marco, and Ellis
(2012), who used a melt blending technique to disperse nanoparticles. The wrapping
of SWCNTs in polyetherimide (PEI) and the addition of inorganic fullerene-like
tungsten disulfide (IF-WS,) nanoparticles resulted in an effective method for
improving the dispersion of SWCNTs, leading to enhanced properties. Mechanical
tests showed significant enhancements in stiffness, strength, and toughness by the
addition of both nanofillers. The electrical conductivity of PPS also increased dra-
matically at low SWCNT content (0.1-0.5 wt%), while the replacement of part of
the SWCNTs with IF-WS2 did not result in a conductivity drop. Authors reported
that the introduction of WS, nanoparticles in PPS/SWCNT nanocomposites gave
higher performance than composites reinforced solely with wrapped or nonwrapped
SWCNTs, and that properties were tailorable by modifying the SWCNT/IF-WS2
ratio.

9.4.7 SYNDIOTACTIC POLYSTYRENE

Syndiotactic polystyrene (sPS) is a semicrystalline polymer characterized by a glass
transition temperature of 100°C and a melting temperature of 280°C. It has been
widely investigated for the peculiar nanocavities that can be induced by carefully
controlling its crystalline forms, but no studies are available at present on the
foaming with blowing agents.

Some works on sPS are present, but essentially they regard the incorporation
of organophilic clays (Park et al., 2001) and the characterization of sPS/clay nano-
composites with respect to the crystallization behavior (Tseng, Lee, and Chang,
2001; Wu et al., 2004), mechanical properties (Ho Kim et al., 2004), and moldability
by means of injection-molding process (Sorrentino, Pantani, and Brucato, 2006).
A work on the reinforcing of sPS by means of carbon nanocapsules is also present
(Wang et al., 2008).
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FIGURE 2.2 Typical specimen geometries for SENB and CT tests.
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FIGURE 2.3 Schematic diagram of particle bridging-toughening mechanism. The bridging
particles tend to close the crack while surrounding particles in the plastic deformation zone
absorb fracture energy through plastic deformation.
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FIGURE 2.5 Schematic representation for the crack modes.

Molds

Resin inlet
-~ Gate A\

Heater bands

Back
pressure

Nozzle

Hot runner
Barrel

Al Stationary

Moving platen
platen

Tie bar

FIGURE 5.2 Injection foaming process. (Reprinted from Lim L. T. et al., 2008, Progress in
Polymer Science 33, 820—852. Copyright 2013, with permission from Elsevier.)
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FIGURE 6.4 Some of the possible applications of flexible PU foams.
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FIGURE 6.5 Some of the possible applications of rigid PU foams.
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FIGURE 8.1 Images of aerogels. (a) Macroscopic pieces of 7.5 mg/mL CNT aerogels.
Pristine CNT aerogel (left) appears black, whereas the aerogel reinforced in a 1 mass% PVA
bath (right) is slightly gray. (b) Three PVA-reinforced aerogel pillars (total mass = 13.0 mg)
supporting 100 g, or ca. 8000 times their weight. (c) This scanning electron microscopy
(SEM) image of a critical-point-dried aerogel reinforced in a 0.5 mass% PVA solution
(CNT content = 10 mg/mL) reveals an open, porous structure. (d) This high-magnification
transmission electron microscopy (TEM) image of an unreinforced aerogel reveals small-
diameter CNTs arranged in a classic filamentous network. (Reprinted from Bryning M. B.
et al., 2007, Adv. Mater. 19, 661-664, with permission from John Wiley & (Reprinted from
Bryning M. B. et al., 2007, Adv. Mater. 19, 661-664, with permission from John Wiley &
Sons.)
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FIGURE 8.3 Schematic illustration of gelation process of P3HT-b-PTMSPMA dispersed
MWCNTs. Before gelation, P3HT blocks bond to the MWCNT surface through m—m
interaction; PTMSPMA blocks locate at the outer surface of MWCNT. After gelation,
MWCNTs interact with each other through chemical bonding formed by PTMSPMA blocks.
(Reprinted from Zou J. et al., 2010, ACS Nano 4, 7293-7302, with permission from the
American Chemical Society.)



FIGURE 8.5 Picture of MWCNT/CHI monoliths with different shapes and sizes result-
ing from the ISISA processing of MWCNT/CHI suspensions placed in different disposable
containers; an insulin syringe (left) and a polystyrene cuvette (right). (a) Bar is 1 cm. SEM
micrograph of the longitudinal section of a MWCNT/CHI monolith. (b) Bar is 50 pm. The
MWNT content of every monolith shown is 85 mass%. Arrows indicate the direction of
freezing. (Reprinted from Gutiérrez M.C. et al., 2007, J. Phys. Chem. C 111, 5557-5560, with
permission from the American Chemical Society.)
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FIGURE 8.7 Schematic representation of ice-mediated deposition of CNTs onto inner
surfaces of cryogel walls. (Reprinted from Petrov P. and Georgiev G., 2011, Chem. Commun.
47, 5768-5770, with permission of The Royal Society of Chemistry.)
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