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Preface

Rubber nanocomposites have attracted many researchers due to their unique properties. In
rubbers, fillers are used to achieve products with improved properties for end use applica-
tions. It is well known that for most of the applications, rubber must be reinforced with
certain fillers such as carbon blacks, silica, clay and so on. Rubber nanocomposites are
prepared through different techniques such as melt mixing, mill mixing, solution mixing,
latex stage mixing followed by a co-coagulation method and polymerization around the
filler particles. As compared with microfiller-reinforced rubber, nanofiller-reinforced rubber
exhibits high hardness, modulus, anti-aging and gas barrier properties. Therefore, the
nanoconcept is highly relevant for rubber compounds since their applications require filler
reinforcement.

The present book focuses on the synthesis, morphology, structure, properties and applica-
tions of natural and synthetic rubber nanocomposites. This book carefully debates the
preparation of unmodified and modified nanofillers, various manufacturing techniques of
rubber nanocomposites, structure, morphology, properties and applications of nanocompo-
sites. The text reviews the processing; characterization and properties of 0D, 1D and 2D
nanofiller-reinforced rubber nanocomposites. It examines the polymer/filler interaction, that s,
the compatibility between matrix and filler using unmodified and modified nanofillers. The
extraction of various nanofillers and nanocrystals from bioresources such as cellulose and
starch and their incorporation in natural rubber for the development of eco-friendly green bio-
nanocomposites is reviewed in detail. The book also examines the applications of rubber
nanocomposites in various engineering fields.

This book consists of 24 chapters and each chapter covers various relevant topics in rubber
nanocomposites. The state of the art, new challenges and opportunities in the area of rubber
nanocomposites are discussed in Chapter 1. Chapter 2 is devoted to various aspects and
technologies for the manufacture of rubber nanocomposites. The effect of various spherical
fillers on the properties of rubber by in sifu generated filler particles through sol-gel process is
described in Chapter 3. Chapter 4 considers interface modifications in rubber nanocomposites
through reactive and nonreactive routes. Chapter 5 reviews the preparation, characterization and
properties of green rubber nanocomposites. It emphasizes the preparation of nanoparticles from
natural resources which could be incorporated into natural rubbers to produce eco-friendly green
composites. Chapter 6 surveys the effects of the incorporation of carbon nanotubes on the
physical and mechanical properties of natural and synthetic rubbers. Chapter 7 deals with the
preparation, properties and applications of rubber/clay nanocomposites. The preparation,
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characterization and properties of nanocellulose fiber-reinforced rubber nanocomposites are
discussed in Chapter 8.

Chapter 9 surveys the role of nanofillers for the interface modification and various other
properties of rubber—rubber blends. Chapter 10 focuses on nanofilled thermoplastic elastomers
and is exclusively dedicated to the properties of polyurethane nanocomposites. The major
developments in the morphology of rubber nanocomposites are extensively reported in
Chapter 11, with the morphology being analyzed using various microscopic techniques.
Chapter 12 describes major achievements in the physical properties of nanofilled rubber as
compared to microfilled systems. Chapter 13 deals with the nonlinear viscoelastic behavior of
rubbery nanocomposites. The rheological properties of rubber nanocomposites are described
in Chapter 14. An understanding of the rheological properties of polymer nanocomposites is
crucial to gain a fundamental knowledge of the processability and structure—property relations.
Chapter 15 discusses the electron spin resonance (ESR) method as an indirect method to
characterize rubber nanocomposites by introducing stable free radicals into the matrix.
Chapter 16 describes how solid-state nuclear magnetic resonance (NMR) and the surface
energetics of silicas can be used to improve filler—elastomer interactions in nanocomposites.
Chapter 17 deals with the characterization of rubber nanocomposites using wide-angle X-ray
diffraction and small-angle X-ray scattering techniques.

Chapter 18 surveys the effect of nanofillers on the barrier properties of rubber nanocompo-
site membranes. Chapter 19 describes conducting rubbers incorporated with nanographite and
graphite nanosheets as fillers. The aging and degradation of rubber nanocomposites under
various atmospheres such as temperature, ozone, oxygen and so on is discussed in Chapter 20.
The characterization of rubber nanocomposites, that is, the organization of filler particles and
filler-matrix interactions using positron annihilation spectroscopy (PAS) and nanoindentation
(NI) is discussed in Chapter 21. Chapter 22 describes the thermal properties of rubber
nanocomposites. The theoretical approach to the properties of rubber nanocomposites is
discussed in Chapter 23. Finally, the application of rubber nanocomposites in various fields
based on their properties are described in Chapter 24. Rubber nanocomposites find a large
number of applications in tire and non-tire engineering and also in biomedical field.

Sabu Thomas

Ranimol Stephen
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1.1 Introduction

Nanoscience and nanotechnology can be considered as a revolutionary science in the
multidisciplinary area combining chemistry, physics, material science, electronics and bios-
ciences. It is a fascinating technology of the twentyfirst century, ranging from novel building
materials to medicine. Normally, the term nano encompasses the range 1-100 nm. With respect
to diversity in technological applications, nanotechnology offers novelty and versatility not
observed in any other field.

Nanoengineered polymeric materials are of great interest, rapidly growing new class of
materials alternative to conventional filled polymers or polymer blends. The value of
polymer nanocomposites (PNCs) not only solely based on the mechanical property
enhancement but also value-added properties without sacrificing the inherent processability
and mechanical properties of the polymer. The first industrial application of PNCs was
provided by Okada et al. [1] They synthesized a Nylon-6 nanocomposite by polymerization
in the presence of monomer. It was then marketed by UBE industries and Bayer; currently it
is used to make the timing belt cover of Toyota’s car engines and also for the production of
packaging film.

Elastomers are filled with small and hard particles to improve the mechanical properties like
elastic modulus or resistance to abrasion. A fine dispersion of filler resulting in good adhesion at
the polymer/filler interface is the basic requirement for attaining optimum reinforcement and
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low hysteresis in elastomers. Carbon black and mineral fillers such as silica has been widely
used in rubber industry for the past many decades to improve properties. However, due to
the high structure of carbon black strong shear fields or filler modification needed to ensure
fine dispersion.

Over the past few years rubber nanocomposites have been widely discussed by scientists by
considering the number of potential nanoelements such as layered silicates, talc, silica,
nanobiofillers and carbon nanotubes. Although all these nanofillers have been in use in rubber
nanocomposites for past 10 years, the major interest is on the use of layered silicates and carbon
nanotubes. Incorporation of clay or layered silicates to polymer matrix provides four different
structures: (i) conventional, (ii) partially intercalated and exfoliated, (iii) fully intercalated and
dispersed and (iv) fully exfoliated and dispersed. Itis interdependent on the clay concentration,
the degree of clay layer separation and distribution in the composites [2]. In microcomposites
or conventional composites the particles exist as aggregates with no insertion of polymer
matrix. Hence it cannot impart any enhancement in properties. Intercalated nanocomposites
consisting of a regular insertion of polymer in between the silicate layers in a crystallographi-
cally regular fashion [3—6]. In an exfoliated nanocomposite, the individual 1 nm silicate layers
are separated and dispersed in a continuous polymer matrix, with average distances between
layers depending on the clay concentration. Exfoliated nanocomposites exhibit better proper-
ties owing to the maximum polymer/filler interactions. In exfoliated structure, the entire
surfaces of the layers are available for interactions with the polymer. Therefore, it is a major
challenge in polymer nanocomposite field to achieve a fully exfoliated structure.

This chapter provides information about the developments in rubber nanocomposites. The
discussion focuses on the different types of potential nanofillers and their reinforcement in
various rubbers. Attempts have been made to establish the morphology-property correlations.

1.2 Various Nanofillers
1.2.1 Layered Silicates

Layered silicates (LS) are rock-forming minerals and are main active minerals in soils and
clays. Nowadays, they are important raw material in many areas, like construction, ceramics,
paper industry, cosmetic industry, biomaterials, electronic field and so on. The significant
potential of this material captured various applications which include composite materials,
molecular sieves, selective ion trap, catalytic support and so on.

LS/clay minerals are part of the class of silicate minerals, phyllosilicates. They include
natural and synthetic clays such as mica, bentonite, magadiite, laponite, fluorohectorite and so
on. LS are the most widely used 2-D nanofillers in various fields. The structure of LS consists of
a2-D layer of two fused silicate tetrahedral sheet with an edge-shared octahedral sheet of metal
atoms, such as Al or Mg. The model crystal structure of LS was proposed by Hoffmann ez al. [7]
In the case of phyllosilicates the neighboring layers are separated by a weak van der Waals bond
and the gap are called galleries or interstatum, the layers exist as small flake like structure. The
galleries are occupied by cations and they counterbalance the excess of negative charges due to
the isomorphous substitution of Si* ™ for AI> ™ in the tetrahedral sheet and AI> * for Mg® " in
the octahedral sheet. This will result in the partial positive charge in the gallery, considered as
the beauty of intercalation chemistry required for the dispersal of clay in the polymer on a
nanometer scale. Figure 1.1 gives the schematic structure of layered silicates.
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Figure 1.1 Schematic structure of LS, MMT 2:1 type (Reproduced with permission from S. Grunwald
and K. McSweeney, “Secondary Silicates,” University of Wisconsin-Madison, Department of Soil
Science, http://www.soils.wisc.edu/courses/SS325/silicates.htmistructsil (accessed July 3, 2007).)

These sheet-like nanofillers are ~1 nm thick and 100s to 1000s of nanometers long; as a
result they possess a high aspect ratio. Therefore, polymer/silicate nanocomposites provide an
attractive method to improve the polymer properties such as stiffness, strength and barrier
properties without any change in processing technique. Primarily, two types of microstructures
could result from the interaction between polymer and the layered silicates: (i) intercalated and
(ii) exfoliated structure. A regular pattern of insertion of polymer in between the galleries of
silicates can be occurred in intercalated structure. However, in exfoliated structure, the
individual silicate layers of approximately 1 nm are separated and dispersed in a continuous
polymer matrix. The later system exhibits better properties due to the higher polymer/LS
interactions. The dispersion of inorganic fillers in organic polymers is like oil in water. The way
to overcome this drawback is by transforming the organophobic galleries to organophilic. This
is achieved by replacing the cation originally present in the galleries with organic cation, which
has long organic chains with a positively charged end. It will act as a compatibilising agent
between organic and inorganic phase; since like dissolves like. Amino acids were the first
compatibilising agents used for the synthesis of polymer nanocomposites [9]. Alkyl ammoni-
um ions are the most widely used promising compatibilizing agent. It has the ability to lower
the surface energy of the layered silicates and as a result it reduces the electrostatic interactions
between the silicate layers and allow molecules to diffuse between the layers [10, 11]. The basic
formulais [(CH3:CH2:),,NH3 *1, where nis between 1 and 18. Itis interesting to note that the
length of the ammonium ions has a strong influence on the resulting structure of nanocompo-
sites. Lan et al. [12] observed that alkyl ammonium ions with a chain length larger than eight
carbon atoms favored the synthesis of exfoliated nanocomposites whereas ammonium ions
with shorter chains led to the formation of intercalated nanocomposites. Examples of other
compatibilizing agents used for the organic modification of layered silicates include poly-
etheramines, dihydroimmidazolines, silanes and so on.

1.2.2 Nanotubes

Among different types of nanotubes, carbon nanotubes are the most widely used and accepted
in polymer research field and industry. Carbon nanotubes are allotropes of carbon and belong to
the fullerene structural family. As the name indicates, nanotubes are cylindrical in shape with at
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Figure 1.2 Upper image: cluster of nanotubes and nanoparticles on lacey carbon support film. Lower
images: higher magnification images of nanotube/nanoparticle clusters (Reproduced with permission
from P.J.F. Harris, “Carbon Nanotubes and Other Graphitic Structures as Contaminants on Evaporated
Carbon Films,” Journal of Microscopy, 186, 88-90, © 1997, Wiley-Blackwell.)

least one end capped with a hemisphere of the buckyball structure; it is spherical in shape. The
structure of a carbon nanotube is shown in Figure 1.2 [13].

In nanotubes the diameters are in the order of a few nanometers; however, they are
millimeters or even centimeters long. Therefore, these nanotubes possess a high aspect ratio,
thereby imparting high strength to the polymer with a small weight percent. The excellent
properties of carbon nanotubes are a consequence of its bonding nature. The chemical bonding
of carbon nanotubes are sp” hybridized as seen in graphene, which is stronger than sp® as in
diamond. Nanotubes are classified into: (i) single-walled nanotubes (SWNTs) and (ii) multi-
walled nanotubes (MWNTs). Carbon nanotubes can be synthesized by different techniques,
such as arc discharge, laser ablation, high-pressure carbon monoxide (HiPCO) and various
catalytic chemical vapor deposition (CVD) techniques [14-20].

Carbon nanotube-reinforced composites are of particular interest in the field of material
science to develop significantly lightweight strong materials. A major problem in this field is
the failure to attain a homogeneous dispersion of nanotubes in the polymer matrix due to the
aggregation of these tubes. Researchers have employed different techniques to attain optimum
dispersion of nanotubes in the polymer matrix, including: (i) solution mixing [21],
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(ii) sonication [22], (iii) coagulation [23], (iv) melt compounding [24-27], (V) in situ emulsion
polymerisation [26, 27], (vi) the use of surfactants [28] and (vii) chemical functionalization of
nanotubes [29, 30]. Chemical modification of carbon nanotubes is the best technique to get
more homogeneous dispersion through covalent and noncovalent attachments of functional
groups in nanotubes with the matrix. Various strategies of functionalisation of carbon
nanotubes have been reported by researchers [31-37]. Among the different functionalisation
methods electrochemical modification and surface initiated in situ polymerization are the
appreciable means for the preparation of nanotubes reinforced polymers with maximum
properties and minimum damage of CNTs [38—42]. Owing to their structural characteristics,
electrical and mechanical properties, CNTs are used in a wide variety of applications in the
automotive and aerospace industries [43, 44], as nanoelectronic devices [45-47], as tips for
scanning probe microscopes [48-50] and so on.

A new class of naturally occurring nanotubes (silicates with a nanotubular structure) named
halloysite nanotubes (HNTSs) have been reported and used as reinforcing filler in various
polymers [51, 52]. HNTs are aluminosilicates with nanodimensional tubular structure composed
of siloxane groups on the surface along with a few hydroxyl groups; they possess a better dispersion
property and the ability to form hydrogen bonding with the functionalized polymer matrix [53, 54].

1.2.3  Spherical Particles

Nanofillers of isodimensional, that is, with three dimensions in the nanometer regime are the
spherical nanofillers generally obtained by a sol-gel process [55, 56]. In sol-gel processes
the organic/inorganic hybrid materials can be formed by the condensation reaction between the
functionalized prepolymers and the metal alkoxides, leading to the formation of a chemical
bond between the polymer and the inorganic filler. Therefore, the incorporation of filler
particles in polymers through the sol-gel process avoids the aggregation of filler. Peng
et al. [57] have synthesized surface unmodified and modified silica nanoparticles from Stober
synthesis (Figure 1.3).

(@) Surface unmodified silica particle (b) Surface modified silica particle
NH,
Si(OEt), + 4H,0 ——> Si(OH), + 4EtOH ) NH;
TEOS alcohol SiO, (sol) + (CH30);Si—Ph
alcohol
) NH; . PTMS
Si(OH), —> SiO,(sol) + 2H,0

alcohol
H,O : NH;: TEOS: C,H;OH : PTMS (molar ration)
114: 40: 10 : 78 : 0.11 (0.22) (24hn)
H,O : NH;: TEOS : C,H;OH (molar ration)
114: 40: 10 : 78 (24 hr)

Ho, OH Ho‘s OH
I—0 I—0
Vasl \/OSR
SiNoH SNo-si—pn
iz OH Si¢
/~OH / ~OH
/S{fo /S{fo
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Figure 1.3 Synthesis and structure of “smart” nanosilica: (a) unmodified and (b) modified, where TEOS
is tetraethoxysilane and PTMS is phenyl trimethoxy silane (Reproduced with permission from C-C. Peng,
A. Gopfert, M. Drechsler and V. Abetz, “‘Smart’ Silica-Rubber Nanocomposites in Virtue of Hydrogen
Bonding Interaction,” Polymers for Advanced Technologies, 16, 770-782, © 2005, Wiley-Blackwell.)
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The strategy behind the surface modification of fillers is to enhance its interaction with the
polymer matrix through hydrogen bonding with the reactive site of polymer matrix. Various
polymers with functional groups have been incorporated into a sol-gel process resulted in a
material with high degree of homogeneity owing to the good interaction between the polymer
and filler in this process [58—64]. Kickelbic [65] has extensively studied the concept behind the
nanoscale incorporation of inorganic building blocks in organic polymer. Silica, TiO,, ZnO,
CaS0,, CaCOs3, ZnFe,04 and so on, are the widely used spherical inorganic nanofillers in the
polymer field [66-68].

1.2.4  Polyhedral Oligomeric Silsesquioxanes

Polyhedral oligomeric silsesquioxane (POSS) chemical technology is the recent development
in polymer science and technology. POSS molecules are considered as the smallest particles
possible for silica. Conversely, each POSS molecule possesses covalently bonded reactive
functionalities appropriate for polymerization or grafting POSS monomers to polymer chains.
Also, POSS molecules have nonreactive organic active sites for solubility and compatibility of
the POSS segments with various polymer systems. The anatomy of POSS molecule is
displayed in Figure 1.4 [69].

One or more reactive

Unreactive organic (R) :
groups of solubilization > _/O\Si@ 4 g;?;ﬂi:&;%g?ﬁmg

and compatibilization o/Sc', /
R\sf# -0 \

\ :S|\O7[/si\ .
Nanoscopic size / d R Thermally and chemic

Si-Si distance =0.5nm .~ ~—o0— \ 4 robust'hylbrid '
R-R distance = 1.5 nm R (organic-inorganic
framework)

Precise three-dimensional structure for
molecular level reinforcement of polymer
segments and coils

Figure 1.4 The structure of a POSS, where R represents unreactive organic groups for solubilization
of the molecule and compatibility with other organic species. X represents reactive groups for grafting
or copolymerization. The Si=Si distance is ~0.5 nm, and the R-R distance is ~1.5 nm (Reproduced with
permission from J. Lichtenhan, “What is POSS Technology?”’ Hybrid Plastics Inc., http://www.
hybridplastics.com/posstech.html (accessed December 17, 2008).)

The two unique features of POSS are the following: (i) the chemical composition is a hybrid
intermediate (RSiO 1.5) between that of silica (SiO 2) and silicone (R 2SiO) and (ii) these
molecules are physically large with respect to polymer dimensions and nearly equivalent in size
to most polymer segments and coils [70]. A representation of the POSS polymer system is
given in Figure 1.5 [70].

POSS chemical technology has been successfully employed in plastics. The advantages of
POSS incorporation in polymers includes enhancement in physical properties, fire retardation,
a higher use temperature, improved mechanical properties and lightweight endproducts [70].
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1.5 nm

Figure 1.5 Schematic representation of POSS/polymer system (Reproduced with permission from
J. Lichtenhan, “What is POSS Technology?” Hybrid Plastics Inc., http://www.hybridplastics.com/
posstech.html (accessed December 17, 2008).)

Owing to the nanoscopic size and its relationship to polymer dimensions, the incorporation of
POSS molecules in polymers results in an enhancement of properties. It has the ability to
control the motions of polymer chains whilst maintaining the polymer processability and
mechanical properties.

POSS was first developed by United States Air Force for aerospace applications. Research
works are going on in large number of POSS monomers and polymers. POSS technology can
incorporate into polymers through copolymerization and blending by the existing processing
techniques due to its chemical nature. Li et al. [71] reviewed the synthesis and properties
of homopolymers and copolymers of monomers containing inorganic/organic hybrid
POSS structures.

1.2.5 Bionanofillers

Currently, there is an interesting demand for biobased fillers in polymer industry to produce
low cost biodegradable materials. The instable price of petrochemicals also increases the
demand for fillers from natural resources such as natural fibers (hemp, flax, rutabaga, wheat,
and so on), wood fibers, starch and so on. These long fibers consist of stacks of strands with
thin layers of polysaccharides, pectin and lignin. Nanofibrils can be synthesized from these
natural fibers. Bhatnagar and Sain [72] have synthesized nanofibrils from various naturally
occurring plant fibers, such as bast, hemp, kraft pulp and rutabaga by different chemical
treatments. They have obtained nanofibers with diameters between 5 and 60nm. They
have observed superior properties of composite film comprising of 90% polyvinyl alcohol
and 10% nanofibers.

Dufresne and coworkers [73, 74] have synthesized waxy maize starch nanocrystal platelets
of 68 nm thickness, 40-60 nm length and 15-30 nm width. They have analyzed the properties
of NR reinforced with these nanocrystals. Nanocrystals (rod-like) have been synthesized also
from cellulose and chitin, with 68 nm thickness, 20-40 nm length and 15-30 nm width [75].
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Nanofibers have been successfully synthesized and reinforced in polymer matrices by Nunes
and coworkers [76].

1.3 Rubber Nanocomposites

According to the survey of 2006, the worldwide consumption of rubber rose to 21.5 million
tonnes. This statistical report explored the inevitability of rubber goods in the day to day life of
human beings. Worldwide, China is the largest consumer of rubber. Of the total vast
consumption, NR accounts for 43.1%, while synthetic rubber (SR) accounts for 56.9%. The
dominant market for rubber is the automotive industry, in the manufacture of tires and inner
tubes. Other industrial rubber goods include various belts, hoses, oil seals, gaskets and so on.
Table 1.1 presents regional total rubber consumption across the world.

Table 1.1 World rubber consumption

Region Percentage
East Asia and India 48
European Union 17
North America 16
Rest of Europe 9
Latin America 6
Rest of the world 4

(Reproduced with permission from H.P. Smit, “Rubber nanocomposites: state of the art,
new challenges and opportunities,” Outlook for Elastomers 2004—-2005 and Rubber
Statistical Bulletin, Nov-Dec 2006.)

Albeit the consumption of synthetic rubber is increasing, it is an authentic truth that NR is the
most fascinating and industrially relevant rubbery material. The foremost grounds behind it
include its high green strength due to the presence of nonrubber components such as
phospholipids and proteins, strain-induced crystallization behavior, easy vulcanization and
its stereoregularity. SBR is the most widely used SR, followed by PBR. However, to attain good
mechanical properties in accordance with the end use application the elastomers have to be
reinforced with particulate fillers such as carbon black and silica. Usually a high percentage,
around 2040 wt% conventional fillers are needed to get adequate reinforcement depends on
the application. There are certain drawbacks associated with these traditionally filled rubbers.
A higher content of filler: (i) reduces the processability and (ii) increases the weight of the final
product. Under these circumstances, the nano concept is highly relevant for rubber compounds
since their application requires filler reinforcement [77-83]. Okada et al. [84] found that 10 phr
of organoclay is enough to achieve a tensile strength of NBR as compared to 40 phr carbon
black loaded NBR. Similarly, Arroyo et al. [§1] have compared the reinforcement imparted on
NR upon the addition of organoclay and carbon black. They observed that the mechanical
properties of NR with 10 phr organoclay have been comparable to the compound with 40 phr
carbon black. Based on the improvement in properties of nanofilled rubber, many researchers
and industrialists have prepared various rubber nanocomposites through different methods
such as melt mixing [85-88], two-roll mill mixing [89-94], solution mixing [95-101], latex
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stage mixing followed by coagulation method [102-109] and polymerization around the filler
particles [108, 109].

Rubber/clay nanocomposites have been of particular interest for the past few years due to
their unique physical and chemical properties. It has been proved that the dispersion state of the
clays and the polymer/clay interaction play a crucial role in the fine tuning of the ultimate
properties of nanocomposites. Rubber/LS nanocomposites exhibited excellent properties due
to the high aspect ratio of layered silicates arising from their platelet-like morphology (lamellar
structure): 1 nm thick and 1000s of nanometers long. In the presence of LS, rubber nano-
composites can form either intercalated or exfoliated structure and partly intercalated and
exfoliated structure [110, 111]. In an intercalated structure a well defined arrangements of
rubber chains in between the layers of silicates leads to the formation of multilayered structure
with alternative rubber and silicate layers with increased d-spacing between the silicate layers.
However, in exfoliated structure the layers are highly disordered in rubber matrix. In principle,
the morphology of rubber nanocomposites are in between these two structures, that is, with a
partial intercalation and exfoliation. Due to the incompatibility between the organic (rubber)
and inorganic (silicates) components the maximum properties can only be attained by the
organic modification of the silicates. Thus the interaction between hydrophobic rubber and
hydrophilic filler has been improved to get unique physical and chemical properties.

The most commonly used LS in rubber industry are montmorrillonite (MMT), hectorite,
saponite and organically modified MMT. The literature reveals that unprecedented improve-
ment in properties has been observed in elastomers with these nanofillers [81-83, 85-88, 95,
102, 112-114]. Jeon et al. [115] have synthesized a modified Na-MMT using poly(ethylene
glycol)monooleate and poly(ethylene glycol) diacrylate as modifiers to enhance the
fine dispersion in rubber matrix. An appealing result has been obtained for PEG-modified
Na-MMT.

They have found that the 20 of Na-MMT is 7.3° while that of Na-MMT intercalated with
PEG-oleate and PEG-acrylate at 6.4° and 6.7° respectively. From Bragg’s equation, the
interlayer distance of MMT increased from 12.1 Ato13.8Aand 132 A respectively for the
intercalation of PEG-oleate and PEG-acrylate. They reported that the properties, morphology
as well as the cure characteristics of rubber filled with these modified MMT have been
improved. It has been revealed that the organic modification enhanced the fine dispersion of
Na-MMT effectively in the hydrophobic rubber matrix. Jia et al. [116] have observed a
significant improvement in the mechanical properties of SBR/organoclay nanocomposites.
According to them, the modifiers can improve the strength of the nanocomposites. The
modifiers of long chain alkyl ammonium salts mainly enhanced the tensile strength by physical
entanglements with rubber molecules. For the past few years, researchers have employed
various rubbers (both natural and synthetic) for the preparation of nanocomposites, viz,
NR [81, 88, 98-101, 117-124], SBR and XSBR [91, 125-131], HNBR and NBR [104,
132-137], IR and ENR [85, 88], EPDM [80, 138, 139], EVA [140, 141] and so on. The
developments in rubber/clay nanocomposites have been properly reviewed by Karger-Kocsis
and Wu [142] and Sengupta et al. [143].

Owing to the high modulus, aspect ratio and excellent thermal and electrical properties of
carbon nanotubes have been used as reinforcing filler in elastomers instead of conventional
fillers such as carbon black and silica. Liliane et al. [144—148] have studied the reinforcing
effect of multiwalled carbon nanotubes in SBR. They found that the elastic modulus of the
matrix increases substantially with a small amount of filler. Recently, Liliane ef al. [149] have
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investigated and compared the reinforcement of SBR by single fillers of carbon black and
multiwalled carbon nanotubes and by mixture of carbon black and MWNTs. A significant
improvement in properties for samples containing dual phase as well as the electrical resistivity
and percolation threshold were found to be lower for composite with blends of fillers. Jacob and
coworkers [150] have synthesized the nanocomposite of crosslinked natural rubber and single-
walled carbon nanotubes. The crosslink density of the nanocomposites have been determined
by mechanical measurements and Raman spectroscopic analysis. They have compared the
results obtained from the mechanical measurements and Raman spectroscopic measurements
and found that the single walled nanotube Raman sensors are sensitive to the crosslinking
density in natural rubber. Therefore, it can be used to evaluate the crosslinking process of
rubbery materials. They also studied the effect of SiC nanoparticles and single-walled carbon
nanotubes in natural rubber [151]. They found that the tensile strength of the nanocomposite
was enhanced by incorporating SiC and SWNTs even at lower concentration (1.5 wt%).
Researchers have paid much interest in nancomposites of various rubbers and carbon
nanotubes (SWNTs and MWNTSs) such as NR [152-156], SBR [157, 158], HNBR [159],
EPDM [160], PUR [161-168] and silicone rubbers [169—171]. Bhattacharyya et al. [172] have
reinforced natural rubber using carboxylated multiwalled carbon nanotubes (c-MWCNT)
dispersed with sodium dodecyl sulfate. The c-MWNTs was characterized by TEM,
Figure 1.6a. A 10-fold increase in Young’s modulus was observed with 8.3 wt% of c-MWNTs.
The stress-strain curves are presented in Figure 1.6b. Dielectric measurements at room
temperature revealed a low percolation threshold (<1 wt%) associated with formation of an
interconnected nanotube network.

Stress (MPa)

0 100 200 300 400 500 600 700
7 : Strain (%)
(a) (b)

Figure 1.6 (a) TEM images of c-MWCNTs. Inset: HR image showing the damaged outer shells of
¢-MWCNTs and (b) Stress—strain curves for pure latex films and composites (Reprinted from Carbon,
46, S. Bhattacharyya, C. Sinturel, O. Bahloul, M-L. Saboungi and S. Thomas, “Improving Reinforcement
of Natural Rubber by Networking of Activated Carbon Nanotubes,” 1037-1045, © 2008, with permission
from Elsevier.)
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Nano inorganic spherical filler silica has been extensively used in the rubber industry. The
introduction of Green Tire® has enhanced the demand for silica particles. Now scientists focus
on the in situ generation of silica particles to synthesize nanocomposites of polymer and silica
particles. Recently, Ikeda et al. [173] have synthesized nano silica particles up to approxi-
mately 80 parts per hundred rubber by weight in sizu in the rubber matrix via sol-gel reaction of
tetraethoxy silane. Moreover, more homogeneous dispersion of silica in the rubber matrix has
been achieved than that of commercial silica dispersed by conventional method. Due to the high
interaction between in situ generated silica and the rubber matrix the tensile stress was found to
be higher.

Liu et al. [174] have used modified silica using basic cyclohexylamine incorporated into the
natural rubber. According to them the damping values decreased significantly, which resulted
in lower rolling resistance and heat generation of the filled natural rubber vulcanizates. Mishra
et al. [68] have compared the effect of commercial and nano CaSQ, filler particles on the
mechanical, physical and thermal properties of SBR. The matrix SBR has been reinforced with
nano filler via in situ deposition technique. They have observed an enhancement in properties
of SBR with nano CaSO, up to a filler loading of 10 wt%. According to them at higher loading
all properties of SBR decreased due to the agglomeration of filler particles. The physical
properties of the copolymer of LDPE-EVA was improved by the incorporation of pristine
nanosilica. The interaction of hydrophilic silica filler with the copolymer has been improved in
the presence of silane coupling agents [175].

Polyhedral oligomeric silsesquioxane (POSS) is a new class of nanofillers with functional
groups that are widely using in thermoplastics and thermosets as reinforcing agents. Sahoo
et al. [176] have synthesized POSS with hydroxyl functional groups with an average diameter
of 50 nm. They have used POSS nanoparticles as curing agent in certain functionalized rubbers
such as fluorocarbon rubber (FKM) and carboxylated nitrile rubber (XNBR) and analyzed the
physical properties. The results revealed that the POSS nanoparticles crosslinked effectively in
FKM and XNBR. Composites of silicone rubber and POSS were prepared by melt blending
with special interest in the thermal stability of POSS macromers and the effects of mixing
temperature and the subsequent vulcanization of polysiloxane [177]. The results showed that
the condensation reaction could be possible at higher temperature, leading to a partially
amorphous structure of crystalline POSS; however, it was recrystallized upon cooling.
Nowadays efficient and environmentally friendly nanofillers are developed from natural fibers
and starch. NR filled with waxy maize starch nanocrystals showed that upto a loading of 20 wt%
the physical properties found to be higher. At 20 wt% the relaxed modulus at room temperature
was 75-fold higher than that of unfilled matrix [70].

1.4 Future Outlook, Challenges and Opportunities

For the past 10 years, polymer nanocomposites are the dominating field in polymer science and
technology. The interest in polymer nanocomposites is due to the reinforcement effect of
nanofillers, better mechanical properties, thermal stability and barrier properties. Nanotech-
nology emerged to improve the physical properties of traditional materials at the molecular
level without affecting the processing. On reviewing the literature one can find that majority of
the research work in the field of rubber nanocomposites has been carried out in rubber/layered
silicates system, which includes unmodified and modified LS. In other words, we can say that
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rubber/LS have been the first generation of rubber nanocomposites. Modification of the matrix
rubber with LS can significantly improve the physical and barrier properties of the matrix even
at lower wt%. Due to the higher aspect ratio of LS better polymer/filler interaction could be
possible than conventional fillers. A major difficulty in rubber/LS nanocomposites is to attain
homogeneous dispersion of filler in the matrix. Basically, it can form intercalated and
exfoliated structure, while most of the nanocomposites form partially intercalated and
exfoliated structure. Exfoliated structure can impart better properties in the polymer nano-
composites. Comparatively, this problem has been overcome by the chemical modification of
LS. With the developments of nanotechnology, researchers have synthesized different types
of carbon nanotubes and incorporated in polymer matrices as reinforcing fillers. Incorporation
of carbon nanotubes to a lower scale of dimension to the matrix would significantly increase the
modulus and strength. In elastomers, SWCNTs, MWCNTs and chemically modified nanotubes
are employed to reinforce the matrix. From the literature it is clear that the percolation
threshold increased even at a small wt% of carbon nanotubes.

Isodimensional nanofillers generated in situ through a sol-gel process in the polymer is of
particular interest because it will reduce the filler aggregation. A breakthrough in nanotech-
nology is the introduction of POSS chemical technology. POSS nanostructured chemicals when
incorporated in polymer can provide nanocomposite properties while maintaining the pro-
cessability. Its chemical diversity offered unique properties to the polymer. Eventhough it has
been incorporated in plastics successfully a few works have been carried out in rubber. But these
promising nanostructured chemicals will revolutionize the entire technological society. The
application of POSS chemical technology will cover the automobile, medical and electronic
industry in the near future. Another area to be explored effectively in rubber nanocomposites is
the incorporation of naturally derived nanofillers such as cellulose, starch and so on, in a rubber
matrix. The development of rubber/bionanofillers is still in its infancy due to the difficulty in the
extraction of nanofillers from naturally occurring fibers or from other sources.

There are several challenges in the area of rubber nanocomposites. Complete exfoliation and
uniform dispersion of nanofillers in rubber matrix still remains to be a dream. Efficient
surfactants have to be designed for the excellent dispersion. In the case of clay filled rubber
nanocomposites, the extent of exfoliation/intercalation has not been quantified yet. The
orientation of nanoplatelets in rubber matrix by special extrusion is also a major challenge.
The in situ monitoring of the flow of rubber nanocomposites during processing needs a lot of
attention. Finally, we still have to go a long way for the successful use of rubber nanocompo-
sites in various commercial applications.
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2.1 Introduction

Rubber, also called elastomer, is one of the most important commercial polymers. The polymer
chains in rubber are long and flexible with a coiled and kinked nature. In the molecular structure
of cured rubber, atoms are connected in long, randomly coil chains that are interlinked at a few
points. Between a pair of links each bond can rotate freely regardless of its neighbor. Thus,
rubber exhibits unique physical and chemical properties. Under stress the molecular chain
uncoils and an aligned structure results. Upon release of the stress the molecules rapidly
recover their coiled up randomness. This characteristic causes material stretch, large free
volume fraction, and amorphous and non-orientated state, which result in unique properties,
such as low hardness, high elasticity and high elongation at break. It swells to more than double
its size in organic solvents but is impermeable to water. Unfortunately, these useful properties
of rubber cannot be obtained unless the rubber is chemically modified by sulfur atoms or other
curing agents, a process called vulcanization. Vulcanization of rubber creates more sulfide
bonds between chains so it makes each free section of chain shorter. The result is that the
chains tighten more quickly for a given length of strain. This increases the elastic force constant
and makes rubber harder. Therefore raw rubber is often vulcanized for its applications in the
real world.
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2.1.1 Conventional Manufacturing Techniques

Traditionally, a typical manufacturing sequence comprises mixing, forming and vulcanizing in
the rubber manufacturing industry.

2.1.1.1 Mixing

For dry rubber, the solid rubber and other materials (for example, softeners, fillers, pigments for
color, vulcanizing agents, additives) have to be mixed together. This is achieved with either of
two basic machines: (i) a two-roll mill in which the material is passed between two metal rollers
mounted horizontally and (ii) an internal mixer in which the materials are sheared between the
internal rollers and the inside of the casing.

For mixing via rubber latex, compounds added to the raw latex must be in the form of
emulsions or dispersions. They can be prepared by milling the substances with distilled or
softened water in ball or gravel mills, which revolve from a few hours up to several days. Gelatin,
casein, glues, soaps and so on, are used as wetting or dispersing agents. The latex is stabilized
with surfactants, which act by imparting a charge to the surface of the tiny rubber particles or by
holding an envelope of water around the particle, thereby preventing any aggregation.

2.1.1.2 Forming

After mixing, the compounded rubber is plastic and is now ready to be formed into a shape for
vulcanization. The most common process is by molding under pressure in a heated mould.
There are three important variants of the process—compression, transfer and injection molding—
of these, the compression mold is the most widely used.

2.1.1.3 Vulcanizing

The final step in the manufacturing sequence is vulcanization. Basically, the vulcanizing
process applies heat at an elevated temperature for a given time to cure the product so it takes up
a shape in mold. Curing involves the chemical reactions which occur in the rubber mixture to
produce the crosslinking. There are various vulcanizing methods. The economically important
method (that is, the vulcanization of tires) uses increased pressure and temperature. Other
methods (for example, those used to make door profiles for cars) include hot air vulcanization
or microwave vulcanization.

2.1.2  Rubber Nanocomposites

In recent years researchers both in industry and universities have focused their interest on
polymeric nanocomposites, which represent a radical alternative to conventional filled
polymers. In contrast to conventional systems, the reinforcement in the nanocomposites has
at least one dimension in the nanometer size range, usually defined as 1-100 nm. Generally
rubber nanocomposites show advantageous mechanical properties, lower water sensitivity and
lower permeability to gases.
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2.1.2.1 Advantages of Rubber Nanocomposites

In comparison with conventional composites, the main advantages of nanoreinforcements are
summarized as follows:

1. Nanomaterials are more effective reinforcements because smaller fraction of nanomaterials
causes a significant improvement of the matrix properties, leading to lightweight compo-
sites with lower cost and easy processability.

2. The load transfer from the matrix to the reinforcements is more efficient in case of
nanocomposites due to their increased surface area, assuming good adhesion at the interface.

3. The crack propagation length at the interface becomes longer because of the size reduction
of nanomaterials, which improves both strength and toughness.

It is well known that the particle size, structure and surface characteristics of reinforcing
agents are three main factors that determine their reinforcing ability. Particle size is the primary
determinant among these three factors and this point is supported by Hamed [1]. In fact
reinforcement, especially reinforcement of nanofillers, is essential for rubber products.

2.1.2.2 Challenges of Rubber Nanocomposites

Although nanoreinforcements enhance overall material performance, there are still challenges
facing nanocomposites.

1. Nanoparticles tend to aggregate during manufacturing processes. The severe particle
aggregation is detrimental to the thermal and mechanical properties of the nanocomposites.
The homogeneous dispersion of the nanoparticles in matrix is critical to obtain high
performance nanocomposites.

2. Health and environmental threats can occur from the production, use and disposal of
nanoparticles. Nanoparticles can damage the body’s natural defenses or cause increased
responses to common allergens. Workers in nanotech industries are at risk of exposure to
high concentrations of nanoparticles. Nanoparticles used in consumer products may
threaten public health. Already it is known that nanoparticles in air pollution can be up
to 50 times more damaging to lung tissue than fine particles of the same chemicals.

2.1.3 Reinforcing Agent

The use of reinforcing agent in rubber is almost as old as the use of rubber itself. Figure 2.1 is the
schematic diagram of sizes and shapes of typical rubber fillers.

2.1.3.1 Carbon Black

Among fillers, carbon black (nanoparticles, spherical) was the first taken as a reinforcing filler
in 1904, and since then carbon black has been widely used in various rubber products,
such as tires, tubes and so on. It is the excellent nanoreinforcing effect of carbon
black that greatly upgrades the mechanical properties of rubber and produces a great
many applications.
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Figure 2.1 Schematic of sizes and shapes of rubber fillers

2.1.3.2 Clays and Clay Minerals

Although carbon black is an efficient agent used in the rubber industry, its polluting nature, its
monotonous black color and its dependence on petroleum caused researchers to develop other
reinforcement fillers. Clays such as montmorillonite and saponite, hectorite and so on, have
been widely used as fillers for rubber and plastic for many years ever since the Toyota research
group reported that nylon nanocomposites containing small amounts of clay (layered silicates)
possessed exceptional properties. Moreover, clay is abundant, inexpensive and natural.
Therefore clays have a great potential for use as rubber fillers.

As an inorganic, clay is hydrophilic in nature, and this makes it very difficult to disperse into
most polymer matrices. Generally, the hydrophilic pristine layered silicates are intercalated
using organic modifiers via cation exchange reaction. This is the most common way to improve
the affinity of inorganic layered silicates with organic polymers. The most popular modifiers
used are organic quarternized ammonium or phosphonium, preferably with long alkyl chains,
for instance, hexadecyl trimethyl ammonium bromide, octadecyl trimethyl ammonium
chloride, dodecyl trimethyl ammonium bromide and so forth. Silane coupling agents such
as 3-aminopropyl triethoxy silane are also used. The effect of clay modification on NBR/
organo-MMT nanocomposites was studied by Kim ez al. [2]. Organoclays were modified by the
use of alkylamine cations and these nanocomposites were characterized by XRD, TEM, DMA
and a universal testing machine (UTM). These organoclay layers were uniformly dispersed in
the polymer matrix. With increasing organo-MMT content, the NBR/organo-MMT nano-
composites showed a substantial improvement in mechanical properties compared with
unfilled NBR. Zhang et al. combined in situ organic modification of montmorillonite (MMT)
with the latex compounding method to prepare high-performance SBR/MMT nanocom-
posites [3]. Unsaturated organic ammonium chloride (UOAC), viz. N-allyl-N, N-dimethy-
loctadecyl ammonium chloride, was used to achieve an in sifu organic modification of MMT.
This modified MMT was co-coagulated with SBR latex. The tensile strength of the obtained
nanocomposites was four times higher than that of SBR/MMT nanocomposites.



Manufacturing Techniques of Rubber Nanocomposites 25

Organically modified clay (OMC) are now used as fillers in most polymer/clay nanocom-
posites. Melt blending organically modified clay with polymers has become popular, because
of its processing convenience.

2.2 Melt Compounding

Different from thermoplastic polymer/clay nanocomposites, rubber/clay nanocomposites
(RCNs) need vulcanization following the nanocompounding of rubber and clay. Given the
high chain flexibility and possible difference in crosslinking rate between the inner and outer
regions of clay galleries, the microstructures of RCNs are expected to change during
vulcanization. Nowadays technologies for the preparation of rubber/clay nanocomposites
mainly include the rubber melt or solution intercalation of organoclay and the latex route using
pristine clay. Of these, the melt compounding may be of great practical relevance, because the
current rubber processing facility can be used. From an industrial standpoint, it is the most
direct, most cost-effective, and environment friendly method (no organic solvent is needed).

Since Vaia et al. [4] reported mixing polymers with clays without the use of organic solvents,
there has been vigorous research in this field. Tian et al. reported the preparation of excellent
properties and low-cost SBR nanocomposites based on attapulgite (AT), a natural fibrillar
silicate clay material, by direct mill mixing [5]. The structure and properties of above
composites were carefully investigated by TEM, SEM and RPA. It was found that most AT
separated into dispersed units with diameters less than 100nm in SBR. However, a few
dispersion units as large as 0.2—0.5 um and a clear network structure of dispersion units in SBR
were observed. AT can be purified, but purified AT cannot be easily dispersed in the rubber
matrix by melt blending. Silane coupling agent Si69 can improve the dispersion of AT and
enhance the chemical interfacial adhesion. At the same loading, AT (pretreated with Si69) was
found to have better reinforcing effect on SBR than: (i) carbon black SRF with particle size
60-100 nm and (ii) N330 with particle size 26-30 nm.

In a study conducted by Teh et al., onium ion-modified MMT (organoclay) at 2—-10 phr
loading was melt compounded with NR in an internal mixer and cured using a CV system [6].
The stiffness of the nanocomposite was enhanced with increasing filler content. The addition of
10 phr ENRSO as the compatibilizer in the NR/organoclay nanocomposites significantly
improved mechanical properties such as tensile strength, elongation at break, modulus and
tear strength. This was attributed to the better dispersion of the MMT in the nanocomposite as
supported TEM.

Kim et al. prepared nanocomposites of ODA-modified MMT and NBR by mixing at room
temperature in an internal mixer [7]. 3-(Mercaptopropyl) trimethoxysilane was used as a
coupling agent. TEM studies proved that the coupling agent was effective in enhancing the
dispersion of the organoclay.

2.2.1 Manufacturing Factors Control

The most important consideration to achieve RCNs is the dispersion of organoclay particles in
a rubber matrix. With such organoclay used as fillers, generally three types of composites
materials are obtained: conventional composites, intercalated nanocomposites and exfoliated
nanocomposites. Of the three types, the exfoliated structure is the most desired in terms of
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reinforcement. As long as the organoclay layers fully delaminate (that is, exfoliate), dispersing
less than 10 wt% of them may replace a three- to fourfold amount of traditional fillers for
similar reinforcement. Furthermore, exfoliated clay strongly enhances the gas barrier property
and swelling resistance compared to pristine polymer. However, fully exfoliated RCNs are
difficult to produce. In most of reported RCNs prepared by melt compounding, the full
exfoliation of organoclay layers in rubber matrix has not been obtained. There are many factors
affecting the morphology of RCNs during melt compounding. Some previous works have
disclosed that the dispersion state of organoclay in rubber matrix is influenced by the type of
intercalates, compounding condition (shear rate and temperature) and the polarity of matrix
rubber. It was also found that the microstructures of some RCNs were changed by curing
processes and influenced by the type of curatives; this was attributed to the difference in curing
reactions between the inter and outer galleries of silicates by some researchers.

The heat (or temperature), pressure and crosslinking reaction during the manufacturing
process should be the main factors causing microstructural changes. Within the scorch period
(the initial stage of curing), the crosslinking reaction starts but does not proceed considerably.
Hence, most rubber macromolecules are still in the linear state and have mobility. The former
two factors, heat and pressure, are dominant in this stage; while after the scorch period, the
crosslinking reaction may also alter the microstructure and finally reserve the changed
microstructure through crosslinking bonds. Undoubtedly, the final properties of RCNs should
correspond to their final microstructures derived from vulcanization. Therefore, the knowledge
of the vulcanization influence on the microstructures of RCNs is of great importance for the
control of morphology and property of RCNs.

The influence of heat/temperature and pressure on intercalated structures is revealed by the
study of melt-blended isobutyl-isoprene rubber/clay nanocomposites (IIRCNs) [8]. IIR and
organically modified clay (OMC) were compounded for about 15 min using a laboratory 6-in
(15-cm) two-roll mill. The temperatures of two rolls were within the range 30—60 °C. None
additives were added to the mixture in order to avoid their disturbance on the morphology. The
thermal treatments of OMC and IIRCNs under atmosphere pressure were carried out in an
oven. By contrast, the thermal treatments of OMC and IIRCNs under high pressure were
performed on a press, which exerted the predetermined temperature and pressure on to a
standard mold containing the IIRCN and OMC samples.

The morphology of the IIRCN without thermal treatments is displayed in Figure 2.2, in
which the silicates are shown as dark lines. The low magnification TEM photograph clearly
shows that most intercalated silicate layers with about 15-30 nm in width and 100-300 nm in
length are homogeneously dispersed in the IIR matrix. Moreover, the intercalated silicate
layers are locally stacked in some regions of polymer matrix. The high magnification TEM
photograph in Figure 2.2 displays that there are also some finer silicate particles dispersing in
the IIR matrix; the width of the particles is within the range 4—7 nm. Because the width of most
observed silicate particles are far larger than the width of single silicate layers (that is, ~1 nm),
the IIRCN should not belong to exfoliated PCN.

Figure 2.3 reveals the changes in the intercalated structures of IIRCN caused by a thermal
treatment under atmospheric pressure (AP). In all treated IIRCN patterns, a broad intense peak
appears at around 20 =4.31°, corresponding to a spacing of 2.05nm. The intensity of the
reflection at 260 = 4.31° is considerably stronger than other reflections at lower 20, and the order
spacing for this reflection is not in integral proportion to those at lower 26. Therefore, this
reflection should not be classified as a high order reflection, and herein it is attributed to the
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Figure 2.2 TEM morphologies of [IRCN. Left — low magnification; right — high magnification
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Figure 2.3 WAXD patterns of untreated [IRCN and IIRCN thermally treated at different temperatures
and AP for 1h. The asterisks indicate (0 O 1) peaks for OMC dispersed in IIR matrix. The dotted
line indicates the location of the silicate (0 O 1) reflection of pure OMC. The curves are shifted vertically
for clarity
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coherent structures with a basal spacing of 2.05 nm, which is still less than that for the original
OMC but much larger than that for pure clay. This means the formation of un-interacted silicate
structures during the thermal treatment. It is also observed that with increasing the treating
temperature, the reflection corresponding to a spacing of ~5.88 nm gradually disappears, and a
new reflection corresponding to a spacing of ~3.30nm appears. In the sample treated at
medium temperature (that is, 120 °C), the original and new intercalated structures coexist. The
new peak at 20 = 2.85° corresponding to the spacing of 3.10 nm in the pattern should be caused
by the overlapping of the basal reflection of the new intercalated structure (~3.30 nm) and the
(002) reflection of original intercalated one (~2.94 nm). It is also noticed that this evolvement
of intercalation structures is strongly dependant upon the treating temperature. When thermally
treated at 80 °C, the originally intercalated structure with a basal spacing of 5.88 nm is little
destroyed. When the treating temperature is increased to 160 °C, however, this original
intercalated structure is almost transformed to new intercalated structure with decreased
gallery height. In the IIRCN treated at 120 °C, there is a mixture of these two intercalated
structures. It should be pointed out that the appearance of the 2.05 nm reflection is little affected
by treating temperatures applied in this work. Therefore, it is assumed that there might be two
types of intercalated structures with different thermal stability existing in IIRCN prepared in
this study.

Figure 2.4 shows the TEM photographs of IIRCN treated at the conditions of 80 °C x AP x
1h and 160°C x AP x 1h, respectively. In the TEM photograph of the 80°C x AP x 1 h
sample (Figure 2.4a), the quantity of darker line-like materials are apparently reduced and are
replaced by small flocculent dispersions, compared with the untreated IIRCN. This result
implies that the assembly of intercalated silicates should occur more easily during the thermal
treatment than the extrusion of IIR chains from silicate galleries. The enlarged observation
reveals that most of flocculent structures were not comprised of orderly stacked silicate layers.
Moreover, on the left bottom of the high magnification photograph of this sample, an extremely
darker dispersion can be observed, representing that this area is composed of very high density
of heavy elements (i.e., Si). This dispersion might correspond to the un-intercalated silicate
structure with the basal spacing of 2.05nm disclosed in Figure 2.3. When the treating
temperature is increased to 160 °C, as shown in Figure 2.4b, some very large aggregations
are obvious, whose length is around 1 um and width is several hundred nanometers; small
flocculent structures are reduced. The enlarged photograph discloses that many silicate layers
orderly stack to form these large aggregations. This kind of structure formed by the flocculation
of intercalated stacked silicate layers due to the hydroxylated edge-edge interactions was
defined as an intercalated-flocculated structure.

Figure 2.5 represents the effect of the treating time on the intercalation structures of
IIRCN treated at 120 °C and AP. It can be seen that the un-intercalated silicate layers with a
basal spacing of 2.05 nm appear relatively quickly. After only a 10-min thermal treatment at
120°C, a considerable amount of this kind of structure appeared. In contrast, it takes a
longer time for transformation from the original intercalation structure with a basal spacing
of 5.87 nm to the new intercalated structure with a basal spacing of 3.30nm. The 10-min
thermal treatment at 120 °C causes little change of these intercalated structures. These
results imply that two types of intercalated structures with different features might exist in
the untreated IIRCN.

The pressure is another important factor for curing process besides temperature (or heat) and
time. Figure 2.6 represents the time dependence of intercalated structures of IIRCN treated at
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(a) Treated at 80°C X AP x 1h

(b) Treated at 160°C X AP X 1h

Figure 2.4 TEM photographs of IIRCN treated at two temperatures and AP for 1h: (a) 80°C or
(b) 160°C. Left — low magnification; right — high magnification
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Figure 2.5 WAXD patterns of untreated IIRCN and IIRCN thermally treated at 120 °C and AP for
different times. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The dotted
line indicates the location of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically
for clarity
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Figure 2.6 WAXD patterns for [IRCN treated at 160°C and 15MPa pressure for different times.
The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The dotted line indicates the location
of the silicate (0 0 1) reflection of pure OMC. The curves are shifted vertically for clarity
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160 °C with 15MPa pressure. Similar to the case of IIRCN treated at AP, un-intercalated
silicate structures with a basal spacing of 2.05 nm formed more quickly than the transformation
of original intercalated structures to new intercalated structures with smaller gallery height. In
contrast, the thermal treatment at high pressure (that is, 15 MPa) results in a new intercalated
structure having a smaller gallery height, with a basal reflection which is much stronger and
sharper, compared with IIRCN treated at AP. Moreover, dyq, reflection (=1.49 nm) of this basal
reflection is also obvious in the pattern of the 160 °C x 15 MPa x 60 min sample. This result
suggests that high pressure can significantly increase the coherence length of the silicate
crystallites besides further extruding IIR chains out of the silicate galleries; this structural
transformation should be also kinetic.

Figure 2.7 depicts TEM photographs of IIRCN treated at 160 °C with 15 MPa pressure for
1 h. In contrast to IIRCN thermally treated at AP, the dispersions are almost intercalated-
flocculated structures from 300nm to 1.5um in length and 100-300nm in width. This
extensive flocculation of intercalated and stacked silicates greatly improves the order coher-
ency of silicate crystallites, causing a strong and sharp reflection peak in the WAXD pattern. It
should note that the high pressure does not change the intensity and width of the reflection peak
at ~2.05 nm, meaning that un-intercalated silicate crystallites cannot be further assembled by
high pressure.

AR T |

Figure 2.7 TEM photographs of IIRCN treated at 160 °C and 15 MPa for 1 h. Left — low magnification;
right — high magnification

Figure 2.8 reveals that the magnitude of the extra pressure for thermal treatment has
significant influence on the intercalated structures of the treated IIRCNs. With increasing
pressure, the WAXD pattern of IIIRCN changes from the pattern of AP sample to that of 15 MPa
sample. It should note that the difference in WAXD pattern between AP and 4.5 MPa samples are



32 Rubber Nanocomposites

160°C X 15MPa X 1h

160°C X 5.0MPa X 1hj

300 3300m 5 0sam 160°C X 4.5MPa X 1h
p .
- § .
150 -
. 160°C X AP X 1h

10

Intensity (Counts)

3]
w
»
o
=
~5 -]
(=]
w

26(°)

Figure 2.8 Influence of pressure on WAXD patterns of [IRCN treated at 160 °C for 1 h. The asterisks
indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The dotted line indicates the location of the silicate
(0 0 1) reflection of pure OMC

much smaller than that between 4.5MPa and 5.0 MPa samples; and if extra pressure is
beyond 5MPa, the further increase of extra pressure will impose little impact on WAXD
patterns. The previous results (Figures 2.6 and 2.8) revealed that the strong and sharp reflection,
corresponding to a basal spacing of ~3.06 nm, is mainly attributed to extensive stacking and
flocculating of intercalated silicate layers. So there should exist a critical pressure value within
the range 4.5-5.0 MPa for intercalated silicate layers starting to stack and flocculate across the
full scale of the nanocomposite.

Combining the WAXD analyses with TEM observations, the possible structural models
for untreated and treated IIRCNs are proposed in Figure 2.9. In untreated IIRCN, there are
two types of dispersion silicate structures with different thermal stabilities. Obviously, one
structure is intercalated silicate with a basal spacing of ~5.88nm [structure (a) in
Figure 2.9], which is transformed to new intercalated structures with decreased basal
spacing by the treatments. We assumed that the other structure might be partially
intercalated silicate [structure (b) in Figure 2.9], which is transformed to un-intercalated
silicates with a basal spacing of 2.05nm by the treatments. There is evidence from two
experiments supporting our assumption: (i) Figures 2.6 and 2.8 show that the IIR chains in
the fully intercalated silicate gallery cannot be extruded out completely, even though in the
condition of high temperature and high pressure; (ii) Figures 2.3, 2.5-2.6 and 2.8 demon-
strate that the un-intercalated structures form easily and quickly during the treatments. Only
the partially intercalated structures, where the energy barrier against the extrusion of IIR
chains out of silicate gallery is low, can result in these behaviors. Since this partial
intercalation also disturbs the orderly stacking of silicate layers, no reflection signals can
be observed in WAXD pattern of untreated IIRCN. Through thermal treatments, those IIR
chains inserted in the edge region of silicate galleries are extruded completely and the orderly
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(a) Untreated [TIRCN (b) Treated [TRCN

Figure 2.9 Schematic illustrations of possible types of dispersions in: (a) untreated and (b) treated
IIRCNs. All possible structures are labeled by letters: (a) intercalated structure with a basal spacing
of ~5.87 nm; (b) partially intercalated structure; (c) intercalated structure with decreased basal spacing;
(d) intercalated—flocculated structure with decreased basal spacing; and (e) un-intercalated silicate with a
basal spacing of ~2.06 nm

stacked silicate layers is regained, and as a result a corresponding WAXD reflection appears.
The thermal treatments also cause the tethered aliphatic chains of alklammonium salt in the
interlayer rearranging to pack at a more compact state, and as a result, the un-intercalated
structures has a basal spacing even less than that for pure OMC. As shown in Figure 2.9b,
there are four possible types of dispersion structures in the treated IIRCN. The fraction of
each structure varies from the condition of the treatment, some tendencies of which are
summarized as follows:

1. The fraction of un-intercalated structure is little affected by treating temperature, pressure
and time used in this work.

2. Thermal treatment at AP can cause the transformation from the original intercalated
structure to a new intercalated structure with a basal spacing of ~3.30 nm. Both increasing
treating temperature and prolonging treating time can increase the extent of this structural
transformation.

3. Thermal treatment at AP can also cause intercalated silicates assembling and decrease the
homogenous degree of dispersion. With increasing the treating temperature, the assem-
bling fraction is increased and more and larger aggregated structures appear. In the
160°C x AP x 1° sample, some intercalated-flocculated structures are obvious.

4. The IIR chains can be further extruded from the interlayer by extra pressure, with the
formation of other new intercalated structure with a basal spacing of 3.06 nm. The
assembling extent of intercalated silicates can also be increased by extra pressure. If it
is beyond a critical pressure between 4.5 and 5 MPa, the intercalated-flocculated structures
are formed across the full scale of the IIRCN.
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In conclusion, by a process of melt blending, an IRCN mainly having the intercalated structure
was obtained. This original intercalated structure is thermodynamically unstable but frozen at
room temperature. The thermal treatment at AP can cause a transformation from the original
intercalated structure to a new intercalated one with a smaller gallery height and assembling of
some intercalated silicates. Exerting extra pressure during thermal treatment can cause the further
collapse of the intercalated structures and assembling of intercalated silicates. The magnitudes of
treating temperature, pressure and time have tremendous impacts on the morphology of treated
IIRCN. If extra pressure is added beyond 5 MPa, the intercalated-flocculated structure forms
across the full scale of the IIRCN. It is well accepted that the PCN having higher dispersion extent
of silicate layers possesses the better performance. Based upon the above results and discussions,
we proposed guidelines on how to obtain a desired morphology in the case of IIRCN prepared by
melt blending. The curing system should be selected to ensure that curing process could occur at
low temperature, the scorch period should be short and the curing rate should be high.
Additionally, relatively low pressure should be used during vulcanization.

2.2.2 Filler Surface Modification

Fibrillar silicate (FS) is one type of hydrated magnesium aluminum silicate clay, composed of
many single fibrillar nanocrystals. The dominant FS is attapulgite or palygorskite. FS has the
structural formula Mgs[Al]SigO,o(HO),(OH,)4-H,O. The primary structural unit is the fibrillar
nano single crystal which is 100-3000 nm in length and 10-30 nm in diameter. Single crystals
compactly arrange in parallel to form into crystal bundles and these crystal bundles then
agglomerate into particles having diameters of 5-50 pm. According to Tian’s [9] investigation,
it was found that modified FS using silane coupling agent could also be directly separated into
nano single crystals or crystal bundles (also called nanofibrils) in rubber matrix under
mechanical shear during melt blending. In this way, various kinds of FS/rubber nanocompo-
sites with excellent performances have been achieved. It is promising that the composites will
be launched into future applications due to the cheap cost and simple preparation process.

2.2.2.1 Surface Modification of FS

In the experiments, 20-50 wt% FS aqueous solution was put into a high-speed agitator and
agitated at the speed of 800 rpm to make FS separated into single crystals. Then a mixture of
Si69/alcohol (ratio about 1 : 5) was added slowly and uniformly to the above solution, which
was treated for 30 min at 60 °C. After removal of the solvent to get dry solid particles, these
were then ground into powders. Herein the amount of Si69 alcohol solution added was
calculated according to a weight ratio of Si69:FS =2.4:100.

2.2.2.2 Preparation of FS/SBR Composites

Adjusting the two rolls of a two-roll mill to the smallest distance when rubber becomes fluidic,
modified FS was then added into the rubber step by step to ensure good dispersion. Next,
vulcanizer and accelerator were added (as shown in Table 2.1), and the compound was finally
obtained and sliced at 1.5 mm two-roll spacing to prepare for vulcanization. Cure time was
determined by a disc oscillating rtheometer and the compound was vulcanized in a platen
presser at 25 t pressure. The vulcanization temperature of SBR was 150 °C.
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Table 2.1 Compositions of materials

Rubber (g) 100
Vulcanizer and accelerator (g) 10
Modified FS (g) Variable

2.2.2.3 Properties of FS/SBR Composites

It can be seen from Table 2.2, FS/SBR composites prepared by direct blending possessed higher
hardness, tensile stress at 100% strain, tensile strength and very high tear strength, which
demonstrated that modified FS showed an excellent reinforcing effect. As the loading level of
FS rose, the composites had a distinct increase in hardness and tear strength but a decrease in
elongation at break and permanent set. When the amount of FS was more than 60 g/100 g SBR,
the tensile stress at 100% strain and the tensile strength of the composites were remarkably
enhanced once again.

As shown in Figure 2.10, most of modified FS could be separated into fibrils with diameters
less than 100 nm and dispersed in SBR. Moreover, the greater the amount of FS added, the
greater the number of nanofibrils, which implied the separation of FS and the dispersion of FS
improved when the loading of FS was increased. As we observed, the uniformity of FS
dispersion was better when the loading level of FS was 50 g/100 g SBR or 60 g/100 g SBR.
This was likely explained that the maximal shear force acting on FS increased with the

Figure 2.10 TEM observations of FS/SBR composites, containing x g/100 g SBR: (a) 30g; (b) 40 g;
(c)50g; and (d) 60 g
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Table 2.2 Mechanical properties of composites

Amount of modified FS
30 40 50 60

Unaged Aged Unaged Aged Unaged Aged Unaged Aged

Hardness (shore A) 69 78 73 80 75 83 79 85
Tensile stress at 100% strain (MPa) 7.3 8.4 7.6 10.4 7.8 12.2 10.2 13.7
Tensile strength (MPa) 14.1 143 147 160 144 175 188 205
Elongation at break (%) 350 260 344 238 336 233 309 233
Permanent set (%) 20 12 20 12 12 8 12 8
Tear strength (KNm ™) 58.0 60.8 67.4 64.7

increasing viscosity of matrix and thus improved the separation and dispersion of FS. It is true
that the viscosity of matrix rose as the amount of FS increased.

Figures 2.11 and 2.12 show that, as the amount of FS increased, the dynamic elastic modulus
(E') of the composites rose but the maximum loss tangent (tand,,,,) declined. This agreed with a
spherical filler such as carbon black reinforced rubber. It was obvious that the rubber volume
fraction decreased with increasing FS amount. The temperature corresponded to tand y,, could
be thought as the glass transmission temperature (7) of SBR, about at —50 °C. It could be
concluded that the content of FS had little effect on 7,. When the temperature is significantly
less than Ty, the rubber molecules are glassy and cannot move, hence the loss tangent (tand) is
very low while E' is very high. As the temperature rises but is less than 7, the rubber molecules
begin to move in limited volume, and tand gradually increases while E’ declines dramatically.
When the temperature is more than T, the rubber molecules can freely move due to the rise in
the free volume of rubber, and tand begins to decline while E’ decreases to a minimum value and
changes little. Therefore, tand of the composite appears to have a maximal value.
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Figure 2.11 The relation of dynamic elastic modulus of FS/SBR composites and temperature
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Figure 2.12 The relation of loss tangent of FS/SBR composites and temperature

In order to discuss the anisotropy of FS/SBR composites during the preparation of the
composites, the two rolls were adjusted to the smallest interval so as to give maximal shear to
make the nanofibrils oriented when the compound was sliced. As seen in Figure 2.13, FS/SBR
composites exhibited higher stress in the tropism direction than that in the vertical to tropism
direction at the same amount of FS. It was obvious that the stress difference in the two directions
became more distinct with increasing FS content. Table 2.3 shows that it is also true for the
tensile Young’s modulus of the composites. The difference in tensile Young’s modulus in
the two directions became more visible when the content of FS was more than 60 g/100 g SBR.
Like short microfibers, nanofibrils could also be oriented along the shear direction. The greater
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Figure 2.13 The stress and strain relation of FS/SBR composites in two different directions



38 Rubber Nanocomposites

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

The content of FS Tropism tensile Vertical tensile
(g/100g SBR) Young’s modulus (MPa) Young’s modulus (MPa)
30 7.51 6.19

40 10.80 10.65

50 13.71 12.32

60 22.40 13.58

70 23.16 14.80

80 26.88 16.81

the amount of FS, the greater is the number of nanofibrils and the more distinct is the orientation
of fibrils. As a result, the composites showed more evident anisotropy.

It could be concluded from Figure 2.14 that the Mooney viscosity of FS/SBR and WCB/SBR
compounds increased with the increasing amount of filler but the increment of the former was
more remarkable. It was very puzzling that the Mooney viscosity of the FS/SBR compound was
lower at the same loading level of filler. In addition, it is very easy to mix FS with rubber, and
FS/SBR composites show good appearance. As we knew, short microfiber-reinforced rubber
usually exhibited an undesirable flow property and appearance due to its large dimension.
Therefore, it is possible that FS can be used in some special rubber product instead of short
microfibers to some extent.
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Figure 2.14 Mooney viscosity of FS/SBR and WCB/SBR compounds

Cheap FS fibrils showed excellent reinforcing effect for SBR. FS/SBR composites
prepared by melt compounding exhibited the similar characteristics of short microfiber-
reinforced rubber, for examples, high stress at definite strain, high tear strength, low
elongation at break and anisotropy. In addition, the FS/SBR compound had a good flow

property.
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2.3 Solution Blending

Different from melt compounding, organic solvent is needed to prepare rubber/clay nano-
composites by solution blending. In this method, dry rubber is dissolved in a suitable solvent
along with the organically modified clays or mixed together after dissolution in suitable
solvents. The solvent is evaporated to obtain the nanocomposite.

Ganter et al. prepared rubber nanocomposites based on styrene—butadiene rubber (SBR) and
butadiene rubber (BR) containing organophilic-layered silicates [10, 11]. They reported that
the intergallery distance of the organoclay increased more than twofold when it was
incorporated in SBR dissolved in toluene. The excellent dispersion of the organoclay
(exhibiting both intercalated and partially exfoliated layers) in rubber was demonstrated by
TEM and AFM. The organoclay vulcanizates exhibited enhanced hysteresis when compared
with silica-filled vulcanizates, which was explained by the orientation and sliding of the
anisotropic silicate layers.

In another study, Sadhu and Bhowmick studied the influence of the structural and processing
parameters on rubber-based nanocomposites prepared with ODA-modified MMT and SBR
with different styrene contents [12]. Toluene, chloroform and carbon tetrachloride were used as
solvents and the composites were cured by dicumyl peroxide and sulfur cure systems. All the
composites were characterized by TEM, indicating a uniform distribution of the organoclay in
the SBR matrix. Even with a very low organoclay loading, the modified clay/SBR nano-
composites displayed improved mechanical properties and the styrene content of the rubber
had a pronounced effect on the properties of the nanocomposites. Increasing the styrene content
increased the tensile strength, modulus and elongation at break of SBR.

2.3.1 Manufacturing Factors Control

The effects of heat and pressure during solution blending on the microstructures of isobutylene-
isoprene rubber/clay nanocomposites (IIRCNs) were investigated by Lu et al. [13]. To prepare
the nanocomposites, organically modified clay (OMC) was dispersed in toluene with vigorous
stirring, and then IIR/toluene solution was added into this suspension. The obtained mixture
was vigorously stirred for 24 h. After the solvent was evaporated, the IIR/OMC (100/10)
nanocomposite (IIRCN) was obtained. The vaporization of solvent was carried out in a vacuum
oven at 40 °C for 24 h. No other additives were added to the mixture in order to avoid their
disturbance of the morphology.

The thermal treatments of IIRCNs under atmospheric pressure (AP) were carried out in an
electrically heated oven. However, the thermal treatments of [IRCNs under high pressure (HP)
were performed on an electrically heated hydraulic press, which exerted the predetermined
temperature and pressure on a standard mold containing the IIRCN sample.

Figure 2.15 compares WAXD patterns of OMC and untreated IIRCN. In the OMC pattern,
there is a reflection signal at 20 = 3.92°, corresponding to a basal spacing of 2.24 nm. Whereas,
in that of S-IIRCN, the diffraction peak locates at 20 = 2.51°, corresponding to a basal spacing
of 3.50 nm, which is detectable of the intercalation structure. Additionally, there are no any
other higher order reflections in the pattern, which implies that the order degree of intercalated
structure in initial IIRCN is not high.

Figure 2.16 shows bright field TEM images of untreated IIRCN at two different magnifica-
tions, in which dark entities are the clay particles and bright areas are the matrix. From the TEM
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Figure 2.15 WAXD patterns of IIRCN (IIR/OMC = 100/10 wt) and pure OMC. The asterisks indicate
(00 1) peaks for OMC dispersed in IIR matrix and pure OMC. The curves are shifted vertically for clarity

image of low magnification, it can be observed that silicate layers stacks and flocculates to form
large agglomerates 100200 nm in width and 400-600 nm in length. Moreover, the dispersion
of these clay agglomerates in rubber matrix is inhomogeneous. The enlarged observation
reveals that the agglomerates are composed of many silicate tactoids; and in many parts of the

;i?

Figure 2.16 TEM photographs of IIRCN (IIR/OMC = 100/10 wt). Left — low magnification; right —
high magnification
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agglomerates, the silicate tactoids stacks in disrupted form. This observation is in accordance
with the WAXD data (Figure 2.15).

The initial IRCN was thermally treated in free state, that is, under AP, and at 80, 100, 120,
140 and 160 °C, respectively, for 1 h. These treated IIRCNs were denoted by AP80, AP100,
AP120, AP140 and AP160, respectively. The WAXD patterns of these samples are shown in
Figure 2.17. In general, the structural changes of polymer based clay nanocomposites can be
determined by monitoring the position, intensity and full width at half maximum (FWHM) of
the (0 O 1) basal reflection of OMC. First, the change in the intensity caused by AP thermal
treatments is most apparent. Moreover, the intensity is strongly dependant on the thermal-
treating temperature, as shown in Figure 2.18 [the method for the measurement of (0 0 1)
peak intensity is shown in Figure 2.17]. This pattern can be divided into three regions. In the first
region (80—100 °C), the reflection intensity increases with the treating temperature increasing. In
the second region (100-140°C), the intensity decreases sharply with the thermal-treating
temperature increasing. In the third region (140-180 °C), the rate for the (0 O 1) peak intensity
decreasing with the thermal-treating temperature becomes low. The (0 O 1) reflection peaks of
OMC in AP80, AP100 and AP120 samples are obviously stronger than that of untreated IIRCN.
Furthermore, the higher order reflections of the (0 0 1) basal peak are obvious in the WAXD
patterns of these samples. These phenomena indicate that the intercalated structures in these
IIRCNs are more ordered than those in the initial IIRCN. On the other hand, the (0 0 1) peak for
AP140 and AP160 samples are much weaker than that for untreated IIRCN.
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Figure 2.17 WAXD patterns of untreated IIRCN and IIRCNs treated at different temperatures and AP
for 1h. The asterisks indicate (0 0 1) peaks for OMC dispersed in IIR matrix. The curves are shifted
vertically for clarity

There are two possible reasons resulting in the decrease in intensity of the (0 0 1) basal
reflection: (i) the decrease in the degree of coherent silicate layer stacking and (ii) the
occurrence of the exfoliation and destruction of some intercalated silicates. The FWHM of
the (0 O 1) basal reflection peak is inversely proportional to the coherence length of the
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Figure 2.18 Influence of treating temperature (7) on relative intensity of (0 O 1) reflection peak
(Tho; = Ik, /1snireaiedy for OMC dispersed in IIRCN thermally treated at AP for 1h. The dotted line
indicates the level for untreated IIRCN

OMC (L001) and therefore reflects the coherent order of the silicate layers. Table 2.4
summarizes the coherence lengths (L0O1) of the intercalated OMC for initial [IRCN and
thermally treated samples calculated from FWHM by using Scherer equation. It can be seen
that AP thermal treatments at different temperatures result in remarkable increase of LOO1, and
the treating temperature has little influence on the LOOI of interacted silicate structures in
IIRCN treated under AP. Therefore, the increase in the intensity of the (0 0 1) reflection peak for
AP80, AP100 and AP120 samples should be caused by the improvement in the coherence order
degree of the intercalated OMC in these composites. The dramatic decrease in the intensity of
the (0 0 1) reflection for AP140 and AP160 samples should be essentially due to the exfoliation
of substantial OMC and the decrease in amount of intercalated structures. In these two
treated IIRCNs, the residual intercalated silicates still have higher coherence order in
comparison with the untreated IIRCN. Table 2.4 also compares the basal spacing of OMC

Table 2.4 The intensities of (0 0 1) peaks and crystalline parameters obtained from WAXD analyses of
OMC dispersed in untreated IIRCN and IIRCNs treated at different temperatures and AP for 1 h

Temp (°C) Ioo1" (Counts) dyo; (nm) Loo; (nm) Looi /door”
Untreated 173 3.50 6.66 1.9
80 256 3.70 9.60 2.6
100 325 3.53 10.16 29
120 242 3.39 9.09 2.7
140 76 3.26 9.09 2.8
160 39 3.13 9.09 29

"The method for determining the intensity of (0 0 1) peak (Iyo;) is shown in Figure 2.3.
This ratio represents the mean number of silicate layers in basic intercalated structure.
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among initial and AP thermally treated IIRCNs. The result reveals that the gallery height of
OMC in the AP thermally treated nanocomposite decreases with the treating temperature
increasing and is smaller than that in untreated IRCN when the treating temperature is beyond
100 °C. It should be pointed out that the change in the gallery height with treating temperature is
not much.

Figure 2.19 represents the TEM images of AP80 and AP160, which demonstrate that the
treating temperature possesses the essential influence on the dispersion state of silicate
particles in IIR matrix. In the AP80 sample, the majority of OMC particles are still dispersed
in stacked forms comprising several decade silicate layers, and the dispersion homogeneity of
them is little improved, compared with the initial IIRCN. In contrast, the exfoliated silicates are
dominant in the AP160 sample, but a small amount of stacked intercalated silicate structure still
remains. Furthermore, the dispersion homogeneity of silicate layers in this nanocomposite is
greatly improved. The high-magnification TEM images display that the intercalated silicates
stack more orderly in the AP80 and AP160 samples than in the untreated IIRCN. These TEM
observations are well consistent with the WAXD results.

On the basis of the WAXD patterns and TEM observation, the microstructural changes of
IIRCN caused by AP thermal treatments can be determined. AP thermal treatments at low
temperature (that is, 80, 100, 120°C) mainly improve the coherence order of stacked
intercalated silicates, but little change the spatial distribution of silicate particles in IIR
matrix. However, AP thermal treatments at high temperature (that is, 140, 160 °C) not only
cause the exfoliation of majority of silicates, but also result in a dramatic improvement in the
dispersion homogeneity of silicate particles.

Figure 2.20 shows the effect of constant extra pressure (15 MPa) on the structural change of
IIRCN treated at different temperatures. Among WAXD patterns of IIRCNs treated at
different temperature under 15 MPa pressure, there might be a development of reflection
signal from a large 20 angle to a small one. In both patterns of IIRCN treated at 80 and 160 °C
under 15 MPa pressure, only one reflection peak is obvious. The basal spacing of OMC in
IIRCN treated at 80 °C under 15 MPa pressure is 2.08 nm, which is even smaller than that of
original OMC (2.24 nm), indicating the existence of un-intercalated structures. The basal
spacing of OMC in IIRCN treated at 160 °C under same pressure is 3.18 nm, which is
considerably larger than that of the original OMC, revealing the existence of intercalated
hybrid structures. In patterns of IIRCNs treated at 140 °C and 100 °C, there are two reflection
signals. The position of the low 26 angle reflection is stable at ~2.12 nm, but its diffraction
intensity decreases as the treating temperature increases. In contrast, the position of the high 26
angle reflection shifts to a high angle and its intensity increases as the treating temperature
increases. These results demonstrate that exerting extra pressure at low treating temperature
leads to the extrusion of initially intercalated rubber chains out of silicate galleries to even form
complete un-intercalated structures; but increasing treating temperature can effectively retard
this extrusion.

Figure 2.21 displays the influence of magnitude of extra pressure on the microstructure of
IIRCN when thermally treated at 160 °C. It can be seen that there is only one reflection signal in
all patterns, and the reflection position does not change considerably with extra pressure
changing. Figure 2.22 shows that the intensity of (0 O 1) reflection peak increases remarkably
with extra pressure, but changes little when extra pressure exceeds 5.2 MPa. This phenomenon
demonstrates that high extra pressure may be favorable to form intercalated structures rather
than exfoliated ones.
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100nm

(a) AP x80°Cx 1h sample

(b) AP x160°C % 1h sample

Figure 2.19 TEM photographs of IIRCN treated at the condition of: (a) AP x 80°C x 1h; and
(b) AP x 160°C x 1 h. Left — low magnification; right — high magnification
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On the basis of these experimental results, it can be concluded that:

1. By solution blending, an IIRCN having the intercalated-flocculated structures with low
coherence order was obtained, and a considerable amount of solvent molecules remained
within silicate interlayers.

2. The thermal treatment at AP and relatively low temperature considerably improves the
coherency of intercalated silicates. However, the thermal treatment at AP and relatively high
temperature can cause the exfoliation of silicate layers and improve the distribution
homogeneity of silicate particles in IIR matrix. In these treated IIRCN, the intercalated
structures with improved coherence order and exfoliated silicate layers coexist. When the
treating temperature is beyond 140 °C, the exfoliated structure is dominant. The exfoliation
of silicate layers is related to the vaporization of residual solvent molecules within silicate
interlayers. In addition, the small dimension of dispersed silicate layers facilitates exfolia-
tion during AP thermal treatment at high temperature. Exerting extra pressure during
thermal treatment at relative low temperature can cause complete de-intercalation because
the residual solvent molecules within silicate interlayers favor the motion of intercalated IIR
chains. Increasing the treating temperature retards this de-intercalation, which is also
attributed to the vaporization of residual solvent molecules.

3. To obtain a desired morphology in the case of IIRCN: (i) the pressure applied in vulcanization
should not be high, (ii) the curing process should be performed at high temperature and (iii) the
curing system should be selected to ensure that the curing process has along scorch period and
low curing rate, in order to allow the exfoliation of silicate layers to take place.

2.3.2 Preparing Exfoliated/Intercalated Nanocomposites

A novel method for preparation of exfoliated/intercalated nanocomposites is reported by
Ma et al. based on two steps, that is, preparation of treated montmorillonite (MMT) solution
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and solution blending with polymers [14]. After in situ polymerization of dimethyldichlorosilane
between layers and separation of most polydimethylsiloxane (PDMS), the treated MMT solution
shows good storage stability. Although the elemental analyzer shows no residue PDMS, NMR
proves residue PDMS still exists in the solution. A lower relaxation time of end-capped CH; of
alkyl ammonium grafted onto layer surface via ion exchange in the solution shows that the layer
spacing was increased significantly or even exfoliated. When the solution was blended with some
polar polymers, exfoliated nanocomposites were found. When it was blended with some
nonpolar polymers, however, intercalated nanocomposites were obtained. The reason was
explained in the light of compatibility between polymer matrix and MMT as well as alkyl
ammonium and PDMS grafted on the layer surface. For intercalated nanocomposites, different
layer spacing corresponds to different chain flexibility and the presence of multipeaks is caused
by the processing of these blends.

2.4 Latex Compounding

Most of the rubbers are available in the form of latex. The layered silicates are able to
suspend in water. The water swelling capability of the natural clays depends upon the type
of clay and its cation exchange capacity [15]. Compared with the melt or solution method,
the approach of co-coagulating rubber latex and clay aqueous suspension (namely LCM),
where pristine clay (non-organoclay) is employed, is promising for industrialization due
to the low cost of pristine clay, the simplicity of the preparation process and the superior
cost/performance ratio.

Zhang et al. pioneered this technology by mixing SBR latex with a clay/water dispersion and
coagulating the mixture [16]. The structure of the dispersion of clay in the SBR was studied by
TEM. The mechanical properties of clay/SBR nanocomposites with different filling amounts
of clay were studied. The results showed that the main structure of the dispersion of clay in the
SBR was a layer bundle whose thickness was 4-10 nm and its aggregation formed by several or
many layer bundles. Compared with the other filler, some mechanical properties of clay/SBR
nanocomposites exceeded those of carbon black/SBR composites and were higher than those
of clay/SBR composites produced by directly mixing clay with SBR through regular rubber
processing means.

Wu et al. prepared NBR/clay nanocomposites with excellent mechanical and gas barrier
properties by co-coagulating rubber latex and clay aqueous suspension [17]. TEM showed that
the silicate layers of clay were dispersed in the NBR matrix at the nanometer level and had a
planar orientation.

Rectorite/SBR nanocomposites were prepared by co-coagulating SBR latex and a rectorite/
water suspension by Wang et al. [18]. TEM showed that the layers of rectorite were well
dispersed in the SBR matrix and the aspect ratio (width/thickness) of it was higher than that of
montmorillonite (MMT). X-ray diffraction indicated that the nanocomposite produced by this
method was of neither intercalated type nor exfoliated type. The gas barrier properties and
mechanical properties of the novel nanocomposites were excellent.

In general, polymer/clay nanocomposites are of two different types, namely intercalated
structure and exfoliated structure. Carboxylated NBR (CNBR)/clay mixtures were prepared
by LCM followed by traditional rubber compounding and vulcanization [19]. The silicate
layers were aligned in a more orderly fashion during the compounding. The structure of the
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clay/CNBR nanocomposites was a combination of exfoliated and intercalated silicate layers
dispersed in the continuous CNBR matrix. The structure was different from intercalated and
exfoliated clay nanocomposites, in which the rubber molecules “separated” the clay particles
into either individual layers or just silicate layer aggregates of nanometer thickness without the
intercalation of rubber molecules into clay galleries. Such a structure was found to result from
the competition between separation of rubber latex particles and re-aggregation of single
silicate layers during the co-coagulating process.

It was also reported that the flocculant cations, for instance H, Ca>" and RNH; ",
intercalated into silicate layers. At the same time, the interfacial compatibility was poor
without special interfacial modification. It was also found in that way that there was a
competition of intercalation between the modifier cations and the flocculant cations, and the
amount of rubber-intercalated structure or modifier-intercalated structure strongly depended
on the result of the above competition.

2.4.1 Manufacturing Factors Control

A novel way to increase the interfacial interaction between pristine clay and rubber was
developed by Jia et al. [20]. First, a SBR/clay nanocomposite was prepared by LCM with
diluted sulfuric acid solution and calcium chloride aqueous solution as flocculating agents.
Then, hexadecyl trimethyl ammonium bromide (ab. C16) or 3-aminopropyl triethoxy silane
(ab. KH550) was directly introduced into the SBR/clay nanocompounds on a two-roll mill with
other ingredients to prepare SBR/clay nanocomposites. Compared with in situ modification in
suspension, this method seems to be simpler and more feasible. The results acquired can
provide some reference to the preparation of high performance rubber/clay nanocomposites
with good interfacial interaction.

In experiments, about 2% aqueous suspension of clay and the SBR latex were mixed and
vigorously stirred for a given period of time. After that, the mixture was co-coagulated in
electrolyte solution (1% calcium chloride aqueous solution, or 2% sulfuric acid solution),
washed in water and dried in an oven at 50 °C for 20 h, and then the SBR-clay nanocompound
was obtained. (Here it must be made clear that the nanocompounds are referred to as uncured
and the nanocomposites as cured.)

The modifier (hexadecyl trimethyl ammonium bromide, or 3-aminopropyl triethoxy silane),
the vulcanizing ingredients and other additives were mixed into the nanocompound on a 6-in
two-roll mill, according to the recipe listed in Table 2.5. Then the compound was vulcanized
in a standard mold at about 15 MPa pressure at 150 °C. The vulcanizates are referred to as
SBR/clay nanocomposites. Table 2.6 gives the sample designations of all the SBR/clay
nanocomposites.

In order to reveal the effect of heat and pressure on the structure of clay in the rubber matrix,
the uncured and cured modified SBR/clay nanocomposites were carefully studied by XRD.
The XRD patterns of SBR/clay nanocomposites prepared by different flocculants and organic
modifiers are shown in Figure 2.23.

Figure 2.23a gives the XRD patterns for the H " -flocculated SBR/clay nanocomposites. On
the curve of H-cured nanocomposite, there is one peak at 26 = 6.29°, corresponding to a basal
spacing of 1.43nm, a little bit bigger than that of Na®™-MMT, which results from the
intercalation of flocculant ions into the clay galleries during the flocculating process.
However, this H " -intercalated structure is a “separated” structure. Although there is no rubber
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Table 2.5 Formulation of the mixes

Ingredients Contents (phr')
SBR 100
Clay 10
Hexadecyl trimethyl ammonium bromide 5 (or 4)
(or 3-aminopropyl triethoxy silane)

Zinc oxide 5.0
Stearic acid 2.0
Diphenyl guanidine 0.5
Dibenzothiazode disulfide 0.5
Tetramethyl thiuram disulfide 0.2
N-isopropyl-N’-phenyl-p-phenylene diamine 1.0
Sulfur 2.0

'phr is the abbreviation of weight parts per 100 weight parts rubber.

Table 2.6 Designation of the SBR-clay (100/10) nanocomposites

Flocculant ions H Ca®™ H H Ca®™ Ca®™
Modifier No modifier No modifier C16 KH550 Cl6 KH550
Nanocomposite designation H Ca HC16 HKHS550 CaCl6 CaKH550

macromolecules intercalation, it is still a nanostructure, which can be proved by TEM. For
the uncured SBR/clay nanocomposite with C16 added on the two-roll mill, there are three peaks,
corresponding to basal spacings of 1.43 nm, 2.08 nm and 4.37 nm, respectively. Obviously the
addition of C16 intensively changes the structures of clay in the SBR matrix. Although the H™ -
intercalated structure remains, two new structures of Cl6-intercalated and SBR-intercalated
emerge, which indicate that C16 can intercalate into part of silicate layers during general
mechanical processing through ion exchange between H" and C16. And this C16-intercalation
can further induce the intercalation of SBR macromolecules to clay galleries due to the strong
shearing force. After vulcanization, similar peaks but with stronger intensity appear for the
HC16-cured nanocomposite possibly because of the orientation and re-aggregate of clay layers
by hot pressure during vulcanization. Compared with C16, KH550 can completely intercalate
into the clay galleries during the compounding process, representing a single peak with a
1.82 nm layer spacing on the XRD patterns. Here the XRD peak of H " -intercalated structure
almost disappears. After vulcanization, this singe peak disappears, and as a result, two new peaks
emerge corresponding to layer spacings of 4.41 nm and 1.45 nm. This can be explained by the
strong intercalation between H ™" and amine group of KH550; KH550 easily intercalates into the
H™" clay layers. However, on the one hand the layer space of KH550 intercalated clay is small,
and on the other hand the physical compatibility between KH550 and SBR rubber chains is not
good enough. So the rubber intercalation does not evidently happen during mixing. During the
curing process, the KH550 with amine group and ethyl hydroxyl group participates in
vulcanization and connects with rubber macromolecules by chemical bonding, so the SBR
macromolecules are drawn into some clay galleries and result in the small peak of 4.41 nm on the
XRD patterns. For the same reason, part of KH550 is drawn out from the clay galleries. Thus a
new peak with 1.45 nm layer spacing is observed.
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Figure2.23 X-ray diffraction spectra of SBR-clay nanocomposites flocculated by different flocculating
agents: (a) H" -flocculated system and (b) Ca®> " -flocculated system

In the case of Ca®" as flocculant, similar results can be gained except that the clay layer
spacings of all kinds of intercalated structures are different. With the bigger size of Ca® ", the
layer spacing of a Ca® " -intercalated structure is 1.51 nm. But for uncured and cured CaC16
nanocomposites, the layer spacing of a SBR-intercalated structure changes from about 4.40 nm
to 3.83nm, possibly on account of the strong layer-layer intercalation led by Ca®". In
comparison with Figure 2.23a, the biggest difference in Figure 2.23b is the curve of
CaKH550-cured nanocomposite, in which only a single peak is observed, weak but very
broad, corresponding to the KH550-intercalated structure of 1.9 nm layer spacing. That is still
because that the strong layer-layer interaction of clay led by Ca>* makes it very difficult for
KHS550 to intercalate into clay galleries during the vulcanization process.
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To investigate the effect of modifiers and flocculating agents on the dispersion of clay and
interfacial interaction between clay and SBR matrix, the morphologies of a series of SBR/clay
nanocomposites were observed with TEM, as shown in Figure 2.24. The dark lines in the
photographs are the intersections of the dispersed silicate layers or layer aggregates. It is worth
to note that the dispersion of clay in each photo is good. For un-modified SBR/clay nano-
composite, seen in Figure 2.24a and b, the dimensions of the dispersed clay layers are quite fine
and their spatial distributions are homogeneous. All the clay layers exist in aggregation with
10-20 nm thickness. In Figure 2.24b, some cavities are observed near the interface between clay
layers and rubber matrix, which is caused by the poor interfacial interaction between pristine
clay and SBR. Compared with those of a nanocomposite of Ca, the clay layers of a
nanocomposite of H disperse more finely and the interfacial strength seems a little better.

Figure 2.24 TEM photos of SBR-clay nanocomposites: (a) H; (b) Ca; (c) HKH550; and (d) KC16
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Figure 2.24 (Continued)

When KH550 or C16 is used to modify SBR/clay nanocomposites, the dimension of most
dispersed clay layers and the amount of clay aggregates are larger. However, no cavity is found
on the interface, and dispersion is homogenous. That not only means that the modifier improves
the compatibility of nanodispersed clay and rubber, but that organic modifier assembles some
layers or aggregates to form layer aggregates assisted by pressure during vulcanization. This
implies KH550 and C16 are efficient compatibilizers of clay and SBR. With KH550 modifica-
tion, in Figure 2.24c, the dispersion of clay is more homogeneous. Comparison of these photos
initially demonstrates that KH550 is more efficient. All these results are consistent with that
from XRD.

The effect of the amplitude-dependence of the dynamic viscoelastic properties of filled
rubbers was performed using RPA2000, which can carry out strain and frequency scanning in a
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board range, showing information on the dispersion of filler particles in the rubber matrix.
Figure 2.25 shows the dependency of the storage modulus (G) of the uncured modified rubber
nanocompounds on the strain amplitude, and a highly nonlinear behavior is observed for each
one. Itis found that the modulus decreases dramatically with increasing the strain amplitude for
all the SBR/clay nanocompounds. This can be explained by “the Payne effect.” The severe
decrease in the modulus with increasing deformation ratio is due to the disentanglement of
uncured rubber macromolecules, and the breakdown of filler-rubber network constructed by
filler-filler interaction and filler-rubber interaction. Another observation is that compared with
KH550 modified SBR/clay nanocompounds, C16 modified SBR/clay nanocompounds possess
higher moduli. At the same time, the moduli of C16 modified SBR/clay nanocompounds
decrease faster when the strain is over 40%. This is probably because that the longer alkyl
chains of C16 provide strong entanglements with SBR chains or by themselves, which can be
described by the sketch in Figure 2.26. However, compared with C16, KH550 has lower
compatibility with SBR, thus its effect on helping constructing network is relatively weak.
Different from the modified SBR/clay nanocompounds, the reason why the unmodified
nanocompounds possess high moduli is that in those nanocompounds, although both the
clay-rubber interaction and the compatibility between clay and SBR are weak, the filler-filler
interaction is very strong due to filler aggregation.
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Figure 2.25 RPA analysis of uncured SBR-clay nanocompounds

In order to investigate the dynamic properties of cured modified SBR-clay nanocomposites,
the dynamic storage modulus (G’) and mechanical loss factor (tand) were also studied. Two
zones are found in Figure 2.27a. Zone 1 is the modulus-strain pattern under the 100% strain, in
which the dynamic shear storage modulus remains constant. When the strain is over 100%,
zone 2 is formed, in which the modulus decreases dramatically, similar with what in Figure 2.25
due to the same reason. In contrast, it can be found that the order in G’ of all the modified SBR/
clay nanocomposites is HKH550 > CaKHS550 > HC16 > CaC16 and the difference between
them is very big, different from that observed in Figure 2.25. One must note that, compared with
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Figure 2.26 Sketch of the physical entanglement between C16 and SBR

Figure 2.27a, the order in the tand of all the modified SBR/clay nanocomposites is reversed in
Figure 2.27b. Tand is dependent on the elasticity of the filled rubber nanocomposites. It is well
known that the lower the tand, the higher the elasticity. High elasticity implies that the material
has an excellent interface. To understand this, the interfacial interaction among these
nanocomposites must be analyzed. At first, we must realize that the layer surface interaction
is more important compared with edge interaction since the former is much bigger than the
latter in area. C16 is physically absorbed on the clay layers, its long alkyl chains only physically
interact with rubber molecules chains even after vulcanization. So the interfacial strength of
C16 modified SBR/clay nanocomposites is not strong, which results in interface sliding during
tensile and high hysteresis during dynamic deformation. However, the =NH, and =OC,Hj5 of
KH550 can chemically bond with rubber molecules through participating in a complex curing
reaction. Consequently, clay layers act as the chemical crosslinking points, which further
markedly increase the modulus of nanocomposites and remarkably reduce the interfacial
hysteresis.

In order to test this, the effect of modification on curing characteristics is given in Figure 2.28.
Vulcanization is a vital step for rubber product, and the rubber modulus increases dramatically
during curing; thus it is used as a monitor to investigate the progress of curing. In Figure 2.28,
for unmodified SBR/clay nanocomposites, the occurrence of vulcanization is delayed. This is
caused by the combination of the curing agents with fillers by hydrogen bonding. The
combined agents do not crosslink SBR until the combination begins to vanish at the curing
temperature. The existing of C16 and KH550 can evidently accelerate the occurrence of
vulcanization, as shown in curves for modified nanocomposites. For C16-modified SBR/clay
nanocomposites, the maximum torque is reached soon and remains constant. Different from
this, KH550 can obviously shorten the scorch time at first. But as curing progresses, the curing
speed decreases, and the cure time is protracted. Simultaneously the torque keeps increasing all
the time. Thus it can be concluded that the existing KH550 participates in the curing reaction
and significantly influences the intercrosslinking structure of SBR/clay nanocomposites.

Table 2.7 shows the mechanical properties of pure SBR, unmodified and modified SBR/clay
nanocomposites; the corresponding stress-strain curves are presented in Figure 2.29. While the
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Figure 2.27 RPA analysis of cured SBR-clay nanocomposites

tensile strength of pure SBR is measured at 2.3 MPa, without organic modification, it is only
improved to 4.3 or 4.4 MPa with the addition of 10 phr nanoclay by using H* or Ca>* as the
flocculating agent, respectively. This improvement is big but not enough for the application
requirement. Compared with that of un-modified SBR/clay nanocomposite, no obvious
improvement in tear strength, or stress at 100% or 300% elongation is found, but tensile
strength is improved to about 9.0 MPa for the C16-modified nanocomposites, over 100%
improvement, in both systems with H ™ or Ca" as flocculating agent. With almost the same
amount of KH550, the tear strength and the modulus at 100% and 300% of the modified
nanocomposites are improved more than 30%, and the tensile strength is also improved 2.5
times of that of un-modified nanocomposites.

As shown in Figure 2.29, the obvious difference appears even at a very small elongation with
a value around 40%; and with further increase of elongation, the difference among all the
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Figure 2.28 Curing curves of all the SBR-clay (100/10) nanocomposites

Table 2.7 Mechanical properties of SBR-clay nanocomposites

Nanocomposite Shore A Modulus at ~ Modulus  Tensile Elongation Permanent Tear

hardness 100% at 300% strength  at break set (%) strength
strain (MPa) strain (MPa) (MPa) (%) (KN mfl)
Pure SBR 47 0.9 1.1 2.3 632 8 9
H 58 1.4 2.6 4.3 592 24 21
Ca 60 1.2 1.7 4.4 751 36 21
HC16 64 1.9 2.9 9.0 516 28 21
CaCl6 62 1.7 2.3 94 598 40 20
HKHS550 55 1.8 6.8 124 504 16 27
CaKH550 57 1.9 5.2 10.1 513 28 26

curves becomes more and more distinct. It can be concluded that in the range of median to large
strain (for example, 300% elongation), the stress of H * -flocculated nanocomposites are higher
than that of Ca” " -flocculated nanocomposites for each similar system in which the flocculat-
ing agent is the only difference. Likewise, the stress at 300% elongation of the modified
nanocomposites is much higher than that of unmodified counterparts. Moreover, the stress at
300% elongation of KH550-modified nanocomposites is higher than that of C16-modified ones
in each system using either H " or Ca® " . In the following part, the mechanism of reinforcement
is discussed from the point of interface sliding and interfacial interaction during the tensile
process. It is well known that the modulus at a very small strain provides very important
information. Here the modulus mainly relies on the strength of network, indicating the filler
dispersion and hardness of the vulcanizate. With 100% elongation, the order of stress of cured
nanocomposites is HC16 > CaC16 > CaKH550 > HKHS550, which is consistent with the
RPA result of uncured SBR/clay nanocompounds and the Shore A hardness of cured SBR/
clay nanocomposites. For nanocomposites of H and Ca, the moduli of their uncured
nanocompounds are higher than those of the modified nanocompounds because of higher
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Figure 2.29 Stress-strain curve of cured SBR-clay nanocomposites

filler-filler interaction. However, the stress of their cured nanocomposites is the lowest among
all of the SBR/clay nanocomposites because of the worst clay dispersion in the SBR matrix.
With increasing strain, the interface interaction between filler and matrix dominates the
increase in stress. In general, when the interfacial interaction between clay and rubber is
chemical linking, the stress at a certain strain will be dramatically improved. That is why the
curve of KH550-modified SBR/clay nanocomposites is in the highest position when the strain
level is over 200% and takes on a steep rise. For C16 modified SBR/clay nanocomposites, the
interaction between clay and SBR matrix is physical interaction, that is, weak Van der Waals
forces. However, the interfacial compatibility between clay and SBR is improved due to the
existing of C16. During the tensile process, interface sliding between clay layers and SBR
matrix occurs, and the rubber macromolecules chains can gradually make an orientation. At
that moment, C16 acts as a bridge, which can delay the detaching between clay and rubber
molecules. Thus C16 improves the interfacial compatibility and promotes the rise of stress. For
the same modifier-modified system, the stress at same strain level of H " -flocculated
nanocomposite is always higher than that of the Ca®"-flocculated nanocomposite. The
difference in stress-stain curves might attribute more to the influence of H™ on the crosslinking
degree of nanocomposites than Ca” .

2.4.2 The Effect of Rubber Type

To investigate the effect of rubber type on the dispersion of clay in the rubber/clay nano-
composites prepared by LCM, Wu et al. [21] prepared four rubber/clay nanocomposites
containing 20 phr clay, NR-clay, SBR-clay, NBR-clay, and CNBR-clay by directly co-
coagulating the rubber latex and clay aqueous suspension.

In the TEM micrographs shown in Figure 2.30, the dark lines represent the intersections of
the silicate layers. Figure 2.30a—d shows that there are both individual layers and stacking
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Figure 2.30 TEM micrographs of four rubber/clay nanocomposites: (a) NR-clay; (b) SBR-clay;
(c) NBR-clay; and (d) CNBR-clay

silicate layers with a thickness of 10-30 nm. It is worth to note that the dispersion of clay in each
of the four rubber matrices is excellent.

The mechanical properties of three rubber/clay nanocomposites, SBR-clay, NR-clay and
CNBR-clay, are listed in Table 2.8. Compared to the corresponding conventional rubber/clay
composites containing the equivalent amount of clay (20 phr), all three nanocomposites exhibit
substantially higher 300% stress, shore A hardness, tensile strength and tear strength. Of
particular note is that the tensile strength of SBR-clay nanocomposite exhibited a six times
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Table 2.8 Mechanical properties of rubber-clay nanocomposites (NC samples) and conventional
rubber-clay composites (MC samples) with 20 phr clay

Sample SBR-clay NR-clay CNBR-clay
MC NC MC NC MC NC
Stress at 300% strain (MPa) 2.1 7.4 2.7 12.3 5.2 —
Tensile strength (MPa) 2.4 14.5 11.6 26.8 9.0 18.0
Elongation at break (%) 400 548 568 644 444 228
Shore A hardness 52 60 41 54 60 82
Tear strength (KN m Y 16.5 45.3 22.8 44.1 24.4 46.5

higher value than that of the conventional SBR-clay composite. The largely increased
reinforcement and the tear resistance of the nanocomposites should be ascribed to the
dispersed structure of clay at the nano level, the high aspect ratio and the planar orientation
of the silicate layers.

The gas permeabilities of SBR-clay, NR-clay and NBR-clay nanocomposites with 20 phr
clay are presented in Table 2.9. Compared to the corresponding gum vulcanizates, the nitrogen
permeability of SBR-clay, NR-clay and NBR-clay nanocomposites reduced by 54.1%, 46.7%
and 47.8%, respectively, and the decrease amplitude is about 50% for all of the three
nanocomposites. This implies that the dispersion of silicate layers in SBR, NR and NBR
matrix is almost the same.

Table2.9 Nitrogen permeabilities of clay/rubber nanocomposites with 20 phr clay (10~'" m?Pa~'s™")

Materials Pure SBR SBR-clay Pure NR NR-clay Pure NBR NBR-clay

Permeability 7.4 34 13.7 7.3 23 1.2

It can be seen that these novel nanocomposites exhibit excellent mechanical and gas barrier
properties. Therefore, a conclusion can be made that the method of co-coagulation for
preparing rubber/clay nanocomposites is widely applicable to rubbers that exist as a latex.

As mentioned above, the rubber/clay nanocomposites prepared by LCM are different from
those of intercalated and exfoliated polymer/clay nanocomposites. They have a kind of partly
exfoliated structure, in which the rubber molecules “separate” the clay into either individual
layers or just silicate layer aggregates of nanometer thickness without the intercalation of
rubber molecules into clay galleries. Therefore, the mechanism for forming nanocomposite
structure by the latex route is put forward.

The non-exfoliated layer aggregates in rubber/clay nanocomposites prepared by co-
coagulation are formed by the re-aggregation of exfoliated clay layers during the co-
coagulating process. Therefore, it is according to the unique nanocompouding mechanism
that this kind of structure prepared by co-coagulation is named “separated” structure, where
the rubber molecules “separate” the clay into either individual layers or just silicate layer
aggregates of nanometer thickness without the intercalation of rubber molecules into clay
galleries. In addition, the concept of “separated” structure can also present the difference
from partly exfoliated structure prepared by melt blending.
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The formation mechanism of “separated” structure can be illustrated by a schematic of the
mixing and co-coagulating process (Figure 2.31).
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Figure 2.31 Schematic illustration of the mixing and co-coagulating process

At the stage of mixing, the rubber latex particles are mixed with the clay aqueous suspension,
in which clay is dispersed as individual silicate layers. After adding a flocculant, the flocculant
coagulates the rubber latex and the silicate layers simultaneously, but the rubber macro-
molecules do not exactly intercalate into the galleries of clay. This mainly results from the
competition between separation of rubber latex particles and re-aggregation of single silicate
layers upon the addition of flocculant. Since rubber latex particles are composed of several
molecules, the existence of latex particles between the galleries of silicate layers in the water
medium should result in a completely separated (exfoliated) silicate layers. However, cations
of flocculant cause separated silicate layers to re-aggregate so that the rubber latex particles
between the silicate layers may be expelled. As aresult, there are some non-exfoliated layers in
the nanocomposites. In the meantime, due to the fact that the amount of latex is greater than that
of silicate layers and the latex particles agglomerate rapidly, the re-aggregation of silicate
layers is evidently obstructed to some extent by the agglomerated latex particles around the
silicate layers. Consequently, the size of aggregates of silicate layers is at the nanometer level,
and the thus obtained nanocomposites contain both exfoliated silicate layers and non-
exfoliated (not intercalated) aggregates of nanometer thickness in the rubber matrix.

According to the above nanocompounding mechanism, the factors affecting the final
dispersion level of nanocomposites mainly include the size of rubber latex particles, the ratio
of rubber latex to clay suspension and the speed of co-coagulation.

It can be expected that the smaller latex particles, the greater latex content and the faster
speed of co-coagulating rubber latex and clay layers will provide nanocomposites with fewer
non-exfoliated layer aggregates and even completely exfoliated nanocomposites.

Wang et al. compared the mechanical properties of clay (fractionated bentonite)/SBR
nanocomposites prepared by the solution and latex blending techniques [22] and found that, at
equivalent clay loadings, the nanocomposites prepared by the latex route were better than those
prepared by the solution blending technique. Moreover, the set properties of the nanocompo-
sites prepared by the latex route were lower than those prepared by solution blending. The TEM
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shows that clay was dispersed as one or several layers. The XRD shows that the basal spacing in
the clay was increased. It was evident that some macromolecules intercalated to the clay layer
galleries. The clay layer could be uniformly dispersed in the rubber matrix on the nanometer
level. The mechanical testing shows that the nanocomposites have good mechanical properties.
Some properties exceeded those of rubber reinforced with carbon black, so the clay layers
could be used as an important reinforcing agent in the same way as carbon black.

2.5 Summary

Rubber/clay nanocomposites can be prepared via melt compounding or solution blending. In
the melt compounding method, it is difficult to exfoliate the clay because of the high viscosity
due to the polymer high molecular weight. In the solution method, organized clay is mixed with
a polymer solution, followed by the evaporation of solvents. However, it is difficult to
intercalate polymer chains into the silicate layers in a solution state, and the solvent removal
process is troublesome.

A new method named the latex method was developed recently by our group. In the latex
method, a clay layer was dispersed in deionized water, followed by mixing with rubber latex.
The mixture was then co-coagulated by flocculants. At this stage, exfoliated silicate layers re-
aggregated to several layers of silicates of nanometer thickness, and rubber molecules dwelled
between several layers of silicates during the co-coagulation process. The advantages of this
method are (1) no solvent involved; and (2) readily available intercalation/exfoliation co-
existence, leading to highly improved mechanical and barrier performance. In addition, the
rubber supplied in the state of latex can be readily used, so that the dispersion effect of
nanofillers can be maximized.
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3.1 Introduction

During the past decade, organic-inorganic hybrid materials have attracted tremendous interest
because they offer improved properties compared with the corresponding properties in pure
organic or inorganic materials. In elastomeric composites, the incorporation of filler particles
leads to an increase in stiffness resulting from the inclusion of rigid particles in the soft matrix
and also from additional crosslinking sites at the particle-matrix interface. But besides the
extent of interaction between the organic and inorganic phases, the level of matrix reinforce-
ment depends on several filler parameters such as the volume fraction of the particles, their size
and especially their state of dispersion within the host matrix. The reinforcing qualities of
conventional fillers such as carbon blacks and silicas have been widely demonstrated in the
literature. These fillers are physically mixed into the polymers before the crosslinking reaction,
which tends to produce rather inhomogeneous materials. An alternative synthetic route based
on the sol-gel method usually allows the precipitation of the reinforcing phase that is more
finely dispersed than in the case of a mechanical mixture. Many organic-inorganic hybrids can
be obtained through a sol-gel process, which has proved to be a very simple and efficient
approach for the synthesis of composites where an inorganic network is formed within
a polymer matrix. Further, this process allows a tailored manipulation of the organic and
inorganic phases at a nanometer scale for the synthesis of new materials exhibiting synergistic
mechanical and thermal responses.
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The sol-gel process involves inorganic alkoxides ([M (OR),], where M = Si, Ti, Zr, Al,. ..
and R is an aliphatic group) that are hydrolyzed and condensed in the presence of a catalyst, in
order to form M—O—M bridging units.

The structure of the generated inorganic particles depends on the hydrolysis and condensa-
tion conditions and especially on the type of alkoxide and catalyst. The molecular weight
of the polymer, the filler concentration and the nature of the interfacial interactions between
the organic and inorganic phases are additional factors that have a significant effect on the
morphology of the composite.

A controlled combination of the different factors that affect the composite structure leads to
the synthesis of composite materials with tailored properties. But, incorporating particles
through sol-gel in situ precipitations avoids agglomeration of the reinforcing filler frequently
obtained by the usual blending of the filler into the polymer prior to its crosslinking into an
elastomeric network.

The primary goal of this chapter is to give a better understanding of the structure-property
relationships in some hybrid organic-inorganic materials obtained by means of a sol-gel
process. Silica and titania are chosen as the inorganic phases and poly(dimethylsiloxane)
(PDMS) as the organic phase.

3.2 Synthetic Aspects
3.2.1 General Considerations

Pioneered by Mark for essentially filling silicone rubbers [1-7], the sol-gel process has
been successfully extended to various other polymers [8-20]. The in situ organic-
inorganic systems are often called nanocomposites on account of the small size of the
generated structures.

The work previously reported on the reinforcement of PDMS by in situ generated filler
particles [1-7], is essentially related to silicone elastomers formed by the use of functionally
terminated PDMS fluids that undergo catalyzed crosslinking reactions.

Typically, silica formation via the sol-gel process based on the polymerization of tetra-
ethoxysilane (TEOS) used as the inorganic precursor can be carried out before or after or
alternatively during curing [21]. In the third procedure, hydroxyl-terminated PDMS chains are
blended with enough TEOS to simultaneously end-link the precursor chains and provide the
silica particles.

Two reactions are generally used to describe the sol-gel synthesis of silica from TEOS:

Si(OC,Hs), —M _ §i(OH), + C,HsOH

polycondensation

Si(OH), + Si(OH), (OH);Si---O- - - Si(OH); + H,0
This process which can be carried out at relatively low temperatures in host polymeric
matrices, leads to samples exhibiting excellent mechanical properties and optical transparency.
The generated inorganic structures highly depend on the hydrolysis and condensation
conditions and essentially on the nature of the catalyst used to accelerate the gelation process.
Therole played by the catalytst in the sol-gel processing of silica has been thoroughly examined
by Pope and Mackenzie [22]. Also, the mechanisms and kinetics of the hydrolysis-condensation



Reinforcement of Silicone Rubbers by Sol-Gel In Situ Generated Filler Particles 65

reactions have been widely discussed on the basis of the water content and on the pH dependence
of the gelation process [23, 24].

Large spherical particles are expected in the case of base-catalyzed reaction while linear
chain growth is suggested via acid catalysis. Silica polymerization in the solution precursor is
generally described by models of nucleation, growth and aggregation. Kinetic models based on
fractal geometry concepts were developed and applied for the analysis of small-angle X-ray
scattering profiles in order to gain information on the morphology of the inorganic entities.

A wide range of complex structures were obtained for in situ silica-filled poly(dimethylsi-
loxane) networks prepared by various synthetic protocols [4, 7]. Nevertheless, the typical
fractal patterns and morphologies described in the case of the polymerization of silica in
solution are not exactly those observed when the polymerization is carried out in PDMS [4].
This is most probably due to the constraints provided by the polymer environment. Jackson
et al. [25] have analyzed the changes in the morphology of organic-inorganic hybrid materials
when the relative rates of polymerization of the organic and inorganic phases are changed. A
strong phase separation has been observed when the polymerization is fast with respect to the
sol-gel reaction while a faster sol-gel polymerization leads to a finer morphology and more
diffuse interfacial regions between the two phases.

3.2.2 Adopted Protocols

This chapter concentrates essentially on the sol-gel process carried out under different catalytic
conditions in already formed networks by using a synthetic protocole different from those
previously reported. Generating silica structures within a preformed PDMS network is
expected to prevent the formation of large silica aggregates. But the synthetic protocol for
the filling process before the crosslinking reaction is also presented for purpose of comparison.
We deal with the synthesis, characterization and properties of the filled systems with a special
emphasis on the polymer-filler interface, which plays a crucial role on the mechanical
properties of the resulting materials.

3.2.2.1 Synthesis of the Unfilled Networks

Unfilled PDMS networks can be obtained by end-linking polymer chains by means of
a multifunctional crosslinking agent. This type of process using o,w-bifunctional polymers
of known molecular weight reacting with adequate multifunctional reagent are widely used to
obtain elastomeric networks with structures expected to be as close as possible to ideality [21,
26, 27]. Samples can be obtained by the hydrosilylation reaction (that is, the addition of a silyl
function —SiH of precursor chains of hydride-terminated PDMS to an unsaturated C=C bond
of the crosslinking molecule [27] or the addition of vinyl functional polymers to a SiH group of
a tetrafunctional siloxane [28]). In both cases, the hydrosilylation reaction is catalyzed by
a platinum complex (that is, platinum-divinyltetramethyldisiloxane). Alternatively, terminal
silanol functional PDMS are able to condense to alkoxy systems (the most widely used being
TEOS) under a tin compound catalyst. Nevertheless the reaction between hydroxyl-terminated
PDMS and TEOS is difficult to control and, to be efficient, requires, as often reported in the
literature [29, 30], larger amounts of TEOS than the stochiometric equivalent. A typical
synthesis started from OH-terminated precursor chains is described below.
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Hydroxyl-terminated PDMS (molecular weight = 18 000) supplied by Gelest is mixed for
30 min with TEOS, in excess of 50%, and used here as the crosslinking agent. A small amount
of stannous-2-ethyl-hexanoate used as catalyst, is then added to the mixture under mechanical
stirring just for 5 min to avoid a crosslinking reaction during mixing. The reacting mixture is
slowly cast into a Teflon mold and left for a few minutes at room temperature then at 80 °C for
one day for complete curing. The films are extracted with toluene for 72 h to remove any
unreacted materials. The sol fractions are between 4 and 5%.

In the previous studies, PDMS networks were synthesized by using a stochiometric balance
between ethoxy groups of the tetrafunctional alkoxysilane crosslinker and the hydroxyl chain
ends of the hydroxyl-terminated PDMS precursor chains in order to get model networks
characterized by constant junction functionality and known molecular weight between cross-
links (close to the number average molecular weight of precursor chains) [1-7]. In fact,
networks prepared at stoichiometric conditions have an elastic modulus lower than that
deduced from the molecular weight between crosslinks and great soluble fraction (around
10%). This may be due to the volatility of TEOS thus reducing the amount of crosslinker
required for the alkoxy-functional condensation reaction. Much greater ratios of crosslinker
functions to chain ends than that required by stoichiometry have already been used in the
literature [29, 30] but in our case, we carried out a systematic study of the effect of excess of
TEOS on the mechanical properties of networks synthesized from OH-terminated chains. A
50% excess (and not higher values as already reported) are enough to ensure correct modulus
and reasonable soluble fraction.

3.2.2.2 Procedures for Composite Preparation

In Situ Filling Process of Already Formed Networks

For silica in situ precipitation, the PDMS films are swollen in TEOS in the presence of a pH-
neutral catalyst: dibutyltin diacetate (DBTDA) or an acid catalyst (HCI) used at 3 wt%. The
swelling time determines the degree of TEOS absorption and thus the filler loading. Both the
TEOS-swollen film and a beaker containing water are placed for 48 h into a desiccator
maintained at a constant temperature (30 °C) thus exposing the swollen film to saturated water
vapor. The film is then vacuum-dried at 80 °C for several days to constant weight in order to
remove any alcohol generated from the reaction and also the remaining TEOS which has not
been hydrolyzed.

Some samples are also prepared according to the procedure already reported [4, 7] which
consists of immersing the TEOS-swollen network into an aqueous solution containing 3 wt% of
a base catalyst (diethyl amine (DEA) or ammonia) for one day. The films were then removed
from solution and vacuum-dried as described above.

The amount of filler incorporated into the network was calculated from the weights of the
films before and after the generation of the filler.

PDMS elastomeric composites containing titania (TiO,) instead of silica (SiO,) can be also
prepared by replacing the hydrolysis of TEOS by the hydrolysis of an organo-titanate. Titania is
well known to improve weather resistance and heat stability of silicone rubbers [3]. But in
comparison with silica alkoxides, titanium alkoxides have much higher reactivity, resulting in
the formation of precipitates. It has been shown that the resistance to hydrolysis increases with
the increase in chain length of the alkyl chain [31]. Therefore, as in other studies [32, 33]
titanium n-butoxide (TBO) has been chosen as the precursor of TiO, in the sol-gel process.
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Figure 3.1 compares the time dependence of the degree of swelling of PDMS films (around 1
mm thick) in the two alkoxides at room temperature. It has to be mentioned first that the
swelling behavior of the film is not affected by the presence of the catalyst. Second, at a given
swelling time, a much higher swelling ratio is obtained with TEOS most probably on account of
the easier diffusion of TEOS into the elastomer due to its lower viscosity.
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Figure 3.1 Time dependence of the degree of swelling of PDMS films around 1 mm thick in the pure
respective alkoxides: (a) tetracthoxysilane (TEOS) or (b) titanium z-butoxide (TBO), and in the presence
of HCl or dibutyltin diacetate (DBTDA) used as catalysts

One way to quantify the diffusion phenomenon of the alkoxide into the polymer film, is to
plot the experimental data according to a Fick model (Figure 3.2):

1/2,1/2 —1
malkoxide/moo x D / 4 / e

where m,50xide 1S the mass of absorbed alkoxide at a given time, m, is the mass of absorbed
alkoxide at t — oo, D is the diffusion coefficient and e is the thickness of the sample. It can be
seen that the rate of diffusion of TEOS is much faster than that of TBO in PDMS films.

Nevertheless, under the described experimental conditions, at small filler loadings the films
are not swollen to equilibrium and one may expect the diffusion phenomenon to go on, once the
film is removed from the alkoxide, in order to ensure a homogeneous distribution of the filler
particles within the matrix. This point was checked by transmission electron microscopy
(TEM) of a sample microtomed at —140 °C, without the use of any dye, to obtain the cross-
section through the thickness of the sample. The TEM image of a PDMS film filled with 23 phr
(phr = parts of filler per hundred parts of elastomer) of TiO, catalyzed by 3 wt% of DBTDA
does not display any gradient of filler concentration, the filler particles being homogeneously
dispersed throughout the thickness of the film (Figure 3.3).

Fourier transform infrared spectroscopy (FTIR) using attenuated total reflection technique
(ATR), which is particularly well-suited for the study of thick films, allows the analysis of the
changes in the infrared spectra occuring during the hydrolysis reaction. The zn-butoxide displays
two absorption bands located at 1461 and 1374 cm ™', assigned to the deformation modes of the
methyl and methylene groups [34] (1461 cm™ ' corresponds to the scissoring vibration of the
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Figure 3.3 TEM image of a DBTDA-catalyzed PDMS composite containing 23 phr of TiO,, sliced
through the thickness of the film
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CH, group and asymmetric CH; bending, while the band at 1374cm™' corresponds to
symmetric CH; deformation; Figure 3.4). We note a progressive reduction in intensity of these
two bands during the hydrolysis process and a total disapperance after total reaction.
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Figure 3.4 ATR spectra of a PDMS film swollen with titanium n-butoxide (TBO) and taken at different
times (O min, 15 min, 1 h, 2h) during the hydrolysis process

In contrast, silica formation within the preformed PDMS network can be visualized in the
infrared spectra of the silica-filled PDMS networks, where it is seen that the bands associated
with silica increase with the silica content in the composite (Figure 3.5). It is interesting to
mention that, on account of similar chemical structure, the matrix which is constituted of poly
(dimethylsiloxane) polymer chains has an infrared spectrum very similar to that of the bulk
spectrum of silica itself.

As seen in Figure 3.6, our synthetic protocols ensure that the real filler loading is very close
to the theoretical one, represented as the straight lines and calculated by assuming a total
conversion of the alkoxide into silica or titania.

In Situ Filling Process Before the Crosslinking Reaction

In the second protocol in which the sol-gel reaction is conducted before the crosslinking
process, low viscosity silanol terminated PDMS fluids (viscosity < 100cSt and molecular
weight < 4000) are mixed with a given amount of TEOS (calculated in order to get a given filler
loading) added with 3 wt% of dibutyl diacetate. A small beaker full of water is maintained on
the top of the jar holding the reaction mixture. The jar is closed and the mixture is exposed for
48 h, under continuous magnetic stirring, to saturated water. A further addition of TEOS in
excess of 50% with regard to the stoichiometric balance is carried out in order to proceed to the
endlinking reaction and after further stirring for 30 min, followed by the incorporation of the
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catalyst (stannous-2-ethyl-hexanoate), the reacting mixture is cast into a Teflon mold and cured
at 80 °C as described above.

The present chapter only concentrates on the sol-gel process carried out in already formed
PDMS networks.

3.3 Properties of the Hybrid Materials
3.3.1 State of Dispersion

Filled elastomeric materials usually display improved bulk properties relative to the base
polymer. In particular, the incorporation of filler particles leads to an increase in stiffness
resulting from the inclusion of rigid particles in the soft matrix and also from additional
crosslinking sites at the particle-matrix interface [35-37]. In addition to the volume fraction of
the particles, filler parameters such as specific primary particle and aggregate size, spatial
morphology or “structure” and surface characteristics are well known to have a strong influence
on the mechanical response of the resulting material. However, full realization of the filler
capability can only be achieved if the filler is well dispersed in the rubbery matrix.

Figure 3.7 shows TEM images of DBTDA-catalyzed composites filled with SiO,
(Figure 3.7a and c) or TiO, (Figure 3.7b and d) particles in situ generated in already formed
PDMS networks. The in situ technique is seen to give much better dispersions than simple
blending of the particles into the polymers prior to the crosslinking process. But although in situ
precipitated filler particles seem uniformly dispersed in both cases, different morphologies are
revealed. The diameter of the generated silica particles is seen to be much smaller than that of
titanium dioxide particles. The composite containing 10 phr of SiO, (Figure 3.7a) shows an
excellent dispersion of the mineral phase in the polymer with small silica domains around
~5nm in diameter and rather diffuse interfaces. For the higher content, a fine morphology of
the silicate structure is still obtained suggesting an interpenetrated polymer-silica structure.
TEM images of titania-filled PDMS composites indicate an obvious two-phase structure with
particles approximately spherical in shape and diameters between 20 and 40 nm in size. The
interface between the polymer and the particles is better defined than in the case of silica-filled
systems and even at the lowest filler content (Figure 3.7b), the titania particles are almost
connected in a branched network structure.

3.3.2 Stress-Strain Curves

Stress-strain curves for pure PDMS and DBTDA-catalyzed PDMS composites are shown in
Figure 3.8. The measurements were carried out simply by stretching strips of materials between
two clamps by means of a sequence of increasing weights attached to the lower clamp. The
distance between two marks was measured with a cathetometer after allowing sufficient time
for equilibration.

With regard to the unfilled state which displays extremely poor mechanical strength, great
improvements in modulus and rupture properties are achieved with the use of in-situ generated
filler particles. For each type of particles, the stress increases with the increase in the amount of
filler precipitated into the networks. In order to quantify the extent of reinforcement provided
by each type of filler, values of stress at a given deformation are reported in Table 3.1. It is
interesting to mention for both types of composites that at high filler loadings, a change in the
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Figure 3.7 TEM images of DBTDA-catalyzed PDMS composites filled with in situ generated particles:
(a) 10 phrof SiO,; (b) 12 phr of TiO,; (c) 28 phr of SiO,; and (d) 25 phr of TiO, (Reprinted from Polymer,
46, L. Dewimille, B. Bresson and L. Bokobza, “Synthesis, Structure and Morphology of Poly(dimethyl-
siloxane) Networks Filled with in situ Generated Silica Particles,” 4135—4143, © 2005, with permission
from Elsevier.)

shape of the curve is observed: the mechanical behavior is close to that of a thermoplastic
polymer with a well defined yield point followed by a smaller strain dependence of the stress.
This plastic behavior, which may be the result of the formation of an interconnecting filler
network, is much more pronounced for the PDMS/TiO, composite as it can be seen in
Figure 3.9 which compares the strain dependence of the nominal stress (Figure 3.9a) and the
reduced stress, ¢*, (¢* = o/[o — ocfz], where ¢ is the nominal stress and o is the extension ratio),
for composites containing almost the same amount of filler. The PDMS/SiO, composite shows
better reinforcement at large elongations which is also visualized by the higher value of the
reduced stress (Figure 3.9b). But the large decrease in the reduced stress observed at small
deformations for the sample filled with titania results from the destruction of the filler network
upon application of the deformation. This “Payne effect” is generally demonstrated through the
analysis of the low strain dynamic mechanical properties which describe the viscoelastic
response of the rubbery material to periodic deformation. This effect will be discussed below.
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Figure 3.8 Stress-strain curves at room temperature for PDMS filled with in sifu generated particles

(810,, TiO,) in the presence of dibutyltin diacetate as catalyst

Table 3.1 Mechanical properties of PDMS and PDMS filled with in situ generated particles
Sample Volume fraction Stress at 50% Stress at 100% Stress at 150%
of filler (MPa) (MPa) (MPa)
Pure PDMS 0 0.155 0.244 0.319
PDMS + 6 phr SiO, 0.0283 0.259 0.399 0.518
PDMS + 12 phr SiO, 0.0550 0.487 0.897 1.495
PDMS + 22 phr SiO, 0.0964 0.957 1.754 2.551
PDMS + 28 phr SiO, 0.1195 1.575 2.512 3.329
PDMS + 41 phr SiO, 0.1660 2.950 3.688 4.266
PDMS + 3 phr TiO, 0.0072 0.299 0.419 0.533
PDMS + 9 phr TiO, 0.0214 0.454 0.618 0.770
PDMS + 15 phr TiO, 0.0351 0.673 0.862 1.027
PDMS + 29 phr TiO, 0.0657 0.942 1.146 1.365

Another interesting point appearing in Table 3.1 is the fact that, at constant wt% content, the
TiO, composite has a somewhat lower volume fraction of filler because TiO, has a higher
density than SiO,. As the theoretical models intended to predict the mechanical properties of
composite materials are essentially based on the volume fraction of filler, it was interesting to
compare the dependence of the stress at a given strain value on the filler volume fraction
(Figure 3.9¢). The two sets of data do not significantly differ but there is a very large
discrepancy between the experimental data and the Guth and Gold equation [38] which
predicts the increase in the modulus imparted to the soft matrix by the inclusion of rigid

spherical particles:

G = Go(1+2.50 4 14.10%)

where G is the modulus of the matrix and ® is the volume fraction of filler. The difference
arises from interactions between the elastomer and the filler leading to an increase in the
effective degree of crosslinking.
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Figure 3.9 Effect of the filler nature on the stress-strain behavior of PDMS composites

3.3.3  Low Strain Dynamic Properties

The addition of mineral fillers into elastomeric matrices strongly modifies the viscoelastic
behavior of the material at small strains and leads to the occurrence of a nonlinear behavior, the
Payne effect [39], characterized by a drop in the elastic modulus G’ with an increase in the
amplitude of small-strain oscillations, while the loss modulus G” passes through a maximum.
The dynamic behavior of filled rubbers is of great importance in the performance of rubber
engineering and is essential in tire applications thus explaining the considerable interest in the
past decade for the Payne effect [40-44]. The amplitude AG’' = (G'¢—G’ ) of the Payne effect,
where G’ and G, are the maximum and minimum values of the storage modulus respectively,
depends on several filler parameters: concentration, surface area, surface characteristics, and
temperature. At larger deformations, the difference between unfilled and filled rubber (G’ )
contains the contribution arising from the inclusion of rigid particles (accounted for by the
Guth and Gold expression [38] and also the contribution of the polymer-filler crosslinks to the
network structure (Figure 3.10).
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Figure 3.10 Strain dependence of the storage modulus of an unfilled PDMS and a PDMS filled with
40 phr of a treated pyrogenic silica

Based on an agglomeration-deagglomeration mechanism of the filler structures, Kraus [45]
developed a model which describes the strain dependence of the dynamic storage and loss
moduli of carbon black filled rubbers. Another analysis of the Payne effect based on
interactions between network chains and the filler surface was proposed by Maier and
Goritz [46]. This model explains the breakdown of the dynamic modulus of filled elastomers
to a desorption of the chains with increasing amplitude. In a recent work of Ramier
et al. [44], filler-matrix interactions via chemical grafting were tailored in order to evaluate
the influence of the filler surface modification on the Payne effect in silica-filled SBR
vulcanizates. The main idea was to discriminate between the two different pictures
commonly used to explain the Payne effect and involving filler-filler interaction or filler-
matrix interaction. Unfortunately, it was impossible to the authors to distinguish both
scenarios because filler-filler and filler-matrix interactions are modified in the same manner
by the grafting covering agent.

For PDMS filled with in situ generated silicas, no Payne effect is observed: G’ increases with the
filler content but remains constant in the whole range of deformation investigated (Figure 3.11a).
This could be due to the excellent dispersion of the filler particles in the elastomeric matrix. In the
description of the Payne effect based on agglomeration/disagglomeration of the filler structures, if
no aggregates or agglomerates are formed, no destruction of the filler structures could occur by
applying the oscillatory shear. At higher filler loadings, a continuous filler network is formed that
is not broken either at least within the strain range. This would show that the silica network of
generated particles is much more resistant to the applied mechanical work than that formed by
conventional silicas. These behaviors, quite different from that observed with pyrogenic
silicas [43], may be regarded as different nanocomposites morphologies: a common particle-
matrix morphology where silica particles tend to form aggregates in the continuous matrix is
expected for a classical material while an open mass-fractal silica structure believed to be
bicontinuous with the polymer phase, at a molecular level, is expected in the case where the
mineral part is synthesized in sifu.

A Payne effect is observed for the PDMS/TiO, composites (Figure 3.11b) which is
consistent with the analysis of the tensile properties and also with the TEM image of the
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Figure 3.11 Strain dependence of the storage modulus of PDMS filled with various amounts of in situ
generated particles: (a) silica and (b) titania

composite showing the for mation of a filler network even at a relatively low filler fraction of
titania particles.

3.3.4 Mullins Effect

Filled elastomers display, at large deformations, a characteristic stress-strain behavior after
a prestretching. After being stretched to a given strain then released and stretched again, the
filled sample appears softer on the second stretch exhibiting the so-called stress-softening
phenomenon, also known as the “Mullins effect” [47]. Bueche [48] has developed a molecular
interpretation of the Mullins effect based on the breakage of elastomeric chains between filler
particles. When the rubber is stretched, the network chains which are fastened at both ends to
filler particles break when the filler particles are separated enough to stretch the chains to their
limit of extensibility. The loss of these chains causes a prestretched rubber to exhibit a much
lower modulus than the original rubber. The chains are expected to reach their limited
extensibility by strain amplification effects. The Bueche model has the drawback to consider
a unique interparticle distance, which is equivalent to consider that the strain amplification is
uniform within the whole sample. Clément et al. [49] go beyond this simplified picture and
show that the strain amplification factor and consequently the macroscopic strain at which
chains reach their limit of extensibility strongly depends on the local volume fraction of filler
around these chains, in other words on the state of filler dispersion. On account of strain
amplification phenomenon, the rubber is much more deformed in regions of the sample of high
volume fractions of filler and consequently the chains reach their limit of extensibility at low
strains and detach from the filler surface thus causing the loss of elastic chains. The other
regions of lower filler volume fraction are not concerned at this stage of deformation but
become affected at increasing strains.

Figure 3.12 compares first and second stretchings, performed at different strain values, of
a PDMS composite filled with fumed silica with those of composites prepared by the in situ
sol-gel process. After stretching and release, the filled elastomers show a permanent deforma-
tion, which was assigned by Kilian et al. [50] to an irreversible deformation of the filler



Reinforcement of Silicone Rubbers by Sol-Gel In Situ Generated Filler Particles

77

Nominal stress (MPa)

PDMS/SiO, (40 phr)
]
35 o
he
= 3t |
s
= 25+
2
£ 2l
w»
=
£ 15}
g
z 1+
0.5 ¢ .
A=
0 Il Il Il
50 100 150 200 250
@) Strain (%)
PDMS/SiO, (17 phr) PDMS/SiO, (30 phr)
r =
-
I 2
=
=
i g
S
Z
L 1 Il Il 0 L 1 Il Il
0 50 100 150 200 250 0 50 100 150 200
Strain (%) (©) Strain (%)
1.5
PDMS/TiO, (15 phr)
=
a
z
2 1
£
=
£
E o5
V4
0 A . A .
0 50 100 150 200 250
(d) Strain (%)

250

Figure 3.12 (a) Mullins effect for PDMS filled with 40 phr of fumed silica; (b,c) composites of PDMS/
Si0;,; and (d) PDMS/TiO,

network. After stretching at 200%), it is about 10% for the silica-filled PDMS sample obtained
by the usual mechanical mixing (Figure 3.12a) and much more pronounced for the samples
filled with in situ precipitated silicas (Figure 3.12b and c). The composites filled with in situ
precipitated silicas possess a very fine and interpenetrated polymer-silica morphology. The
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significant residual deformation obtained in that case, may be explained by the breaking up of
both the filler network and the rubber:filler bonds. Moreover, the amount of stress-softening for
the sample filled with 17 phr of silica (Figure 3.12b) is much smaller than that exhibited by the
high loaded polymer. This may be due to the good dispersion of silica and consequently to
anarrow distribution of chain lengths between fillers. Less residual deformation is obtained for
the PDMS/TiO, composite which does notexhibitan interpenetrated polymer-filler morphology:
the condensed titania structures are well distributed in the matrix in a classical organic-inorganic
hybrid. In contrast, after stretching to 200% then release, the second stretching does not display
the plastics behavior because the filler network has been destroyed during the first stretching.

3.3.5 Characterization of the Polymer-Filler Interface

Compared with a classical composite filled with fumed silica, the sol-gel process provides
inorganic particles with greatly improved reinforcing properties on account of the small size of
the particles and of the hydrophilic character of the filler surface thus allowing strong
interactions with the polymer chains. In fact, the interfacial interaction between the organic
and inorganic phases plays a crucial role in the reinforcement effects and in filled PDMS
samples, hydroxyl species, present in the filler structure, are involved. The amount and the
nature of the hydroxyl groups are expected to depend on the synthetic conditions. In a previous
paper [28], solid-state °Si NMR spectroscopy has been shown to be particularly well suited for
a detailed analysis of the surface silanol hydroxyl groups (isolated and geminal, also denoted
Qs and Q,, Q4 being related to SiO4 species). It was demonstrated that silica particles generated
by the sol-gel process display a higher content of Qs species than that reported for fumed
silica [51]. However, at a same filler loading, less Q; sites were found for the composite
prepared under base catalysis, which would indicate that more condensed silica structures are
obtained in the base-catalyzed samples.

Hydroxyl groups, present on the filler surface, are generally recognized as hydration sites
and the water physisorption can induce a change in the mechanical properties of the filled
compounds. So the surface hydration of silica, which depends on the surface silanol distribu-
tion, has received considerable interest [52, 53]. States of physisorbed water can be character-
ized by infrared spectroscopy through the bands associated with the OH stretching vibrations
and located in the 3800-3200 cm ' range. These vibrations usually give rise to very strong
absorption bands, so it is convenient to analyze the band assigned to a combination of the
bending (J) and one of the stretching modes (v) of the water molecule located in the 5050-5350
cm™ ! range (Figure 3.13). In both cases, the absorptions associated with the water molecule
increase with the amount of filler but the two types of composites display a different water
interface. In addition to a difference in the spectral pattern, the wavenumbers for the PDMS/
TiO, composites are lower than those observed for the silica-filled sample, suggesting
a clustering of water around the first adsorption sites. As explained by Burneau et al. [54],
additional water adsorption can take place around the first layer of water molecules interacting
with the solid surface. This can be understood by the fact that the titania particles are more
condensed and thus more accessible to water molecules at the outer interface in contrast to the
open-fractal structure of the silica particles.

The polymer-filler interactions which largely govern the mechanical properties of the
composite material contribute to the formation of an adsorption layer whose thickness is
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Figure 3.13 Infrared spectra in the 4800-5500cm ' range of pure PDMS and DBTDA-catalyzed
(a) PDMS/Si0,; and (b) PDMS/TiO, composites. Each curve is labeled with the amount of filler in phr

estimated around 2 nm for PDMS filled with in sifu generated silica particles and where
motions of chain units are more restricted than those in the mobile phase, as evidenced by
'"H NMR relaxation methods using spin-echo techniques. The transverse nuclear magnetic
relaxation time, 75, has been shown to be affected by physical and chemical crosslinks in filled
elastomers and subsequently to give access to the determination of the proportion of polymer
with restricted mobility, in the adsorption layer surrounding the filler particles [55-58]. In a
filled system where strong interactions are established between the active sites on the filler
surface and polymer chains, 7, values for the individual components can be extracted from the
transverse magnetization relaxation function and the thickness of the adsorption layer can be
evaluated by the following expression [28]:

(o)

where R is the radius of the particles estimated by TEM, w is the fraction of immobilized
polymer and ¢ is the volume fraction of filler.

Dielectric techniques also give evidence that the segmental motions of a fraction of the
polymer phase are retarded by filler particles. In addition to the « relaxation associated with the
glass transition of the polymer matrix, an additional slower o relaxation, assigned to polymer
chains close to the polymer-filler interface and whose mobility is restricted, has been observed
for PDMS filled with silica particles synthesized in situ [59, 60].

The adsorption interactions taking place at the polymer-filler interface have also an impact
on the thermal characteristics of the filled systems and essentially on the crystallization
process. In fact, differential scanning calorimetry measurements (DSC) show that besides the
low glass transition temperature, one important characteristics of PDMS is the exothermic peak
ascribed to crystallization (Figure 3.14). In systems filled with silica or titania particles
(Figure 3.15), it is seen that the temperature of crystallization as well as the degree of
crystallinity (measured from the area under the peak) decrease in both cases with the filler
content. Crystallization is obtained by cooling the sample at a cooling rate of 1.5°C min "
under N, atmosphere. This fact has already been reported by Aranguren [61] in an investigation

e=R
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Figure 3.14 DSC thermogram for unfilled PDMS after cooling and heating at 1.5°C min~"

of unfilled PDMS and filled with pyrogenic silica in uncured and cured states. The decrease in
crystallinity with the filler content may be regarded as the result of an increase in the apparent
crosslinking density due to polymer-filler interactions, the ability of polymer to crystallize
being reduced when the apparent molecular weight between crosslinks decreases. This
interpretation is close to that reached by Patel ef al. [62] in a study on the effect of the
crosslinking density on the crystallization characteristics of PDMS.

3.3.6 Thermal Properties

Thermogravimetric analysis (TGA) is widely used to study the thermal stability of a polymer
and its composites. TGA of unfilled PDMS and of composites, ramped at 10°C min~" from
room temperature to 800 °C under nitrogen atmosphere at a flow rate of 100 mlmin "', are
shown in Figure 3.16. The neat PDMS shows a one-step weight loss as previously reported [63]
and there is almost no residue at the end of the degradation. The thermal degradation of PDMS
in inert atmosphere and under vacuum results in depolymerization to produce cyclic oligo-
mers [64, 65]. The TGA curves of the two composites show that the two types of particles affect
differently the thermal decomposition of the polymer. There is more residue left for the
composites after the degradation with weight losses about 24 and 48% respectively for PDMS
samples both filled with 18 phr of in situ silica and titania particles, which have been generated
in the presence of dibutyltin diacetate as catalyst. Interestingly, the presence of in situ
precipitated silica increases the onset of degradation with regard to the pure polymer. This
delay to the depolymerization process may be due to the interaction by hydrogen bonding
between the hydroxyl groups on the filler surface and the PDMS chains. Two stages of
degradation are observed for the PDMS/TiO, composite: the first stage starts around 100 °C,
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Figure 3.15 Influence of the amount of filler on the crystallization peak of PDMS: in situ generated
(a) silica and (b) titania particles

which is well below the temperature at which the pure PDMS begins to degrade, whereas the
second begins at a comparable temperature (7~ 410 °C) to that of the silica-filled composite.
This result is quite similar to what was already published by Murugesan et al. [66] for PDMS/
TiO, composites prepared by the sol-gel technique. The first step was expected to correspond to
the loss of titanium butoxide not hydrolyzed [3] but in our case, we have demonstrated from
infrared spectroscopy the absence of any organic precursor. One possible suggestion is to
ascribe the first loss to the elimination of adsorbed water. This hypothesis has also been
considered by other authors [67, 68]. The residue left above 700 °C is much larger than the
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Figure3.16 TGA thermograms under nitrogen for (a) unfilled PDMS and composites filled with 18 phr
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amount of filler contained in the PDMS network. This residue contains a small black powder
and also silica (confirmed by an infrared analysis).

3.4 Conclusions

Silica and titania particles can be in situ precipitated into a PDMS elastomeric network by a sol-
gel approach. After a description of the synthetic protocols, the respective reinforcing ability
of each type of particles is discussed through the mechanical and thermal properties of the
composites. Additional information from molecular spectroscopies bring new insights into the
polymer-filler interface and allow a further understanding of the improvement of elastomeric
properties of these filled systems.
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4.1 Introduction

Of all the ingredients used to modify the properties of elastomers, fillers occupy a dominant role
because of their significant contribution to the reinforcement and processability of elastomers.
Particle size and surface activity are the two main factors determining the interaction of fillers
with elastomers.

4.1.1 Particle Size

Fillers with particles sizes larger than 1 wm in diameter usually have unobvious reinforcement
effect on rubber products. Fillers ranging from 100 nm to 1 um offer moderate reinforcement
effect. Nanofillers, which range from 1 to 100 nm, are able to significantly improve the
mechanical performance of the rubber products. The dependence of the reinforcement on
particle size is explained from two aspects, that is, surface area and particle mass.

The surface area of a particle is inversely proportional to its particle size. If all particles are

spheres of the same size, the surface area Ag per gram of filler is given by the equation:
nd? 6

AS = —1 3 = —

end’p dp

Where d is the diameter and p is the density. The difference between micron-size and
nanoscale filler surface area can be a factor of 10-100.
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The mass of a particulate solid which directly relates to its particle size is given by

the equation
4 (d\’
G==n|=
in(5) e

The effect of fillers on rubber reinforcement depends on the quantity of polymer chains
physically or chemically attached to the filler surface and the mass and volume fraction of the
particles. In comparison with microparticles, the high surface area of nanoparticles leads to
more polymer chains attached to the surface. This restricts the movement of polymer chains
under loading, resulting in high reinforcement. Therefore, nanoparticles are profoundly
important to the reinforcement of elastomers.

4.1.2  Surface Activity

Significant reinforcement can be generated by compounding the nanofillers of high surface
activity into elastomers. Carbon black has been remaining a dominant nanofiller in rubber
industry due to its high surface activity: (i) Carbon black particles have carboxyl, lactone quinone
and other organic functional groups which promote a high affinity of rubber to filler; (ii) it has
chemically active sites (less than 5% of particle surface) that arise from broken carbon—carbon
bonds as a consequence of manufacturing and that chemically react with the elastomer chainsThe
importance of the high surface activity of carbon black is evidenced by heat treatment at
1600-3000 °C, through which all the organic functional groups and the active sites are lost as a
result of graphitization. Table 4.1 shows the dramatic effect of the loss of the surface activity on
the mechanical properties. Upon heat treatment, both the modulus and the tensile strength
significantly reduced. The abrasion loss was also obviously deteriorated by the treatment.

The foregoing example shows that high surface activity is dispensable to nanoparticles in
rubber matrix. Nevertheless, it is argued that stronger interface by chemical bonding may be
unnecessary. This argument is supported by an example in which micron-sized brass powder
was used as a filler accompanied by a large amount of sulfur for curing rubber matrix as well as
for producing chemical bond between the powder and the matrix. Final compound obtained a
very higher modulus but poor tensile strength and elongation. In the authors’ view, however,
significant reinforcement may be obtained if nanoscale brass particles are used.

Table 4.1 Effect of surface activity of carbon black (ISAF") on mechanical properties of rubber

Carbon black (ISAF) Modulus at Tensile strength, kg/cm? Abrasion loss, cc/10° rev.
300%, kg/cm?

Original 105 280 67

Heat treated 30 230 142

"ISAF: Intermediate super abrasion furnace.

(Adapted with kind permission from Springer Science + Business Media: “Fillers: carbon black
and nonblack,” in M. Morton (ed.), Rubber Technology, 2" ed., Table 3.3, Van Nostrand Reinhold
Company, New York. © 1973 [1].)

Based upon the nanoparticle dispersion and interface adhesion, rubber nanocomposites
can be divided into two types: miscible and immiscible nanocomposites. Miscible rubber
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nanocomposite is characterized by uniform nanoparticle dispersion and strong interface
adhesion, resulting in significant reinforcement and/or new functional properties. However,
the vast majority of inorganic fillers are immiscible with rubbers. Due to the nanofiller high
specific surface area and the hydrophilic surface, these fillers form aggregates or clusters during
fabrication; the poor interface between hydrophilic fillers and hydrophobic rubbers leads to
little improved mechanical properties. Therefore, a fundamental aspect in rubber nanotech-
nology is the interface modification which is accomplished by nonreactive routes and/or
reactive routes as explained below.

This chapter attempts to classify representative interface modification by the different
methods described in the open literature. The emphasis is on illustrating the scope of these
typical methods, and not on presenting each known example of interface modification.
The characterization of the interface modification is also introduced. Since the majority of
the rubber nanocomposites developed in recent years sits in the category of rubber/clay
nanocomposites, this chapter focuses on the nanoclay modification and characterization.

4.2 Rubber Nanocomposites Without Interface Modification

Clay is a widely used nanomaterial in material science and technology. Its structure and
compounds with polymers were reviewed elsewhere [2]. Zhang et al. pioneered the field of
rubber nanocomposites by creating a new manufacturing method — latex-coagulating mont-
morillonite (a main type of clay) with styrene-butadiene rubber (SBR), carboxylated acrylo-
nitrile-butadiene rubber and natural rubber (NR) [3-5]. A typical procedure is to disperse
4 wt% clay in water by strong stirring, followed by mixing with SBR latex for a period of time.
Then the mixture is coagulated by 2 wt% hydrochloric acid solution. The coagulation is washed
with water until pH 7 and is then dried at 80 °C for 24 h. The remaining procedure proceeds on a
two-roll mill, similar to common rubber processing. This method of producing an intercalation/
exfoliation-coexisting structure is denoted LCM.

Figure 4.1 contains the mechanical properties of SBR/clay composites in comparison with a
range of composites blended with conventional reinforcing fillers, including high-abrasion
furnace carbon black (CB), silica, short fibre (SRF) and talc (TC). The effect of clay on the
mechanical properties is discussed below in comparison with conventional fillers.

4.2.1 Hardness and 300% Tensile Modulus

With similar filler loading, as shown in Figure 4.1a and b, the hardness of SBR/clay
nanocomposites is higher than other composites. It is attributed to the high specific surface
of the clay. In particular the hardness of the nanocomposites is also much higher than that of
SBR/clay composites, because the composites were prepared by melt mixing, which made
intercalation/exfoliation unlikely to occur.

4.2.2 Tensile Strength

When clay loading is lower than 20 phr, in Figure 4.1c, the nanocomposite exhibits the
highest tensile strength. With 10 phr filler content, the nanocomposite demonstrates higher
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tensile strength than the other composites. When 40phr of clay is used, however,
the tensile strength of the nanocomposites is lower than SBR/HAF, but still higher than
SBRisilica.

4.2.3 Tensile Strain

In Figure 4.1d, the tensile strain of the nanocomposites increases and then drops with
increasing clay loading. With 40 phr clay, the tensile strain of the nanocomposites achieves
the same reinforcement level as SBR/HAF.

4.2.4 Tear Strength

The nanocomposites exhibit excellent tear strength at all clay loadings in comparison with
other composites in Figure 4.1e. This is due to the intercalation/exfoliation-coexisting structure
of the nanocomposites, which could improve resistance to crack propagation.

4.2.5 Rebound Resilience

In Figure 4.1f, the rebound resilience of the nanocomposites reaches the level of SBR/silica but
is lower than other composites.

4.2.6  Processing Properties

The Mooney viscosity of the nanocomposites is far higher than the SBR/TC composite. This is
because the layered structure effectively restricted the macromolecular movement. The other
phenomenon observed is that the mixing time was shortened during processing due to the
presence of intercalated/exfoliated clay in the matrix.

4.2.7 Advantages

Most mechanical properties of the SBR/clay nanocomposite, including the hardness, 300%
tensile stress, tensile strength, tear strength and tensile strain, reach the level of the SBR/
HAF composites.

4.2.8 Disadvantages

Most of the properties of the nanocomposites reach maximum at the 40 phr loading and then
decrease. The rebound resilience of the nanocomposites is not satisfied.

This LCM method produces an intercalation/exfoliation-coexisting structure with highly
improved mechanical properties, which are superior to SBR/HAF composites at low filler
loadings. However, it is noteworthy that no interface modification has been made in this
method. Since hydrophilic clay is incompatible with hydrophobic rubbers, interface modifi-
cation is essential to make them compatible. Significant improvement of mechanical properties
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has been obtained through nanofiller-matrix interface modification, which is elaborated in the
following discussion.

4.3 Interface Modification by Nonreactive Routes

Since exchangeable ions locate on hydrophilic clay surface, the most common modification
method is to graft a low molecular weight surfactant to the clay surface via ion exchange.
According to the arrangement of the silicate layers in a polymer matrix, two types of
morphology are differentiated in terms of intercalation and exfoliation. Exfoliated structure
has been well recognized as the best morphology for higher performance with lower clay
loading. However, exfoliation is difficult to achieve.

LeBaron and Pinnavaia first modified clay (lithium fluorohectorite) with hexadecyl tri-
methyl ammonium bromide and obtained an intercalated structure [6]. With 5 wt% clay, the
tensile strength of silicone elastomer increased from 152 to 361 MPa.

Ma proposed a strategy for clay modification based on a two-step procedure: preparation of
treated clay (montmorillonit) solution and a subsequent solution blending with polymers [7].

A typical procedure is as follows.

1. Preparation of treated clay solution: 5g of o-clay (montmorillonite modified by
hexadecyl trimethyl ammonium bromide) were immersed in 50g of chloroform for
10h and then 25g of monomer (dimethyldichlorosilane) were added to the solution
followed by sonication using an ultrasonic generator for about 60 min. 10 ml of H,O,
30ml of CH30H and 30 ml of CHCl; were mixed in a three-neck reactor. The above
sonicated solution was then dropped into this reactor at a speed of 1drop/s at 0°C while
under vigorous stirring. After dropping, the obtained solution was washed with deionized
water until no chloride ion was detected by one drop of 0.1 N AgNOj solution. The
solution was then mixed with 200 ml of tetrahydrofuran, which is a good solvent for
polydimethylsiloxane (PDMS, the product of reacted monomers) but a poor solvent for
org-clay, under stirring for 5 min. Then the mixture was loaded into polypropylene tubes
and centrifugated at 3000 rpm for 5 min. The opaque whitish layer accumulated at the
bottom of the tubes was dissolved in 500 ml of CHCl; under stirring for 10 min. The
obtained solution is named as the treated clay solution.

2. Preparation of polymer/clay nanocomposites: a given amount of the treated clay solution
was added into a three-neck reactor. Polymer, such as PDMS, polyvinyl chloride (PVC),
SBR, polystyrene (PS) and ethylene propylene diene monomer rubber (EPDM), was
mixed into the solution and kept at 50 °C under stirring for 1 h. Then polymer/clay was
precipitated by a large amount of methanol. Since polycarbonate (PC) was poorly
dissolved in chloroform, toluene and higher blending temperature were employed to
prepare PC/clay nanocomposites.

Figure 4.2 shows a series of XRD patterns of treated clay nanocomposites containing
various polymer matrix. The featureless patterns of nanocomposites suggest that exfoliation
hybrids might be present as opposed to the diffraction peak at 2 nm for org-clay in
Figure 4.3, indicating the possibility of having exfoliated silicate layers of clay dispersed in
polymer matrices.
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Figure 4.2 XRD patterns of PDMS/clay, PVC/clay and SBR/clay nanocomposites
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Figure 4.3 XRD patterns of o-clay and PC/clay, PS/clay and EPDM/clay nanocomposites containing
10 wt% clay

Figure 4.4 shows TEM images of SBR/clay nanocomposite prepared as above. The low
magnification image in Figure 4.4a reveals that the clay is uniformly dispersed into matrix.
Figure 4.4b shows a higher magnification image which reveals that clay is well exfoliated in the
matrix and the individual layers are aligned along the flow axis during the crosslinking of SBR,
corresponding to XRD pattern analysis. The dark lines in Figure 4.4a are the cross-sections of
single or possibly multiple silicate platelets. The platelets are flexible and, thus, show some
curvature. The average thickness of the clay platelets appears to be approximately 3 nm while
the average length is about 120 nm. The thickness deduced from these photomicrographs is
higher than that of a single clay layer of ~1 nm. This is because that the microtoming direction
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is not perpendicular to the surface of the platelets and therefore the image of such a tilted
platelet appears thicker than it actually is.

(b)

Figure 4.4 TEM images of SBR/clay nanocomposite

Table 4.2 shows the TGA analysis for both pristine SBS and PDMS and their nanocompo-
sites containing 10 wt% clay. An increase in decomposition temperature of 68.2°C was
observed for PDMS/clay nanocomposite, while SBR/clay nanocomposite shows only 13.0°C
of increase in decomposition temperature with the same amount of clay. The nanocomposites
show delayed decomposition temperature compared to the pristine polymers, as is attributed to
hindered diffusion of the volatile decomposition products.

Table 4.2 Thermal decomposition temperatures of polymers and their nanocomposites with 10 wt% of

clay

Polymer Decomposition temperature Decomposition temp. of Increase of decomposition
type of pristine polymer, °C nanocomposite, °C temp. after adding clay, °C
SBR 428.7 441.7 13.0

PDMS 395.4 463.6 68.2

The XRD patterns of intercalated polymer/clay are presented in Figure 4.2. It is notable that,
although exfoliated SBR/clay, PDMS/clay and PVC/clay were obtained as discussed above,
intercalated nanocomposites were still presented while using almost the same fabrication method.
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The difference between them is explained by compatibility. Both the grafted PDMS on clay
surface and the silicate layers that comprise silicone, oxygen and carbon are polar. Therefore,
both are compatible with the polar chains of SBR, PDMS and PVC. The compatibility
promoted the intercalation/exfoliation of the layers by the polymer chains, leading to
exfoliation. PC, PS and EPDM are nonpolar polymers, which are not compatible with clay
and the grafted molecules. The poor compatibility impedes intercalation/exfoliation and
results in the intercalated nanocomposites.

As shown in Figure 4.3, the layer spacings of intercalate nanocomposites decrease in the order:
EPDM/clay > PS/clay > PC/clay, which should be explained according to macromolecular
flexibility. The EPDM macromolecules are flexible and its molecular weight is high, which
facilitate the EPDM molecular movement into the silicate layer spacing during the solution
blending. The PS chain is not flexible because it contains a styrene group and so it is difficult to
intercalate into clay layers. The PC chain is so rigid that it is the most difficult to intercalate.

For PC/clay and PS/clay nanocomposites, multipeaks were shown in Figure 4.3 and the
reason can be found in the processing of these nanocomposites. When nanocomposites
were precipated from solution by a large amount of methanol, the polymer either stayed in
the silicate layer space or moved out. It is well known that the layer spacing of clay increases
from 1 to 2 nm after treatment using ammonium surfactants. In this study, the increase of clay
layer spacing should be due to the existence of organic ammonium molecules and PDMS
grafted onto the clay surface. When the polymer chains were moving out of the space, some
grafted molecules might be also taken out of the space by this movement. Therefore, the layer
spacing of some part of o-clay was decreased after precipitation.

The foregoing work yielded a range of polymer/clay nanocomposites taking advantage of
the further modification of o-clay. However, matrix modification also promotes interface
adhesion. Hasegawa developed exfoliated ethylene propylene rubber (EPR)/clay nanocom-
posites by melt mixing maleic anhydride-modified EPR with organophilic clay [8]. In
comparison with conventional rubber/carbon black composites, the nanocomposite exhibited
higher storage modulus, tensile strength and creep and swelling resistance.

Zhang further developed the LCM method for SBR/clay (montmorillonite) composites by
mixing hexadecyl trimethylammonium bromide (C16) and 3-aminopropyl triethoxy silane
(KH550) into the coagulated mixture via a two-roll mill [9]. The C16 and KH550 were used to
improve the interface interaction. In Table 4.3, the tensile strength and the modulus at 300%
elongation of interface-modified nanocomposites are significantly improved with 10 wt% clay.

Carbon-based surfactants were used in the majority of studies to improve the compatibility
of clay with polymer matrix. As silicone polymer is incompatible with the carbon-based
surfactant, it is imperative to employ silicone-based surfactants to modify clay. Thus, Ma
proposed a unique siloxane surfactant with a weight-average molecular weight (M,,) of 1900 to
modify clay [10].

Table 4.3 Mechanical properties of SBR/clay nanocomposites

Shore A Tensile Elongation Tear
hardness strength, MPa at break, % strength, kN/m
Neat SBR 47 2.3 632 9

SBR/modified clay 55 12.4 504 27
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A typical procedure is described as follows.

1. Preparation of modified clay: 1 g of sodium clay (montmorillonite with CEC 80 mequiv/
100 g from Southern Clay Product) was added to 1 kg of boiling distilled water, mixed and
heated for Smin. 3 g of a siloxane surfactant (provided by Siltech Corporation), whose
structure is shown in Figure 4.5, were dissolved in 100 g of water and then 0.3 ml of 2M
hydrochloric acid were added and stirred by a glass rod. The modified clay is denoted
“sil-clay”. The solution was slowly added to the sil-clay suspension and then the blend was
vigorously stirred for 4 min at 80-90 °C. After modification, the suspension was repeatedly
washed with water until no chloride ion was detected by AgNOj3. The suspension was then
condensed until flowable sil-clay slurry was obtained.

2. Preparation of silicon rubber/clay nanocomposite: sil-clay slurry was mixed with silicone
rubber (Dow Corning 3110) with a spoon for 3min until a homogeneous blend with
supernatant water obtained. Water was removed and then the compound was degassed at
100 °C for 1 h to get rid of the water residue. 5 g of curing agent (Catalyst F, Dow Corning
Product) were added to 100 g of the compound, mixed and cured at room temperature for
subsequent characterization.

CHs CHs CHs CH3
CH3—S:i —fo—s:ig—{o—s:i }n—o—s:,i —CHs
CHs CHs (CH),  CHg
(|) CH,CHs

CHy CHCH; —N*—CH3

OH CH,CHs

Figure 4.5 Silicone surfactant used in this study

In Figure 4.6, the XRD results of sodium clay indicate a diffraction pattern at about 7.5° for
an interlayer spacing of 1.2 nm. After modification with the siloxane surfactant, a wide pattern
is seen from 1.5 to 5.5° corresponding to interlayer spacing of 1.6 to 6.0 nm. This unique pattern
shows a disordered arrangement of the siloxane surfactant grafted on the clay layer surfaces.
The siloxane chain is flexible so that this high molecular weight surfactant can assume different
conformations between the clay layers and hence different layer spacing is found after the
surface modification. The XRD pattern, when the modified clay is mixed with silicon rubber
before curing, shows that all the peaks have disappeared. This means that the silicone rubber
macromolecules are fully embedded in the clay layer spacing driven by diffusion and
intercalation. After curing, the featureless XRD pattern shows sil-clay is orderly exfoliated
with layer spacing larger than 8 nm or even disorderly exfoliated. The exfoliation is confirmed
by a TEM micrograph in Figure 4.7. Previous studies on silicone rubber/clay nanocom-
posites [6, 11-13] modified clay using a rigid carbon-based surfactant. LeBaron and
Pinnavaia prepared silicone rubber/clay nanocomposites by mixing synthetic fluorohectorite
with silicone rubber for 12 h [11]. However, the mixture still had an intercalated structure,
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though exfoliation occurred during curing. Nonetheless, the method of milling and mixing
clay with the matrix for 12h is complicated and time consuming. Our simple method is to:
(1) modify clay with the siloxane surfactant and (ii) mix the modified clay with silicone rubber
manually just for 3 min.

Untreated clay

Relative intensity

g Silicone/sil-clay before crosslinking

Siliconel/sil-clay after crosslinking

26()

Figure 4.6 In situ XRDs of clay modified with siloxane surfactant and its compounding with silicon
rubber before and after crosslinking

Figure 4.7 TEM micrograph of silicone rubber/sil-clay nanocomposite containing 2.0 wt% sil-clay
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Exfoliated silicone rubber/clay nanocomposites were prepared in this work by modify-
ing clay with a flexible, high molecular weight siloxane surfactant. This strategy is
different to previous studies because of its special exfoliation mechanism. Traditionally,
clay is modified by using carbon-based surfactants, such as hexadecyl trimethylammonium
bromide. The molecular chains of this type of surfactant are stiffer and shorter than
the siloxane surfactant adopted here. During mixing of the matrix polymers with the sil-
clay, as confirmed in Figure 4.6, the grafted siloxane surfactants on the clay layer
surfaces enable the diffusion and intercalation of the polymer chains in the inter-galleries
causing exfoliation.

There are three main reasons associated with the siloxane surfactant.

1. High molecular weight: the siloxane surfactant used in this research has a higher molecular
weight (M, = 1900) than the common surfactants and is capable of molecular entanglement
with the polymer matrix molecules, thus forming a thicker clay-matrix interface than the
carbon-based surfactants.

2. Flexibility: Siloxane chain is more flexible than the carbon chain; this promotes molecular
entanglement and facilitates intercalation and diffusion of the matrix molecules into
the intergalleries.

3. Direct slurry-polymer compounding: the basic idea is first to increase the clay interlayer
spacing through polymerization or suspension in water/solvents and then to intercalate the
matrix polymer in this enlarged spacing. Here, direct clay slurry-polymer compounding was
helpful to promote molecular entanglement. Thus, for the silicone rubber/clay nanocom-
posites, the clay slurry modified by the siloxane surfactant was hand-mixed with silicone
rubber; during mixing, the water between layers was replaced by rubber and the supernatant
water was finally removed.

Clay modified by carbon-based surfactants is not thermally stable and this impedes the
application of polymer/clay nanocomposites, since various polymers are processed and/or used
at above 200 °C. We found (not shown here) that the 5 wt% decomposition temperature of sil-
clay is 46.7 °C higher than clay-30b (a conventional organic clay by Southern Clay Products).
This means sil-clay prepared in this research has a higher thermal stability than the common
organic clay modified by carbon-based surfactants.

Silicone rubber is one of the most thermal-resistant rubbers, but unfortunately its mechanical
properties are poor. Previous work showed the tensile strength of neat silicone rubber could be
increased 100% with addition of 2-5 wt% of clay depending on the types of clay and the matrix
molecular weight [6, 11-13]. In this study, silicone rubber Dow Corning 3110 was chosen to
compound with sil-clay as reported earlier. It is seen from Table 4.4 that both tensile strength
and tear strength increase with sil-clay loading and reach maximum at 2.0 wt% clay. Since sil-
clay modified by siloxane surfactant is very well compatible with silicone rubber, disorderly
exfoliated structure can be readily achieved.

Li applied the sil-clay to fibre/silicone composite [14]. It shows an orderly exfoliated
structure and much improved thermal stability. By incorporation of merely 0.3 wt% of the clay,
the flexural modulus and strengths of fiber/PMSQ laminate are increased by 21 and 62%,
respectively. This study illuminates the importance of the compatibility of the grafted siloxane
surfactant with the matrix polymer in achieving both exfoliation and dispersion of clay as well
as highly improved mechanical properties for silicone-based polymers.
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Table 4.4 Mechanical properties of silicone rubber/sil-clay nanocomposites

Sil-clay content Tensile strength Tensile strength, Tear strength, Elongation
in silicone rubber, wt% at 100% elongation, MPa MPa kN/m at break, %
0 0.47 0.79 2.71 162
0.5 0.91 1.23 291 140
1.0 0.82 1.45 3.20 150
2.0 1.22 1.62 4.55 149
3.0 1.05 1.53 4.45 145

The interface modification is able to produce superior reinforcement, but in a few cases
it induced inferior mechanical properties to unmodified nanocomposites. Nair chemically
modified the surface of chitin whiskers and compounded it into NR [15]. The mechanical
properties were found to be inferior to those of unmodified chitin/NR composites. It is
concluded that this loss of performance is due to the partial destruction of the three-dimensional
network of chitin whiskers assumed to be present in the unmodified composites. Bhowmick
prepared rubber/clay nanocomposites by mixing fluoroelastomers with unmodified clay and o-
clay [16], respectively. Exfoliation was observed with both the unmodified and the modified
clays at low loading in fluoroelastomer, but higher mechanical properties were found with the
unmodified clay due to its best compatibility with the elastomer.

4.4 Interface Modification by Reactive Routes

Disorderly exfoliated structure of rubber/clay nanocomposite is well recognized for optimum
reinforcement, but it is difficult to achieve due to the weak interface strength/toughness unless
chemical reaction bridges clay with rubber molecules. Thus, Ma and Zhang adopted three types
of surfactants (shown in Figure 4.8), that is, triisopropanolamine (TA), m-xylylenediamine
(MXD) and allylamine (AA), to modify S-clay (sodium montmorillonite with a CEC of
85 mequiv/100 g, provided by Southern Clay Products). The three types of modified clay were
denoted as TA-clay, MXD-clay and AA-clay, respectively.

OH

/ NH,
CH,;—CH—CHs
OH CH,
N—CH;— CH—CH3; NHZ—CHZ_CH:CHZ
CH,—CH—CH
o CHz—NH;,
triisopropanolamine m-xylylenediamine allylamine

Figure 4.8 Three types of surfactants used in this study
The SBR/clay composites were prepared following the four steps below.
1. Modification of clay by TA and AA: 10 g of clay was added to 5 kg of boiling distilled water,

mixed and heated for 10 min. Stoichiometric TA or AA was dissolved in 500 g of water and
then a given quantity of hydrochloric acid was added and stirred by a glass rod. The solution



Interface Modification and Characterization 101

was added slowly to the clay suspension and then the blend was vigorously stirred for
10 min at 80-90 °C. After modification, the clay suspension was repeatedly washed with
water until no chloride ion was detected by AgNO;. Then, the suspension was condensed
to 1500 ml by heating. The modification of clay by MXD was conducted according to
Ma’s previous work [17].

2. Emulsion compounding: the desired amount of the condensed suspension was added to a
given quantity of SBR latex followed by mixing for 5 min. Then the mixture was coagulated
by diluted H,SO, solution and washed with water until neutral. After being dried at 60 °C
for 6 h, the SBR/clay was ready for shear mixing with additives.

3. Shear mixing; 4. Vulcanization: since steps (3) and (4) are common techniques in rubber
processing, both have been omitted.

Figure 4.9a shows the XRD patterns of various SBR/clay nanocomposites. As a benchmark,
we prepared and characterized SBR/S-clay nanocomposite by the LCM method. A significant
diffraction pattern was found for SBR/S-clay nanocomposite at 20 = 6.2°, corresponding to a
layer spacing of 1.4 nm, indicating that direct compounding achieved a nonexfoliated structure.
For TA-treated clay, however, a diffraction peak was found at 20 = 5.9° for a layer spacing of
1.5 nm. The reduced pattern intensity suggests that some amount of clay was fully intercalated
or even exfoliated in comparison with SBR/S-clay nanocomposite. As clay was treated by TA, a
large quantity of hydroxyl group and organic units were introduced on the clay layer surface,
which could endow TA-clay both good suspending ability in water and a certain compatibility
between SBR and clay. Hence, parts of clay were fully intercalated or exfoliated. For SBR/
MXD-clay nanocomposite, a decreased diffraction pattern was also found at 20=5.9°,
inferring the same layer spacing of 1.5 nm. This can be caused by the enhanced compatibility
between SBR and MXD-clay. However, no obvious diffraction peak was observed on SBR/
AA-clay nanocomposite, which might indicate fully intercalated structure or exfoliation.
Figure 4.9b shows the changes of the layer spacing of clay during the various processing stages,
indicating the layer spacing was increased each step and finally exfoliation was achieved and
stabilized by the reaction of the double bonds of SBR and those on the clay layer surface, which
consequently confers a strong interface to the nanocomposite.
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Figure 4.9 XRD patterns of: (a) various SBR/clay nanocomposites and (b) in situ characterization of
SBR/AA-clay nanocomposites
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Figure 4.10a is a low magnification TEM micrograph for SBR/AA-clay nanocomposite, in
which exfoliated layers were observed. Some small aggregates were also found, which might
comprise of exfoliated layers or intercalate layers. A typical aggregate was observed at higher
magnification in Figure 4.10b, which indicates disorderly exfoliated structure. Based on the
XRD result and TEM micrographs, it can be concluded that exfoliation has been achieved in
SBR/AA-clay nanocomposite.

Figure 4.10 TEM images of SBR/AA-clay nanocomposite prepared by the novel approach, revealing
the disorderly exfoliated silicate layer structure in SBR

Critical questions may now be asked, since disorderly exfoliated structure is obtained for
SBR/AA-clay nanocomposite: when does the exfoliation occur and what is the exfoliation
mechanism? The proposed mechanism is shown in Figure 4.11. After modification, the
hydrophilic sodium clay becomes more or less hydrophobic depending on the surfactant
molecular size and composition. The AA-clay prepared in this study is both hydrophobic and
hydrophilic because the size of AA molecular is much smaller compared to other common
surfactants, such as octadecylammonium. Thus, AA-clay could form a stable suspension in
water even at a low concentration 0.05 wt%, which is the prerequisite for the emulsion
compounding method. After coagulation, an initially intercalated structure will be obtained
since rubber molecules trapped in latex particles have just a little chance to intercalate in the
clay interlayer spacing during the stir mixing and the subsequent coagulating. When the dried
SBR/clay is shear mixed with additives, more rubber molecules intercalate into the interlayer
spaces. Ultimate exfoliation is achieved and stabilized during vulcanization in which a fierce
driving force for exfoliation is provided by the reaction of the double bond of SBR molecule
with that of AA grafted on clay.
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Figure 4.11 Schematic of exfoliation mechanisms

The proposed mechanism can be verified by tracking the gradual intercalation of SBR
molecule into the clay layer spacing in situ as measured by XRD during the procedure shown in
Figure 4.9b. AA-clay shows a strong diffraction pattern at 20 = 7.2°, indicating a layer spacing
of 1.2nm. For SBR/AA-clay after coagulation, a down-shifted pattern occurs at 20 = 6.0°,
corresponding to a layer spacing of 1.5 nm, which may be caused by the intercalation of a small
amount of SBR molecule into the interlayer spacing. After shear mixing, the intensity of the
diffraction pattern at 6.0° is significantly decreased and this indicates more rubber molecule
intercalate into the interlayer spacing due to the good compatibility between the matrix and the
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surfactant grafted onto the clay layer. In addition, a new peak is found at 20 = 2.2°, which might
show a much larger layer spacing of 4.0 nm. It is concluded that shear mixing is helpful to melt
intercalation. In our recent study, shear mixing was found to be an efficient method for
preparing rubber/clay nanocomposite, since no obvious XRD peak was found for butyl rubber/
organic clay (90/10 by weight) nanocomposite. After curing, the intercalation pattern at 2.2°
disappeared and exfoliated layers were shown on TEM, demonstrating that exfoliation had
occurred and been stabilized finally.

The exfoliated SBR/AA-clay nanocomposite with strong interface shows promising me-
chanical properties. With only 4 wt% of AA-clay, the tensile strength improves from 2.2 to
9.0 MPa and the elongation at break from 261 to 588% while the hardness remains low at 51
Shore A. These property enhancements are equivalent to what would be achieved by addition of
atleast 10 wt% CB and also higher than that reported by our previous works [4]. It confirms that
both full exfoliation and strong interface are crucial factors in achieving these results.

Zhang also introduced a method to modify clay (montmorillonite) based upon a reactive
surfactant N-Allyl-N,N-dimethyl-octadecylammonium chloride (CH;CH=CHC,3H3,(CH3),
N CI") for the SBR using the LCM method [18]. An intercalation/exfoliation-coexisting
structure was obtained. Nevertheless, it shows significantly improved mechanical properties
in Table 4.5.

Table 4.5 Mechanical properties of SBR/clay nanocomposites

Shore A hardness Tensile strength, MPa Elongation at break, %
Neat SBR 58 43 592
SBR/clay, 10 wt% 59 16.5 734
SBR/clay, 20 wt% 57 18.7 638

Adding a third reactive component is another method to improve the compatibility between
rubber and o-clay. Liu mixed the resorcinol and hexamethylenetetramine complex (RH) with
nitrile-butadiene rubber (NBR) and o-clay in a two-roll mill [19]. The clay layer spacing
increased substantially with RH addition, resulting in highly improved thermal properties and
mechanical performance. This is explained as the RH could enhance the interface between
rubber and o-clay.

4.5 Characterization of Interface Modification

The interface modification of rubber nanocomposites was characterized by two categories of
methods: direct and indirect methods. Direct methods are the use of instruments to identify
specific reactions occurred on nanofiller surface, within matrix or between nanofiller and matrix.
These methods include Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic
resonance (NMR) spectrometry, Elemental analysis (EA), and so on. As a result of interface
modification, nanofiller dispersion and mechanical/funtional properties are expected to change
dramatically (improve in most cases and deteriorate in rare cases). Indirect methods identify
the interface modification by investigating the morphology, the mechanical property, the
dynamic mechanical property, the swelling and other properties of the nanocomposites.
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4.5.1 Direct Methods for Interface Characterization

Nanofiller modification is often made by a grafting reaction on nanofiller surface using an
organic molecule which may contain functional groups for creating molecular entanglements
with or producing chemical links to matrix. Upon grafting an organic molecule to nanofiller, the
molecule units will demonstrate a distinctive absorption on FTIR [15] and NMR spectrum
indicating the interface modification.

The following example is NMR characterization for the modification of clay by
M-xylylenediamine (MXD) which subsequently reacted with diglycidyl ether of bisphenol
A (DGEBA) [17]. Although it is derived from epoxy/clay nanocomposites, the characterization
method is applicable to rubber/clay nanocomposites.

Figure 4.12 shows the 'H NMR spectra of the reactive surfactant MXD and the modified clay.
In the free MXD molecule the methylene protons are chemically equivalent and appear as a
single resonance at 3.85 ppm. Upon grafting MXD to the clay layer surface via one quaternary
ammonium center, the methylene units would no longer be equivalent, and a downfield shift in
resonance would be expected for the methylene moiety adjacent to the grafted ammonium
center. The 'H NMR spectrum for m-clay exhibits two distinct resonances at 3.87 and 3.98 ppm,
and this implies that the two ammonium groups on the MXD molecule are in different chemical
environments, with one ammonium group grafted onto the clay layer surface and the other
unchanged. This result confirms the reaction of the DGEBA with the dangling ammonium group.
When the clay was further modified with epoxy, abundant epoxy signal in "H NMR (not shown
here) was found due to a large amount of DGEBA grafted onto clay via MXD.

M-clay

VWY

48 46 44 42 40 38 36 34 32 ppm

Figure 4.12 'H NMR spectra of MXD (top) and m-clay (bottom)

In the case of a large amount of or a high molecular weight surfactant grafted on the
nanofiller surface, EA is used for characterization [7].

An important means to measure the degree of clay layer dispersion and exfoliation is usually
obtained by XRD measurements. Generally intense reflections in the range 260 = 3-9° indicate
an orderly intercalated system with alternating polymer/silicate layers. In exfoliated nano-
composites, on the other hand, where single silicate layers (1 nm thick) are homogeneously
dispersed in the polymer matrix, XRD patterns with no distinct features in the low 26 range are
anticipated due to the loss of structural registry.
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Kim modified clay (montmorillonite) with octylamine CH3(CH,);NH, and the modified clay
is denoted CS8-clay. Similarly, the clay modified by dodecylamine amine CH3(CH2),,NH,
is denoted Cl2-clay and the clay modified by octadecylamine CH3(CH,),7;NH, is denoted
C18-clay [20]. The X-ray diffraction patterns of o-clay are shown in Figure 4.13. The peaks of
C8-clay, C12-clay and C18-clay are shifted to lower angles compared with the unmodified clay,
which shows a characteristic peak (d001 = 1.23 nm) at 7.16°. The d-spacings of the C8-clay,
C12-clay and C18-clay correspond to 1.36, 1.52 and 2.18 nm, respectively. This clearly indicates
the graftion of alkylammonium cations onto the silicate layer surface.
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Figure 4.13 X-ray diffraction patterns of (a) Na " -clay and organoclays: (b) C8-clay, (c) C12-clay and
(d) Cl18-clay (“Preparation and characteristics of nitrile rubber (NBR) nanocomposites based on
organophilic layered clay,” J.T. Kim, T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058,
© 2003, Copyright Society of Chemical Industry. Reproduced with permission. Permission is granted by
John Wiley & Sons Ltd on behalf of the SCI.)

Figure 4.14 shows the XRD patterns of NBR/neat clay and NBR/organoclay hybrids. The
diffraction peak of NBR/C8-clay are observed at 20 = 3.92° (d001 =2.25 nm) compared with
C8-clay of 6.5° of 20 (d001 =1.36 nm). In the case of NBR/C12-clay and NBR/C18-clay
nanocomposites, the characteristic peaks disappear. These results imply that the intercalated
silicate layers are probably exfoliated through the melt compounding process.

4.5.2 Indirect Methods for Interface Characterization

Interface modification leads to the uniform dispersion of nanofiller and improved properties.
Indirect methods for interface characterization are usually based on the morphology investi-
gation using TEM and on the measurement of properties, such as mechanical property,
swelling [19], dynamic mechanical property [20] and other properties of the nanocomposites.

Unmodified nanofillers are often incompatible with polymer matrices, leading to the agglome-
ration of nanofillers. Interface modification is able to improve the compatibility of nanofillers with
polymer matrices, and thus nanofillers are often more separately dispersed in matrices. TEM is a
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Figure 4.14 X-ray diffraction patterns of NBR hybrids with 4.52wt% clay (“Preparation
and characteristics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,”
J.T. Kim, T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058, © 2003, Copyright Society of
Chemical Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on
behalf of the SCI.)

powerful tool to monitor the nanofiller dispersion. It is the most authoritative method to
characterize the clay exfoliation. Based on extensive TEM observation, Zhang et al. draw a
conclusion that the structure of rubber/clay nanocomposites prepared by the LCM, method is
different from conventional intercalated/exfoliated nanocomposites, because in LCM, the rubber
molecules separate the clay particles into either individual layers or just silicate layer aggregates
with several nm thickness without intercalation of rubber molecules. Such a structure resulted
from the competition between separation of rubber latex particles and re-aggregation of single
silicate layers during the coagulation process [21].

Mechanical property testing might be the most convenient characterization for the interface
modification of rubber nanocomposites.

Continued from 4.5.1, Kim characterized the interface modification of clay using
mechanical property investigation as shown in Figures 4.15-4.17. In the cases of C12-
clay and C18-clay, the tensile strength increases rapidly with the clay content in the range
0-8.7 wt%. In the case of C8-clay, significant increase is found for clay content from O to
4.52 wt%, and the tensile strength changes less for clay content higher than 4.52 wt%. The
tensile moduli of NBR/C12-clay and NBR/C18-clay nanocomposites increase rapidly with
increasing clay content. In contrast, the tensile modulus increases slightly with increasing
C8-clay content. The elongation at break of the nanocomposites approaches maximum at
about 8.7 wt% loading and then decreases with further increase of the clay content.
The differences in mechanical properties among the NBR/C8-clay, NBR/C12-clay and
NBR/C18-clay hybrids are caused by the modification of organoclay. As illustrated in
Figures 4.15-4.17, the mechanical properties of NBR/organoclay hybrids increase in the
order: C8-clay < C12-clay < C18-clay, depending on the length of the alkyl chain in the alkyl
ammonium, as a longer alkyl chain length means a higher level of interface modification
towards compatibilization.
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Figure 4.15 Effect of organoclay content on tensile strength of NBR nanocomposites at room
temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and character-
istics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim, T.S. Oh
and D.H. Lee, Polymer International, 52, no. 7, 1058, © 2003, Copyright Society of Chemical
Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of
the SCL.)
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Figure 4.16 Effect of organoclay content on tensile modulus of NBR nanocomposites at room
temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and character-
istics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim, T.S. Oh and
D.H. Lee, Polymer International, 52, no. 7, 1058, © 2003, Copyright Society of Chemical
Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of
the SCL.)
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Figure 4.17 Effect of organoclay content on elongation at break of NBR nanocomposites at
room temperature: (a) NBR/C8-clay; (b) NBR/C12-clay; and (c) NBR/C18-clay (“Preparation and
characteristics of nitrile rubber (NBR) nanocomposites based on organophilic layered clay,” J.T. Kim,
T.S. Oh and D.H. Lee, Polymer International, 52, no. 7, 1058, © 2003, Copyright Society of Chemical

Industry. Reproduced with permission. Permission is granted by John Wiley & Sons Ltd on behalf of
the SCI.)

The interface modification leads to a strong interaction between nanofillers and matrices,
which can be measured as a free volume by Positron annihilation lifetime spectroscopy.
Zhang et al. [22] prepared the rubber nanocomposites by LCM and melt blending methods
as follows:

1. Latex compounding: about 3% clay aqueous suspension and SBR latex were mixed and
vigorously stirred for 20 min. Afterwards, the mixture was co-coagulated in 2% dilute
sulfuric acid solution, washed with water, and then dried in an oven at 70 °C for 24 h, and
SBR/clay nanocompounds (SBRN/clay) were obtained.

2. Melt blending: organic clay was directly mixed with SBR (not latex) on a two-roll mill for
5 min to obtain SBR/clay nanocompounds (SBRN/o-clay).

The nanocompounds of SBRN/clay and SBRN/o-clay were mixed with other additives on a
two-roll mill for 10 min, and then vulcanized at 150 °C in a hot press for the optimum cure time
determined by a disk rheometer.

SBR/clay microcomposites (SBRM/clay) and SBR composites filled with carbon black
N330 (SBR/N330) were prepared using the same melt-blending procedure as described above.

Figure 4.18 shows the dependence of the free volume of the nanocomposites on the filler
volume fraction. SBRN/clay shows the highest free volume (I30), implying the lowest
nanofiller interaction with the matrix. A lower free volume was found for SBRM/clay and
SBRN/o-clay. SBR/N330 indicates the lowest free volume, meaning the highest interfacial
interaction between nanofiller and matrix.
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Figure 4.18 Effect of nanofiller volume fraction on the orthopositronium (o-Ps) intensity for
nanocomposites

4.6 Conclusion

Although unmodified nanofillers might be able to disperse in rubber matrix, interface
modification is preferred for the purpose of significant property enhancement. The interface
modification can be accomplished by two routes: the reactive and the nonreactive route.
The reactive route employed functional molecules, which would usually contain two reactive
cites, one grated onto the nanofiller surface and the other reacted with matrix. This route
achieved strong interface as well as clay exfoliation, but not many rubbers contain certain
amount of reactive sites for grafting. The nonreactive route involves the filler surface
modification using high molecular surfactants to form a core-shell structure. As these
surfactants offer high levels of compatibility and chain entanglement with matrix polymers,
it actually plays the role of compatibilizers, leading to the uniform dispersion of nanopar-
ticles with good interface. This routine has no specific requirement in terms of the reactive
sites for matrix rubber, and the modified nanofillers suit more classes of rubbers.

Mechanical property measurement is the most convenient indirect method to characterize
the interface modification, as nonocomposites with strong interface often demonstrate
distinctive improvement of mechanical properties. The other indirect methods include
morphology observation using transmission electron microscopy (TEM), X-ray diffraction
(XRD) testing, dynamic mechanical property measurement, swelling investigation and so on.
The direct methods include Fourier transform infrared (FTIR) spectroscopy, nuclear magnetic
resonance (NMR) spectrometry, elemental analysis (EA), and so on. These methods quantita-
tively measure the degree of interface modification.

List of Abbreviations

AA allylamine
CB carbon black
C8-clay clay modified by octylamine CH;(CH,);NH,
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Cl2-clay clay modified by dodecylamine amine CH3;(CH,);;NH,
Cl16 hexadecyl trimethyl ammonium bromide

C18-clay octadecylamine CH;(CH,),;7;NH,»

DGEBA  diglycidyl ether of bisphenol A

EA elemental analyser

EPDM ethylene propylene diene monomer rubber
EPR ethylene propylene rubber

FTIR Fourier transform infrared spectroscopy
ISAF intermediate super abrasion furnace

KH550 3-aminopropyl triethoxy silane

M., weight-average molecular weight
MXD m-xylylenediamine

NBR nitrile butadiene rubber

NMR nuclear magnetic resonance

NR natural rubber

PDMS polydimethylsiloxane

PVC polyvinyl chloride

PS polystyrene

PC polycarbonate

RH resorcinol and hexamethylenetetramine complex
SBR styrene butadiene rubber

S-clay sodium montmorillonite

SRF short fibre

TC talc

TA triisopropanolamine

XRD X-ray diffraction
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5.1 Introduction

Latex from rubber trees (Hevea brasiliensis) is virtually the source of all commercial natural
rubber (NR; cis-1,4-polyisoprene). Both NR and synthetic rubbers like styrene butadiene
rubber (SBR) display mechanical properties which make them important and irreplaceable
materials in dynamically loaded applications such as tires and engine mounts [1]. NR is mainly
used in winter tires and truck tires. Small solid tires are usually made of SBR. The consumption
of NR and SBR is equal and the materials can be used interchangeably. The unique mechanical
properties of NR result from its highly stereo-regular microstructure, the rotational freedom of
the a-methylenic C—C bonds and the entanglements which result from the high molecular
weight and contribute to its high elasticity.

The properties of rubbers can be tailored by the addition of fillers [2, 3]. A wide range of
fillers are used in the rubber industry to improve and modify the physical properties of
elastomeric materials. The addition of the filler usually results in the improvement of the
stiffness and hardness, and also of the resistance to abrasion, tear, cutting and rupture. The
increase in the modulus is due to the inclusion of rigid filler particles in the soft matrix. Another
contribution arises from filler-rubber interactions leading to additional crosslinks in the
network structure. In addition, the physical performance of an elastomeric material strongly
depends on a large number of parameters, such as volume fraction, as well as the shape, size and
aspect ratio of the particles. Fillers are generally classified according to their average particle
size. Particles larger than 1 um do not have reinforcing capabilities (at best) or have a
detrimental effect, and they generally increase viscosity by a mere hydrodynamic effect.

Rubber Nanocomposites: Preparation, Properties and Applications Edited by Sabu Thomas and Ranimol Stephen
© 2010 John Wiley & Sons (Asia) Pte Ltd
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Reinforcement is readily obtained with sizes smaller than 100 nm, that is, in the range of
nanocomposites. It is also found that particle structure is a decisive factor.

Carbon black and silica are the main fillers used in the compounding recipes [4, 5]. Short
fibers can be used to reinforce polymers in order to improve or modify certain mechanical
properties of the host matrix for specific applications [6]. The use of various natural fibers such
as bamboo, coir and oil palm as reinforcing agents in rubber matrices has also been
reported [7—12]. More recently, polysaccharide nanocrystals have been used to reinforce NR.
The choice of NR as matrix for the processing of such nanocomposites is interesting because of
the renewable nature of both components, because the matrix is available as aqueous
dispersions (latex) and because the effect of these nanoparticles can be easily compared to
any of the other fillers for NR published in the literature.

5.2 Preparation of Polysaccharide Nanocrystals

Stable aqueous suspensions of polysaccharide nanocrystals can be prepared by acid hydrolysis
of the biomass (cellulose, chitin, starch). The literature uses different descriptors of the
resulting colloidal suspended particles, including whiskers, monocrystals and nanocrystals.
The designation “whiskers” is used to designate elongated rod-like nanoparticles. These
crystallites are also often described in the literature as microfibrils, microcrystals or micro-
crystallites, despite their nanoscale dimensions. Most of the studies reported in the literature
refer to cellulose nanocrystals. A recent review reported the properties and application in
nanocomposite field of cellulosic whiskers [13]. A more general description of nanocrystals
extracted from cellulose, chitin or starch can be found elsewhere [14].

The procedure for the preparation of such colloidal aqueous suspensions is described in detail in
the literature for cellulose and chitin[15, 16]. The biomassis generally first submitted toableaching
treatment with NaOH in order to purify cellulose or chitin by removing other constituents. The
bleached material is then disintegrated in water, and the resulting suspension is submitted to a
hydrolysis treatment with acid. The amorphous regions of cellulose or chitin act as structural
defects and are responsible of the transverse cleavage of the microfibrils into short monocrystals
under acid hydrolysis [17, 18], as schematically illustrated in Figure 5.1. Under controlled
conditions, this transformation consists of the disruption of amorphous regions surrounding and
embedded within cellulose or chitin microfibrils, while leaving the microcrystalline segments
intact. Itis ascribed to the faster hydrolysis kinetics of amorphous domains compared to crystalline
ones. The resulting suspension is subsequently diluted with water and washed by successive
centrifugations. Dialysis against distilled water is then performed to remove free acid in the
dispersion. Complete dispersion of the whiskers is obtained by a sonication step. The dispersions
are stored in the refrigerator after filtration to remove residual aggregates and addition of several
drops of chloroform. This general procedure has to be adapted depending on the nature of the
substrate. In the specific cases of chitin whiskers obtained from crab shell and cellulose whiskers
extracted from date palm tree, the procedure is reported in Refs. [19, 20], respectively.

Aqueous suspensions of starch nanocrystals can be also prepared by acid hydrolysis of native
starch granules. It can be performed in aqueous medium with hydrochloric or sulfuric acid but
atlower temperature than for cellulose or chitin because gelatinization of starch in acid medium
occurs at relatively low temperature. Response surface methodology was used by Angellier
et al. [21] to investigate the effect of five selected factors on the selective sulfuric acid
hydrolysis of waxy maize starch granules in order to optimize the preparation of aqueous
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Figure5.1 Schematicillustration of the effect of acid hydrolysis of cellulose or chitin: example of cellulose

suspensions of starch nanocrystals. These predictors were temperature, acid concentration,
starch concentration, hydrolysis duration and stirring speed.

The stability of resulting suspensions depends on the dimensions of the dispersed particles,
their size polydispersity and surface charge. The use of sulfuric acid rather than hydrochloric
acid leads to a more stable aqueous suspension [22, 23]. Indeed, the H,SOy4-prepared whiskers
present a negatively charged surface, while the HCl-prepared whiskers are not charged. During
acid hydrolysis of most clean cellulose sources via sulfuric acid, acidic sulfate ester groups are
likely formed on the nanoparticle surface.

5.3 Processing of Polysaccharide Nanocrystal-Reinforced
Rubber Nanocomposites

Because of the high stability of aqueous polysaccharide nanocrystals dispersions, water is the
preferred processing medium. Rubber is not hydrosoluble but native NR occurs as an aqueous
dispersed polymer, that is, latex. Then the processing of polysaccharide nanocrystal-reinforced
NR is very simple and consists in mixing and casting the two aqueous suspensions. A solid
nanocomposite film can be then obtained by water evaporation and particle coalescence (film
casting) or by freeze-drying, followed by classical hot-pressing or extrusion processes.

For the present chapter, NR was kindly supplied as unvulcanized NR latex by the Technical
Center, MAPA, Liancourt, France, for chitin whisker- and starch nanocrystal-reinforced
composites. It contained spherical particles with an average diameter around 1 wm and had
a total solid content (TSC) and a dry rubber content (DRC) of 61.58 and 60.1%, respectively.
Sodium laurylsulfate (0.2 g per 100 g of dry rubber) and potassium (0.4 g per 100 g of dry
rubber) were added as stabilizers. The density of dry NR was 1 gcm . Unvulcanized NR latex
used for date palm tree cellulose whisker-reinforced composites was kindly supplied by
Michelin (Clermont Ferrand, France). It contained spherical particles with an average diameter
around 1 wm and its weight concentration was about 50 wt%. The dry NR had a density, pngr, of
1 g cm ™2 and it contained more than 98% of cis-1,4-polyisoprene. Prevulcanized latex with low
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degree of crosslinking was kindly provided by SAFIC ALCAN, Puteaux, France. Its TSC, DRC
and density were 61.5%, 60% and 1gcm >, respectively. Vulcanizing agents such as tetra
methyl thiuram disulfide (TMTD) and zinc oxide (ZnO) were used as accelerator and activator,
respectively, in this latex. The latex particle size was around 1 wm.

The processing of nanocomposite materials from an organic solvent solution instead of using
aqueous suspensions can be also considered. It is necessary to proceed to an exchange solvent
process or to chemically modify the surface of polysaccharide nanocrystals to reduce their
surface energy. In the literature, the following reagents were used:

1. A commercial succinic anhydride (ASA, Accosize 18 from American Cynamid) consisting
of a mixture of oligomers of different sizes, centered around C18 (Mn = 300), bearing the
general structure:

2. Phenyl isocyanate (PI, Aldrich):

O

3. Isopropenyl-o,0/-dimethylbenzyl isocyanate (TMI, Aldrich):
Z

NCO

These were used to disperse chitin nanocrystals obtained from crab shell in toluene [24]
whereas the two former were used for starch nanocrystals [25]. After mixing these suspensions
with NR solution in toluene, solid films were obtained by toluene evaporation.

Sample details and codifications used in this chapter are listed in Table 5.1.

Attempts were made to extrude cellulosic whiskers directly with melt NR. However, the mixture
was too viscous. In addition, the dispersion level of the filler within the NR matrix and then the
performances of the ensuing composites will be certainly very poor, cellulose being highly polar.

5.4 Morphological Investigation

Figure 5.2a shows a transmission electron micrograph (TEM) of a diluted suspension of
hydrolyzed crab shell chitin. The chitin fragments consist of slender rod-like nanoparticles
with sharp points that have a broad distribution in size. The average length and width were
estimated to be around 240 and 15 nm, respectively [19]. The average aspect ratio (L/d, L being
the length and d the diameter) of these whiskers is therefore around 16. The diffraction pattern
obtained for chitin whisker suspension using transmission microscopy studies is also depicted
in Figure 5.1a. The sharp and well defined diffraction rings obtained indicate the crystalline
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Table 5.1 Codification of the samples

Sample Filler Modi- Matrix Medium  Processing Filler
fication technique content
(Wt%)
NRev Unvulc. NR ~ Water Water evaporation
PNRev None None  Prevulc. NR  Water Water evaporation 0
NRfd Unvulc. NR ~ Water Freeze-drying and
hot-pressing
NRtolev Unvulc. NR  Toluene  Toluene evaporation
NRevC2 2
NRevC5 Crab shell 5
NRevC10 Chitin whiskers None  Unvulc. NR  Water Water evaporation 10
NRevCl15 15
NRevC20 20
PNRevC2 2
PNRevC5 Crab shell 5
PNRevC10  Chitin whiskers None  Prevulc. NR  Water Water evaporation 10
PNRevCl15 15
PNRevC20 20
NRfdC5 5
NRfdC10 Crab shell None  Unvule. NR  Water Freeze-drying and 10
hot-pressing
NRfdC15 Chitin whiskers 15
NRfdC20 20
NRasaC10  Crab shell ASA 10
NRtmiC10  Chitin whiskers TMI Unvulc. NR  Toluene  Toluene evaporation 10
NRpiC10 PI 10
NRevW2 2
NRevW5 5
NRevW10 10
NRevW15 Waxy maize 15
starch
NRevW20 Nanocrystals None  Unvule. NR  Water Water evaporation 20
NRevW25 25
NRevW30 30
NRevW40 40
NRevW50 50
NRasaW5 5
NRasaW10  Waxy maize ASA Unvulc. NR  Toluene  Toluene evaporation 10
starch
NRasaW20  Nanocrystals 20
NRpiW5 5
NRpiW10 Waxy maize PI Unvulc. NR  Toluene  Toluene evaporation 10
starch
NRpiW20 Nanocrystals 20
NRevCelll 1
NRevCell2.5 Date palm tree None  Unvulc. NR  Water Water evaporation 2.5
NRevCell5  Cellulose whiskers 5
NRevCell10 10
NRevCelll5 15
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Figure 5.2 Transmission electron micrograph of a dilute suspensions. (a) Crab shell chitin whiskers
(inset: typical electron diffractogram recorded on chitin fragments) [19] (Reprinted with permission from
N.K. Gopalan and A. Dufresne, “Crab shells chitin whiskers reinforced natural rubber nanocomposites.
1. Processing and swelling behavior,” Biomacromolecules, 4, no. 3, 657-665, 2003. © 2003 American
Chemical Society); (b) Waxy maize starch nanocrystals (scale bar: 50nm) [26] (Reprinted with
permission from J.L. Putaux, S. Molina-Boisseau, T. Momaur and A. Dufresne, “Platelet nanocrystals
resulting from the disruption of waxy maize starch granules by acid hydrolysis,” Biomacromolecules, 4,
no. 5, 1198-1202,2003. © 2003 American Chemical Society); (c) Date palm tree cellulose whiskers [20]
(Reprinted with permission from A. Bendahou, Y. Habibi, H. Kaddami and A. Dufresne, Journal of
Biobased Materials and Bioenergy, 3,2009. Copyright © American Scientific Publishers, www.aspbs.com.)

nature (amorphous protein part and amorphous chitin domains have been removed during acid
hydrolysis) of chitin whiskers present in the suspension.

Waxy maize starch nanocrystals consist of platelet-like particles with a thickness of 6—8 nm,
a length of 40-60 nm and a width of 15-30 nm [26]. Such nanocrystals are generally observed
in the form of aggregates (Figure 5.2b) having an average size around 4.4 um, as measured by
laser granulometry [21]. Despite the micrometric scale of the starch nanoparticles, the term
nanocomposite is suitable for starch nanocrystal/NR materials since the primary particles are
nanometric, as for carbon black-filled materials. In addition, we can suppose that at least one of
the dimensions of the aggregates is at the nanometer scale.

Cellulose whiskers were extracted from the rachis of the date palm tree (Figure 5.2¢). They
consist of rod-like nanoparticles with an average length and width around 260 and 6.1 nm,
respectively [20], giving rise to an aspectratio of 43. For whiskers extracted from the leaflets of the
date palm tree, the average length and diameter were around 180 and 6.1 nm, respectively (aspect
ratio around 30). This difference was ascribed to the higher cellulose content of the rachis [20].

For all kinds of filler, scanning electron microscopy (SEM) displayed a uniform distribution
of the filler within the elastomeric matrix when casting and water evaporation was used to
process the nanocomposite films [19, 20, 27]. For crab shell chitin whisker-reinforced NR a
poorer filler distribution was observed in freeze-dried and hot-pressed materials (NRfd
series) [19]. When the surface of the polysaccharide nanocrystals was chemically modified,
a nonuniform distribution of the filler was clearly observed [24, 27]. Large smooth unfilled
domains were shown by SEM observation of the freshly fractured surface.

5.5 Swelling Behavior

The swelling process and its kinetics give an idea about the capacity of a linear or branched
polymer to dissolve or of a crosslinked polymer to swell in different liquids and vapor media.
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The interaction of polymeric materials with solvents is a huge problem from both academic and
technological points of view. The mass and dimensions of polymer systems may be changed
due to the penetration of solvents into swollen specimens. When a crosslinked polymer is
brought into contact with a solvent, the network absorbs a certain amount of solvent, which
strongly depends on the temperature, molecular weight of this solvent, crosslinking density of
the polymer and polymer/solvent interactions, besides the ingredients added.

When an elastomer and reinforcing filler are mixed, strong interactions occur so that a good
solvent of the polymer can extract only a free rubber portion, leaving a highly swollen rubber-
filler gel. This fraction of bounded rubber (FBR) is, by definition, the rubber content of this gel.
The choice of the solvent used for the experiment is of importance. It must be a good solvent of
the matrix to allow its swelling or dissolution, but it must not be able to break the eventual links
between the matrix and the filler. If this last condition is not respected, the experiments cannot
be conclusive.

The kinetics of solvent absorption consists generally in first drying and weighing the sample,
and then immersing it in the liquid solvent or exposing it to the vapor medium. The sample is
then removed at specific intervals and weighed up to an equilibrium value is reached. The
swelling rate of the sample can be calculated by dividing the gain in weight by the initial
weight. Generally, the short-time behavior displays a fast absorption phenomenon whereas at
longer times, the kinetics of absorption is low and leads to a plateau, corresponding to the
solvent uptake at equilibrium. The diffusion coefficient can be determined from the initial slope
of the solvent uptake curve as a function of time. Details of the calculation can be found
elsewhere [28]. At short times, the mass (M) of absorbed liquid at time ¢ (M, — M) is given by:

M,—M, 2 /D\?
Itw 07‘[(7‘[) tl/z (51)

where M, is the mass of liquid sorbed at equilibrium and 2L is the thickness of the polymeric
film. The diffusivity or diffusion coefficient, D, of the liquid in the material can be estimated
from the slope of the plot of (M, — My)/M ., as a function of (t/Lz)l/2 for (M, — My)IM ., <0.5.

5.5.1 Toluene Swelling Behavior
5.5.1.1 Chitin Whisker-Reinforced NR

The toluene uptake of crab shell chitin whisker/prevulcanized NR nanocomposites when
immersed in toluene was determined (Table 5.2) [19]. It was found that as the whiskers content
increased, the toluene uptake values decreased continuously with a sharp evolution of 5-10 wt%.
The crosslink density of the evaporated matrix from prevulcanized latex (PNRev) was calculated
from the classical equation [29] and it was found to be around 13000 g mol~!. The monomeric
molecular weight of NR being 68 gmol ™!, the average number of monomer units between
crosslinks is of the order of 190.

In Figure 5.3, the weight swelling rate, ¢, = M./M is plotted for the samples prepared from
the prevulcanized latex as a function of chitin whisker content. For the unfilled matrix it was
found to be around 5.9. For composite materials ¢, values were corrected to account for the fact
that only the matrix phase can be swelled by the solvent. The filler weight must be removed
from both M, and M, data. As the whiskers content increases, ¢, decreases. The corrected



120 Rubber Nanocomposites

Table 5.2 Toluene uptake at equilibrium and toluene diffusion coefficients in
chitin whiskers/prevulcanized NR and starch nanocrystals/unvulcanized NR
composites immersed in toluene at room temperature

Sample Toluene uptake at Toluene diffusion coefficient
equilibrium (%) (em?s™ ! x 10%)
PNRev 488 14.1
PCHSev 413 8.1
PCH10ev 331 5.0
PCHI15ev 282 4.6
PCH20ev 239 4.4
NRev x 40.0
NRevW2 x 38.0
NRevW5 3290 20.8
NRevW10 2660 7.9
NRevW15 2210 5.4
NRevW20 2020 5.1
NRevW30 1320 34
NRevW40 1110 3.8
NRevW50 750 1.6

value is only around 4 for the 20 wt% chitin whisker-filled composite. Therefore, the swelling
of the material is strongly reduced in the presence of chitin whiskers within the NR matrix, and
a decrease of around 50% is observed for the highly filled material (20 wt%). Similar results
were reported for cellulose whisker-filled plasticized starch when submitted to high moisture
conditions [28, 30]. This phenomenon was ascribed to the formation of a rigid cellulose
network, which prevented the swelling of the starch and therefore its water absorption. This
3-D network was found to result from the establishment of strong hydrogen bonding between
cellulose whiskers that can develop during the film formation (evaporation step). The reduction
of the swelling rate for chitin whisker-reinforced NR most probably results from a similar

3 1 1 1 1
0 5 10 15 20 25

Whiskers content (%)

Figure 5.3 Raw (®) and corrected (O) weight swelling rate (¢,,) of vulcanized samples in toluene at
room temperature (25 °C) as a function of chitin whiskers content. Solid lines serve to guide the eye [19]
(Reprinted with permission from N.K. Gopalan and A. Dufresne, “Crab shells chitin whiskers reinforced
natural rubber nanocomposites. 1. Processing and swelling behavior,” Biomacromolecules, 4, no. 3,
657-665, 2003. © 2003 American Chemical Society.)
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phenomenon and can be ascribed, at least partially, to the formation of a chitin network within
the vulcanized rubber. It can also result from strong interaction between the chitin filler and the
crosslinked polymeric chains, preventing the swelling of the polymeric chains located in the
interfacial zone.

The toluene diffusion coefficient, D, in these vulcanized NR-based composites was also
determined (Table 5.2) [19]. The unfilled matrix presented the maximum diffusion coefficient
(around 1.4 x 107" em?s™"). Adding chitin whiskers within the NR matrix results in a
progressive decrease of D with a sharp evolution between 0 and 10 wt%, down to 4.4 x 1078
cm?s ™! for the 20 wt% filled system. This observation was attributed to the increasing stiffness
of the hydrogen bonded chitin network by increasing the filler content. It was also supposed to
result from strong interactions between the filler and the matrix, which limits the toluene
diffusivity within the entangled polymer matrix.

Figure 5.4 shows photographs of unvulcanized NR/chitin whisker nanocomposites before
and after 24 h swelling in toluene. It can be seen that all the samples swelled after immersion in
toluene. It has also been observed that both neat unvulcanized NR and 5 wt% filled composite
completely disrupted after 24h of swelling hence they are not included in Figure 5.4.
By comparing photographs of swelled evaporated samples (NRevC series) it clearly appears
that swelling of the material systematically decreases with increasing amount of chitin
whiskers within the NR matrix, as observed for vulcanized NR-based materials. This
observation was quantified by measuring the diameter of the disk after 24 h swelling in
toluene. Results are reported in Table 5.3. For some compositions, swelling was not isotropic in
the radial direction and the diameter was averaged. The diameter of the 10 wt% filled composite
increased by 67% upon swelling. For the 20 wt% filled material the diameter increase was only
33%. As for vulcanized NR-based composites, this phenomenon can be explained, at least
partially, by the formation of a hydrogen-bonded whiskers network within the matrix. This stiff
network hinders the swelling of the elastomer.

The effect of processing technique on swelling can be analyzed by comparing evaporated and
hot-pressed samples for a given composition (Figure 5.4 and Table 5.3). It is clearly observed that
the degree of swelling upon toluene immersion is much higher for hot-pressed sample than for
evaporated sample regardless the composition. It is also observed that the diameter of the swelled
10 wt.-% filled evaporated specimen (NRevC10) is similar to that of 20 wt% filled hot-pressed
(NRfdC20) composite. A possible explanation could be ascribed to the fact that not only the
presence of a chitin-chitin network, but the amount of whiskers also affects the degree of swelling.
From these results, it is assumed that the formation of a hydrogen-bonded network of whiskers
within the matrix is a major reason for the lower degree of swelling exhibited by evaporated
samples than hot pressed samples. The evaporation method is a slow step process, in which
whiskers get enough time and mobility to establish a rigid chitin-chitin network within the host
matrix. In contrast, in the freeze-drying and subsequent hot-pressing method, the mobility of
rubber chains and whiskers are completely arrested all on a sudden during initial quenching
process. It results in the formation of filler aggregates within the matrix and which in turn causes
poorer dispersion of chitin whiskers in the medium. SEM analysis supported this assumption [19].

For crab shell chitin whisker-reinforced unvulcanized samples, the swelling experiments
were more difficult to perform since part of the sample can dissolve in toluene during a long-
term swelling experiment. Therefore instead of following the above procedure, the bound
rubber content (FBR) and the fraction of NR dissolved in toluene were determined. It consisted
in first weighing (M) thin disks of sample material that were then immersed in toluene for 48 h.



122

Rubber Nanocomposites

Sample Before swelling After swelling
NRevC10 CEN
b -
NRfdC10 /
|
NRevC15 ]
NRfdC15 b .
NRevC20 &
N
g
NRfdC20 @

Figure 5.4 Photographs of unvulcanized samples (prepared by evaporation and hot-pressing methods)
before and just after swelling in toluene for 24 h at room temperature (25 °C). The diameter of all samples
before swelling was do = 7.5 mm [19] (Reprinted with permission from N.K. Gopalan and A. Dufresne,
“Crab shells chitin whiskers reinforced natural rubber nanocomposites. 1. Processing and swelling
behavior,” Biomacromolecules, 4, no. 3, 657-665, 2003. © 2003 American Chemical Society.)

They were subsequently dried for 12 h at 55-60 °C and weighed again (M’). The “sol” fraction
(M'y/My) and relative weight loss (RWL = [My—M'y]/M,) were then determined. This
allowed estimating the fraction of NR bonded to the filler (FBR) and the fraction of NR
dissolved in toluene.

Table 5.3 Diameter (d) of chitin whiskers/unvulcanized NR composite disks immersed
for 24 hin toluene. The initial sample diameter (before swelling) was dp = 7.5 mm and the

diameter variation was determined by (d — dy)/dy

Sample Processing technique d (mm) Diameter variation (%)
NRevC10 Water evaporation 12.5 67
NRevC15 11.0 47
NRevC20 10.0 33
NRfdC10 Freeze-drying 15.0 100
and hot-pressing
NRfdC15 13.5 80
NRfdC20 12.5 67
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The bound rubber content and fraction of NR dissolved in toluene after 48 h for unvulcanized
NR based materials were determined and data are collected in Table 5.4. Figure 5.5 displays the
evolution of the relative weight loss (RWL) versus chitin whiskers content for both evaporated
and hot-pressed unvulcanized NR based composites. Data show that about 50% of the unfilled
material is dissolved in toluene. The dissolution of a limited amount of NR is ascribed to the
fact that the experiment was performed at room temperature without any stirring. The RWL is
slightly higher for the evaporated matrix (NRev) than for the hot-pressed one (NRfd). It could
be due to the formation of short crosslinks developed in the NR during hot-pressing.

Table 5.4 Relative weight loss (RWL) and fraction of bound rubber matrix (FBR) of
chitin whiskers/unvulcanized NR composite disks immersed for 48 h in toluene and
dried for 12 h at 55-60°C

Sample Processing technique RWL (%) FBM (%)
NRev Water evaporation 53.5 0
NRevC5 45.5 53
NRevC10 11.8 36.6
NRevCl15 10.1 354
NRevC20 7.5 353
NRfd Freeze-drying 50.4 0
and hot-pressing

NRfdC5 46.2 1.7
NRfdC10 18.0 274
NRfdCI15 13.6 29.2
NRfdC20 11.8 28.5

RWL (%)

0 5 10 15 20
Whiskers content (wt%)

Figure 5.5 Relative weight loss of evaporated (O) and hot-pressed (®) unvulcanized samples after
immersion in toluene at room temperature (25 °C) for 48 h and subsequent drying at 55-60 °C for 12 h.
Solid lines serve to guide the eye [19] (Reprinted with permission from N.K. Gopalan and A. Dufresne,
“Crab shells chitin whiskers reinforced natural rubber nanocomposites. 1. Processing and swelling
behavior,” Biomacromolecules, 4, no. 3, 657-665, 2003. © 2003 American Chemical Society.)

As the whiskers content increases, the RWL of the sample decreases with a sharp evolution
between 5 and 10 wt%. For all composites, the RWL values are higher for hot-pressed samples
than for evaporated ones. This observation can be ascribed again to the formation of a rigid
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chitin network within the evaporated materials. This network is expected to form above the
critical volume fraction at the percolation threshold, vg.. For a 3-D network, vg. depends on the
aspect ratio L/d of the fiber, as vg. = 0.7/(L/d) [13, 14]. For chitin whiskers obtained from crab
shells, the aspect ratio close to 16 leads to a value of vg. = 4.4 vol%, that is, around 6.4 wt%.
This value is in the range 5—10 wt% for which the evolution of both the RWL and toluene uptake
at equilibrium is fast. However, it seems that the influence of this network on the dissolution of
NR chains is limited. The main parameter that is involved in this process, is the presence of
chitin whiskers and their level of interaction with the matrix. That is, the filler-matrix
interactions should be sufficiently strong to prevent the dissolution of NR chains and maintain
them in the “sol” fraction of the sample.

The fraction of bonded matrix (FBR) was determined from RWL data. It is worth noting that
FBR values correspond to the NR fraction, which is entrapped within the network of chitin and
on the surface of the chitin whiskers. For the calculation it was assumed that the insoluble part
of the unfilled matrix (1 — RWL,) should be present in the composites balanced by the matrix
content (1 —wg; wr being the filler weight fraction). The “sol” fraction (% “sol”) of each
sample is therefore the sum of three terms:

%“sol” = 1-RWL = wp + (1—RWLg)(1—wf) + FBR (5.2)

The first (wg) corresponds to the whiskers content, the second [(1 — RWLg)(1 — wg)] to the
insoluble part of the matrix and the third (FBR) to the fraction of NR in strong interaction with
the surface of the chitin filler. The FBR values calculated from Equation 5.2 are collected in
Table 5.4. It is interesting to see that FBR values first strongly increase with filler content and
then stabilize for chitin whisker fractions higher than 5 wt%, that is, above the percolation
threshold. For a low whiskers content, it seems quite normal that the fraction of bonded matrix
increases with the filler content as a result of the increase of the interfacial area. Above the
percolation threshold, the interfacial area increases continuously but the following two
phenomena can be appeared at high filler loading. On the one hand, the overlapping of the
whiskers restricts the filler/matrix interfacial area and, on the other hand, as the whiskers
network closes up the entrapping matrix fraction decreases. These two effects are the
responsible reasons for the stabilization of the FBR above the percolation threshold.

5.5.1.2 Starch Nanocrystal-Reinforced NR

The kinetics of toluene absorption was also determined for waxy maize starch nanocrystal-
reinforced unvulcanized NR (NRevW series). Figure 5.6a shows the evolution of the toluene
uptake (TU) versus time for different starch contents. All the compositions absorbed toluene
during the experiment. Two zones can be distinguished. The first zone, corresponding to
t < 10, is characterized by fast absorption kinetics. A clear trend is observed with respect to
the starch content: the higher the starch content, the lower the absorption rate. In the second
zone, associated with long times of experiments, the toluene uptake increases more slightly
until reaching a plateau corresponding to the toluene uptake at equilibrium. For low starch
contents (0 and 2 wt%), the second zone is not observed. A disruption of part of the films due to
their repetitive manipulations rapidly occurred, preventing their weighing after several hours of
immersion. Thereby, the TU at equilibrium for NRev and NRevW?2 films was considered to be
infinite. It is worth noting that only 5 wt% of starchy filler allows preventing the disruption of
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Figure 5.6 Evolution of: (a) toluene uptake and (b) water uptake as a function of time at room
temperature for NRev (0), NRevW?2 (@), NRevW5 (A ), NRevW10 (A ), NRevW 15 (x), NRevW20 (),
NRevW30 (1), NRevW40 (—), NRevWS50 ( + ). Solid lines serve to guide the eyes [27] (Reprinted with
permission from H. Angellier, S. Molina-Boisseau, L. Lebrun and A. Dufresne, “Processing and structural
properties of waxy maize starch nanocrystals reinforced natural rubber,” Macromolecules, 38, no. 9,
3783-3792, 2005. © 2005 American Chemical Society.)
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Figure 5.7 Evolution of: (a) toluene uptake at equilibrium and (b) diffusion coefficient of toluene for
starch nanocrystals/NR nanocomposite films as a function of starch content. The solid lines serve to guide
the eyes [27] (Reprinted with permission from H. Angellier, S. Molina-Boisseau, L. Lebrun and A.
Dufresne, “Processing and structural properties of waxy maize starch nanocrystals reinforced natural
rubber,” Macromolecules, 38, no. 9, 3783-3792, 2005. © 2005 American Chemical Society.)

the matrix. The toluene uptake values at equilibrium were measured after 7 days of immersion
(170h) and are given in Table 5.2. We can notice that TU values at equilibrium decrease
continuously when increasing the starch content (Figure 5.7a).

The toluene diffusivities or diffusion coefficients of toluene, noted D,jyene, Were estimated
for all compositions. These values are collected in Table 5.2. The unfilled NR matrix displayed
the highest toluene diffusion coefficient. Adding starch nanocrystals to the NR matrix first
resulted in a dramatic decrease of the toluene diffusivity, followed by a more progressive linear
decrease from 10 wt% of filler (Figure 5.7b).
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All these results seem to show that starch nanocrystals may form a 3-D network, in
agreement with TEM observations (Figure 5.1), that allows reducing the swelling capability
of the matrix. It is assumed to result from the establishment of strong hydrogen bonds between
particles that can form during the evaporation process like for chitin whiskers. The structure of
starch nanocrystals is completely different but one can assume that above a given volume
fraction, starch nanoparticles clusters can connect to form a continuous infinite and open
network. This assumption was also supported by SEM observations [27]. The reduction of
swelling upon starch nanocrystals addition could also be due to possible interactions between
starch and natural rubber, thereby preventing the swelling of the polymeric chains located in the
interfacial zone.

The starch nanocrystal-reinforced nanocomposite materials about 1 mm thick were im-
mersed in toluene for 48 h, dried overnight at 40 °C and weighed. The relative weight loss
values, RWL, are given in Table 5.5. Data show that about 15 wt% of the unfilled matrix was
dissolved in toluene after 48 h immersion. Again, the dissolution of a limited amount of NR can
be ascribed to the fact that the experiment was performed at room temperature without any
stirring or repetitive manipulations. Furthermore, it is worth noting that the thickness of the
films (around 1 mm) was in this case higher than those of the films used for diffusivity
measurements (around 0.2 mm). It is observed that RWL increases for starch contents higher
than 5 wt%. This result reveals that, contrarily to what was observed for chitin whisker-filled
NR, the addition of starch nanocrystals does not prevent the dissolution of the matrix in toluene.
RWL is systematically higher than the soluble fraction of the matrix, SFM. Thereby, assuming
that the addition of filler does not favor the dissolution of the matrix, it means that the loss in
weight should be due to a loss of natural rubber but also of starch nanocrystals. Indeed we have
seen that, during toluene immersion, natural rubber swelled. Fillers are then surrounded by a
soft matrix and are able to leave the specimen. In addition, this phenomenon should be

Table5.5 Relative weight loss (RWL), insoluble fraction of the composite (IF), insoluble fraction of the
NR matrix (IFM), expected soluble fraction of the matrix (SFM) and starch nanocrystals loss (SL) of
starch nanocrystals/NR nanocomposite films immersed for 48 h in toluene or in water and dried overnight
at 40 °C. The values are given as percentages

Medium Toluene Water
Sample RWL! IF? IFM? SFM* SL® RWL! SLS
NRev 14.6 85.4 85.4 14.6 0 3.1 0
NRevW35 14.0 86.0 81.1 13.9 0 3.7 0.7
NRevW 10 14.0 77.4 76.8 13.2 9.4 4.8 2.0
NRevW20 14.0 77.1 68.3 11.7 11.2 9.8 7.3
NRevW30 14.0 73.7 59.8 10.3 16 10.2 8.0
NRevW40 14.0 76.8 51.2 8.8 18.4 14.1 12.2
NRevW50 14.0 — — — — 15.8 14.3

'RWL = M"A;iiwﬂ x 100, where My and M’ are the initial and final weights of the sample.

2 IF = 100—RWL.

3IFM = (100—RWLg) x (1—w), where RWL, is the RWL value of the unfilled NR matrix and w; is the
starch nanocrystals content (wt%).

4 SEM = RWL x (1—wy).

5 SL = RWL—SFM.
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aggravated for highly filled composites since the probability of appearance of starch nano-
crystals on the surface of the film is more significant as the starch content is higher [31].
Observations of the samples clearly prove the migration of starch nanocrystals towards the
surface: after extended immersion and drying, the surface is covered by a thin white layer. The
values of the starch nanocrystals loss, SL, are given in Table 5.5. We can note that this loss of
starch nanocrystals should be gradual during the swelling experiment because no particular
break of slope is observed in the evolution of the toluene uptake. This is an indication that
although the starch nanocrystals clusters seem to be involved in the formation of a continuous
and open network, the interactions between these clusters should be weak and easily broken
under NR matrix swelling.

5.5.2 Water Swelling Behavior

In a similar way as for toluene uptake experiments, the water uptake of soaked starch
nanocrystal-reinforced NR nanocomposites after immersion in distilled water at room
temperature was plotted as a function of time (Figure 5.6b). Similarly to toluene experiments,
we noted that all the compositions absorbed water during immersion, even the unfilled matrix.
For low starch contents (0 and 2 wt%), the water uptake increased slightly during all the
duration of the experiment. For starch contents higher than 2 wt%, the water uptake increased
rapidly during the early stage of immersion, that is, during the initial 2-3 h, and then decreased
until reaching a plateau after 7 h of immersion. The diminution in the water uptake may be due
to the partial release, or leaching, of starch nanoparticles in water, even though starch is
insoluble in water. This phenomenon was already reported for polystyrene-co-butyl acrylate
filled with potato starch nanocrystals [31].

In order to verify this assumption, samples (1 mm thick) were first weighed, then immersed
in distilled water for 2 days, removed from water, dried at 40 °C overnight and weighed again.
The relative weight loss, RWL, was calculated for each sample and results are given in
Table 5.5. The RWL for NRev equals 3.1% most probably due to the release of low molecular
mass NR chains. It was found to increase by adding starch nanoparticles revealing that some
starch nanocrystals have previously migrated towards the aqueous phase during soaking, as
shown by SL values. The increase in RWL values became more significant above 10 wt% of
filler. Indeed, we have seen that during exposure to water, starch domains swelled and the
interface between filler and NR matrix weakens. Fillers should be then surrounded by a soft
interface and can be able to leave the specimen. Furthermore, like for immersion in toluene, this
phenomenon should be magnified for highly filled materials due to the increasing probability of
appearance of starch nanocrystals on the surface of the film in direct contact with the liquid
medium. Data show that the loss of starch nanocrystals is higher after immersion in toluene
than in water. This is attributed to a more extended swelling of the matrix in toluene, favoring
the migration of the filler towards the surface and then the liquid phase.

The evolution of the water uptake at equilibrium as a function of starch content is displayed
in Figure 5.8a. Up to a starch content of 10 wt%, WU at equilibrium remained roughly constant.
Then, it increased more or less linearly from 6% for the 10 wt% filled material (NRevW 10) up
to 33% for the 50 wt% filled film (NRevW50). For highly filled materials it seems that the loss
of unbounded starch nanoparticles was compensated by the swelling of the in bulk starch
nanocrystals still bonded to the matrix.
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Figure 5.8 Evolution of: (a) the water uptake at equilibrium and (b) the diffusion coefficient of water for
starch nanocrystals/NR nanocomposite films as a function of starch content. The solid lines serve to guide
the eyes [27] (Reprinted with permission from H. Angellier, S. Molina-Boisseau, L. Lebrun and
A. Dufresne, “Processing and structural properties of waxy maize starch nanocrystals reinforced natural
rubber,” Macromolecules, 38, no. 9, 3783-3792, 2005. © 2005 American Chemical Society.)

The evolution of the water diffusion coefficient values, noted D, Versus starch content is
displayed in Figure 5.8b. The unfilled NR matrix displays the lowest value and the addition of
starch nanocrystals induces an increase in water diffusivity. Up to a starch content of 10 wt%,
D,.cer increases slightly and then increases more rapidly and roughly linearly. Contrarily to
toluene swelling experiments and as expected, the formation of a continuous polar network of
starch nanocrystals within the NR matrix seems to favor the swelling of the films by water.

A filler content of 10 wt% seems to be a critical value in the swelling behavior. By analogy
with materials reinforced with cellulose whiskers, it was assumed that the formation of a rigid
network of starch nanocrystals was governed by a percolation mechanism. The critical volume
fraction of starch nanocrystals at the percolation is difficult to determine due to the ill defined
geometry of the percolating species but should be around 6.7 vol% (that is, 10 wt%). This value
is smaller than the value reported for polystyrene-co-butyl acrylate filled with potato starch
microcrystals (around 20 vol%) [31]. This difference may be due to a higher surface area of
waxy maize starch nanocrystals and to the particular morphology of starch nanocrystals that
aggregate by forming a “lace net”. This value is of the same order of magnitude (4.4 vol%) than
the one observed for NR reinforced with chitin whiskers obtained from crab shell presenting a
high specific surface around 180 m?g~" and an aspect ratio close to 16 [19].

5.5.3 Influence of the Chemical Modification of the Filler

After chemical modification the extent of the interactions between the modified crab shell
chitin whiskers and the NR matrix and the possibility of chitin-chitin network formation in the
matrix were determined by measuring the swelling ratio or diameter variation of the samples
before and after swelling in toluene. Figure 5.9 shows photographs of 10 wt% chitin whiskers/
NR nanocomposites before and after 24 h swelling in toluene. The extent of swelling is least for
NRasaC10 film compared to NRtmiC10 and NRpiC10 samples. The swelling of these two
samples are almost the same as observed in Figure 5.9. These observations were quantified by
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Figure5.9 Photographs of 10 wt% modified chitin whisker-filled NR films before and just after swelling
in toluene for 24 h at room temperature (25°C). The diameter of all samples before swelling was
do="7.5mm [24] (Reprinted with permission from N.K. Gopalan, A. Dufresne, A. Gandini and M.N.
Belgacem, “Crab shells chitin whiskers reinforced natural rubber nanocomposites. 3. Effect of chemical
modification of chitin whiskers,” Biomacromolecules, 4, no. 6, 1835-1842, 2003. © 2003 American
Chemical Society.)

measuring the diameter of the disk after 24 h of swelling in toluene. Results are reported in
Table 5.6. The data corresponding to the NR film filled with 10 wt% unmodified chitin whiskers
(NRevC10) are included for comparison. The diameter of NRasaC10 is increased by 112%
(67% was observed for unmodified composites), whereas for NRtmiC10 and NRpiC10 the
increase was around 160% on swelling. It was previously concluded for unmodified whisker-
based composites that the formation of a stiff hydrogen-bonded whiskers network within the
NR matrix hinders the swelling of the elastomer. It is clear from both Table 5.6 and Figure 5.9
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Table 5.6 Diameter (d) of 10 wt% chitin whiskers/NR nanocomposite disks im-
mersed for 24 h in toluene'. Relative weight loss (RWL) and fraction of bound matrix
(FBR) of chitin whiskers/NR nanocomposite films were determined for samples
immersed for 3 days in toluene

Sample d (mm) Diameter variation (%) RWL (%) FBR (%)
NRev — — 77.6 0
NRevC10 12.5 67 11.8 36.6
NRasaC10 159 112 36.6 33.2
NRtmiC10 19.8 163 32.8 37.1
NRtiC10 19.7 162 23.6 46.2

" The initial sample diameter (before swelling) was dy=7.5mm and the diameter
variation was determined by (d — do)/dy.

that the swelling of modified chitin whiskers/NR nanocomposites is much higher than the one
of unmodified based materials. This could be ascribed to the lower interactions between
modified whiskers, part of the surface hydroxyl groups being substituted, and to the lower
dispersion level revealed by SEM observations. By comparing ASA and isocyanate modified
whiskers, it seems that this effect is more pronounced for the latter.

The bound rubber content and fraction of NR dissolved after immersion in toluene was also
measured. The relative weight loss (RWL) and free bonded matrix (FBR) values of
composites after 3 days immersion in toluene are collected in Table 5.6. NR used for this
experiment was prepared by dissolving freeze-dried NR latex in toluene and evaporating the
solvent. Table 5.6 shows that about 78% of the unfilled NR are dissolved in toluene. The
dissolution of a limited amount of NR was ascribed again to the fact that the experiments were
performed at room temperature without any stirring. For the untreated whiskers based
material the RWL value is much lower (11.8%) than for the treated ones. It can be ascribed to
the possible chitin-chitin network formed by unmodified whiskers within the NR matrix,
which prevents the swelling of the material. The RWL value of NRasaC10 is slightly higher
than that of NRtmiC10, which in turn is higher than for NRpiC10 composites. The low RWL
value for isocyanate treated composites is due to the stronger interaction between the
whiskers and matrix for these materials.

The FBR values determined from RWL data for modified chitin whisker-based composites
are also collected in Table 5.6. It is worth remember that FBR values correspond to the NR
fraction, which is entrapped within the network of chitin and on the surface of the chitin
whiskers. For the unmodified whiskers based material, it was suggested that the nanosized
chitin fragments form a 3-D rigid network assumed to be governed by a percolation
mechanism. The critical volume fraction of chitin whiskers at the percolation threshold was
found to be 4.4 vol% (around 6.4 wt%). For the 10 wt% unmodified whisker-filled NR film, this
rigid network is therefore likely to be formed and most of the FBR should originate from the
entrapped NR amount. This entrapped NR amount is expected to be much lower in modified
whiskers based composites, because of their poorer dispersion in the matrix. However,
Table 5.6 shows that the order of magnitude of the FBR values is similar. This could be an
indication of comparatively stronger interactions between the whiskers and the matrix in
chemically modified systems. It seems that the extent of these interactions is higher in
isocyanate treated composites. This is more pronounced for phenyl isocyanate.
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Water and toluene absorption experiments were also carried out for unvulcanized NR
reinforced with 10 and 30 wt% of ASA- or PI-modified starch nanocrystals (NRasaW10,
NRasaW30, NRpiW10 and NRpiW30, respectively). The problem we were faced to was the
disruption of films filled with modified starch nanoparticles during the early stage of the
swelling experiment after only 1-2 h of immersion in toluene depending on the filler content.
This could be attributed to the film processing mode. Indeed, the solubilization step in toluene
involved a mechanical stirring, which could result in a decrease of the molecular weight of the
sample. For this reason, experiments were carried out by weighing swelled films every 15 min
for one hour. The values of TU obtained by weighing the sample after 1 h of immersion and
those obtained after four weighing steps every 15 min cannot be compared (samples were
removed from the liquid phase for 2 min during each weighing step).

It was shown that regardless the composition, the swelling rate was systematically higher for
NR/modified starch than for NR/unmodified nanocrystals [27]. As discussed above, the
addition of unmodified filler resulted in a diminution of the nanocomposites swelling. This
phenomenon was assumed to be due to the formation of a continuous network of starch
nanoparticles supposed to be held through hydrogen bonding forces between starch nano-
crystals. In the case of the addition of modified filler, the swelling rate of the composite films is
barely higher than for the unfilled NR matrix. This could be due to lower interactions between
modified nanocrystals, to higher interactions between the filler and the matrix, or to a higher
affinity between the modified filler and toluene. The TU was found to be higher for materials
filled with nanocrystals modified by PI than by ASA, revealing either a higher affinity of PI with
toluene or lower interactions between modified nanoparticles.

The water uptake was determined for the same materials. As expected, the water uptake is
much lower for modified filler-based composites compared with its unmodified counterparts
and is also lower for particles modified with PI than with ASA. Indeed, it was shown in a
previous paper [25], that the polar component of surface energy was lower for modified
nanoparticles and also much lower for particles modified with PI than with ASA.

5.6 Dynamic Mechanical Analysis

In dynamic mechanical analysis the complex modulus (for instance in tension) E*, that is, the
storage component E’ and the loss component E” can be measured. The ratio between these two
components, tan 0 = E"/E’, can be also determined. Measurements are generally performed in
isochronal conditions at 1 Hz and by varying the temperature.

For instance, Figure 5.10 shows the evolution of log(E’) (Figure 5.10a) and tan ¢
(Figure 5.10b) as a function of temperature for waxy maize starch nanocrystal-reinforced
NR nanocomposite films. The curve of log(E') corresponding to the unfilled matrix is typical of
a fully amorphous high molecular weight thermoplastic behavior. For temperatures below the
glass transition temperature, NR is in the glassy state: the storage modulus slightly decreases
with temperature but remains roughly constant above 1 GPa. Then, a sharp decrease over three
decades is observed around —60 °C, corresponding to the primary relaxation process associ-
ated with the glass-rubber transition determined by differential scanning calorimetry (DSC)
measurements [27]. This modulus drop corresponds to an energy dissipation phenomenon
displayed in the concomitant relaxation process where tan o passes through a maximum
(Figure 5.10b). Then, the modulus reaches a plateau around 1 MPa, corresponding to the



132 Rubber Nanocomposites

(a) 10 (b)
= ©
o g
w
(=]
o°

5 T T T T 1 T T

-150 -100 -50 0 50 100 150 200 250

Temperature (°C) Temperature (°C)

Figure5.10 (a) Logarithm of the storage tensile modulus £’ and (b) tangent of the loss angle tand versus
temperature at 1 Hz for waxy maize starch nanocrystals/NR nanocomposite films: NRev ( + ), NRevW5
(0), NRevW10 (A), NRevW20 (x), and NrevW30 (1) [32] (Reprinted with permission from H.
Angellier, S. Molina-Boisseau and A. Dufresne, “Mechanical properties of waxy maize starch nano-
crystals reinforced natural rubber,” Macromolecules, 8, no. 22, 9161-9170, 2005. © 2005 American
Chemical Society.)

rubbery state. The broad temperature range from —40 to 180 °C of the rubbery state is ascribed
to the high molecular weight of the polymer, resulting in a highly entangled state of the
macromolecules. Finally, around 190 °C the modulus decreases more rapidly and the experi-
mental setup fails to measure it. It corresponds to the irreversible flow of the material linked
with the disentanglement of polymeric chains.

Starch nanocrystals have a significant reinforcing effect at temperatures higher than T,.
The relative rubbery modulus values, corresponding to the value of the modulus for the
composite divided by the one of the neat matrix, estimated at 100 °C are reported in Table 5.7.
The values reported for other systems are also listed in Table 5.7. The use of relative data
allows a better comparison of values from the literature. No significant improvement of
the thermal stability of composites was induced when adding starch nanocrystals within
the NR matrix. Actually, the matrix displays a rather high thermal stability and starch
begins to degrade at about the same temperature at which NR starts to totally disentangle
and flow.

By comparing crab shell chitin whisker-reinforced NR nanocomposites, it is found that the
reinforcing effect is slightly higher for unvulcanized (NRevC) than for vulcanized samples
(PNRevC), at least for low filler content. Probably the vulcanization process could slightly
interfere with the formation of the percolating whiskers network. However, if the real values
and not relative modulus values are compared, no significant difference was observed [33]. In
contrast the main experimental aspect that alters the reinforcing capability of the nanoparticles
seems to be the processing technique. Indeed, for all compositions, the relative relaxed
modulus is much lower for the freeze-dried and hot-pressed samples (NRfdC series) than for
evaporated ones (NRevC series). This difference was ascribed to the possible formation of a
continuous percolating chitin whiskers network within the NR matrix in the evaporated



Natural Rubber Green Nanocomposites 133

Table 5.7 Relative rubbery storage rubbery moduli estimated at 100°C (Erjo0) for the various
NR-based systems. Values in square brackets correspond to real values (MPa)

Sample Eri00 Sample Eri00 Sample ERri00
NRev 1 [1.10] NRfdC5 2.51 NRevCell2.5 4.17
PNRev 1[1.51] NRfdC10 4.57 NRevCell5 7.59
NRfd 1[1.15] NRfdC15 13.20 NRevCelll0 72.40
NRtolev 1 [1.07] NRfdC20 22.90 NRevCelll5 135.00
NRevC2 7.08 NRasaC10 5.75

NRevC5 13.50 NRtmiC10 2.04

NRevC10 44.70 NRpiC10 1.62

NRevCl15 128.00 NRevW5 2.04

NRevC20 363.00 NRevW10 5.37

PNRevC2 1.91 NRevW20 39.80

PNRevC5 9.33 NRevW30 77.60

PNRevC10 29.50 NRasaW20 1.32

PNRevC15 79.40 NRpiW20 1.32

PNRevC20 380.00

samples [33]. Contrarily to hot-pressing, evaporation is a slow enough process during which
filler-filler interactions can occur.

For unvulcanized NR-based composites processed by casting/evaporation, it is also possible
to compare the reinforcing effect of crab shell chitin whiskers (NRevC), waxy maize starch
nanocrystals (NRevW) and date palm tree cellulose whiskers (NRevCell). Both kinds of rod-
like nanoparticles provide similar reinforcing effect whereas starch nanoplatelets provide a
much lower reinforcing effect for a given loading level.

The relative modulus of all chemically modified nanoparticles based composites was found
to be much lower than that of the unmodified one and more similar to that of the unfilled matrix
(Table 5.7). The thermal stability of the composites was also very much reduced after chemical
modification [24]. It could be mainly attributed to the negligible presence or absence of the
rigid polysaccharidic network as a result of chemical modification onto the particles. For chitin
whisker-based nanocomposites, a clear hierarchy is also observed depending on the nature of
the chemical coupling agent used. The ASA-treated sample displays a higher rubbery modulus
than the isocyanate ones. This result is in agreement with the swelling behavior of the materials
and could be an indication of comparatively stronger interactions between the isocyanate
modified nanoparticles and the NR matrix. The increase of the filler/matrix interactions results
in adecrease in the filler-filler interactions responsible of the high mechanical characteristics of
the unmodified nanocrystals filled NR film.

The evolution of tan ¢ with temperature (Figure 5.10b) displays a peak located in the
temperature range of the glass transition of the NR matrix [27]. This relaxation process, labeled
o, is associated with the anelastic manifestation of the glass-rubber transition of the polymer.
This mechanism involves cooperative motions of long chain sequences. The temperature
position (7,) and magnitude of the peak (I,) decrease when adding starch nanocrystals
(Figure 5.10b) or other nanoparticles [20, 33]. The decrease in T, becomes significant for
the 20 wt% starch reinforced material for which T, decreases from —56 °C for the unfilled NR
down to —61 °C. This is attributed to: (i) the broadening of the glass-rubber transition zone
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towards lower temperatures reported from DSC measurements [27] and (ii) to a classical
mechanical coupling effect (the shift of the tan § peak results from the strong decrease of the
modulus drop upon filler addition). The reduction of the magnitude of I, when increasing the
starch nanocrystals content, results from: (i) the decrease of the number of mobile units
participating to the relaxation process and (ii) the decrease of the magnitude of the modulus
drop associated with 7.

5.7 Tensile Tests

The most classical nonlinear mechanical tests are tensile tests performed at room temperature.
In these tests, force (F) - elongation (e) curves are obtained for a given strain rate corresponding
to a given crosshead speed. The nominal strain (&,om,) and the nominal stress (Gpom) can be
calculated by &pom = €/L, and opom = F /S, respectively, where Sy is the initial cross-section.
The true strain (&) can be determined by &y = In(L/Ly), where L is the length of the sample
during the test (L =Ly + e¢). The true stress (o) can be calculated by oy, = F/S where S is
the cross-section. S is determined assuming that the total volume of the sample remained
constant during the test, so that S = SyLo/L. This assumption is strictly valid for the unfilled NR
matrix at room temperature. Stress versus strain curves can be plotted, and the Young’s
modulus (E) is measured from the slope of the low strain region. The conventional modulus
E/ oy can be obtained from the slope of the straight line plotted between the origing = ¢ =0
and the point corresponding to a true strain of 100%. Ultimate mechanical properties, that is,
stress at break (o) and elongation at break (¢5) can also be characterized. Mechanical tensile
data are generally averaged over at least five specimens.

Typical stress versus strain curves are shown in Figure 5.11a and b for, respectively, crab
shell chitin whisker- (NRevC) and waxy maize starch-reinforced NR (NRevW). For each
measurement, it was observed that the strain was macroscopically homogeneous and uniform
along the sample, until its break. The lack of any necking phenomenon confirms the
homogeneous nature of these composites at the scale of a few hundred cubic nanometers.
The samples exhibit an elastic nonlinear behavior typical of amorphous polymer at 7' > T,.
The stress continuously increases with the strain. The polymeric matrix is in the rubbery state
and its elasticity from entropic origin is ascribed to the presence of numerous entanglements
due to high molecular weight chains.

The tensile modulus, tensile strength and elongation at break of the films were determined
from the plot of the true stress versus true strain. The results are collected in Table 5.8.
The tensile conventional modulus E g, is also reported. For a better comparison, relative
data are listed in Table 5.8. Indeed, these experimental data were collected from the literature
and differences can be induced by the exact nature of the neat matrix and experimental
processing conditions.

By comparing crab shell chitin whisker-reinforced NR nanocomposites, it is found again
that the stiffness of unvulcanized materials (NRevC) is higher than the one of vulcanized
samples (PNRevC) in agreement with DMA experiments. The difference between unvulca-
nized and crosslinked NR-based systems is more significant from tensile tests than DMA. It
could originate from the fact that dynamic mechanical measurements involve weak stresses.
The possible interactions between percolating chitin whiskers are not damaged under these
weak stresses. Under the higher stress level, as applied in tensile tests, these interactions seem
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Figure 5.11 Typical stress versus strain curves for: (a) crab shell chitin whiskers [33], and (b) waxy
maize starch nanocrystals/NR nanocomposite films [32]. The nanoparticle contents are indicated in the
figure (Reprinted with permission from H. Angellier, S. Molina-Boisseau and A. Dufresne, “Mechanical
properties of waxy maize starch nanocrystals reinforced natural rubber,” Macromolecules, 8, no. 22,
9161-9170, 2005. © 2005 American Chemical Society.)

to be partially destroyed. This is an indication that the strength of the chitin network in
the crosslinked NR matrix is lower than that in the unvulcanized one. The chemical cross-
linking of the matrix most probably interferes with the formation of the chitin network as
already suggested.

The average molecular weight between crosslinks (M) and the average number of monomer
units between crosslinks were estimated from swelling experiments. For the unfilled vulca-
nized matrix the average number of monomer units between crosslinks was found to be close to
190. From standard geometry, the monomer length is around 0.47 nm, and assuming that a
rubber chain is in a straight, elongated fashion between two adjacent crosslinks, the distance
between two adjacent crosslinks should be around 90 nm. This value is of the same order of
magnitude, but lower, than the average length of the chitin whiskers obtained from crab shell
(around 240nm). Hence it is reasonable to think that the chemical crosslinking during
vulcanization can interfere with the formation of the chitin network in the NR matrix.

For unvulcanized NR-based nanocomposites, the processing technique greatly affects the
mechanical behavior. Indeed, the relative modulus is systematically lower for the freeze-dried
and hot-pressed samples (NRfdC) than for evaporated ones (NRevC) in agreement with DMA
results. In addition, the strength of the evaporated samples first increases and then decreases for
highly filled materials whereas it continuously increases for freeze-dried and hot-pressed
samples. It is also observed that the elongation at break continuously decreases for evaporated
samples whereas it is found to be roughly constant for freeze-dried and hot-pressed composites.
This is an indication that the mechanical behavior of evaporated nanocomposite films is mainly
governed by the percolating whisker network.

Table 5.8 compares unvulcanized NR-based films reinforced with different sources of
polysaccharide nanocrystals, viz. crab shell chitin whiskers (NRevC series), waxy maize starch
nanocrystals (NRevW series) and date palm tree cellulose whiskers (NRevCell series). It is
clearly seen that for a given composition the higher tensile modulus is observed for cellulose
whiskers, then for chitin whiskers and finally for starch nanocrystals. Similarly to DMA
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Table 5.8 Relative mechanical properties for the various NR-based systems using data obtained from
tensile tests: tensile modulus (Egr), conventional modulus (Egjgo). strength (orgp), and elongation at
break (erp). Values in square brackets correspond to real values

Sample Er ERr100% ORB ERB
NRev 1 [1.70 Mpa] 1 [1.80 Mpa] 1 [25.50 Mpa] 1 [248%]
PNRev 1 [1.60 Mpa] 1 [1.60 Mpa] 1 [395.00 Mpa] 1 [351%]
NRfd 1 [1.10 Mpa] 1 [0.71 Mpa] 1 [41.60 Mpa] 1 [252%]
Nrtolev 1 [0.42 Mpa] nd 1 [5.75 Mpa] 1 [274%]
NrevC2 3.30 1.40 0.85 0.86
NrevC5 10.50 2.80 0.98 0.77
NrevC10 nd nd nd nd
NrevCl15 75.00 9.40 1.16 0.54
NrevC20 135.00 13.30 0.38 0.51
PNRevC2 1.60 1.30 0.98 0.95
PNRevC5 nd nd nd nd
PNRevC10 16.20 4.30 0.45 0.81
PNRevC15 33.00 7.10 0.32 0.74
PNRevC20 69.00 9.60 0.05 0.37
NRfdC2 1.30 1.40 0.14 0.70
NRfdC5 1.90 2.40 0.37 0.69
NRfdC10 4.20 4.80 0.52 0.63
NRfdC15 7.90 10.10 1.51 0.71
NRfdC20 9.30 13.20 2.02 0.70
NrasaC10 5.70 nd 4.40 0.77
NrtmiC10 2.60 nd 2.30 0.66
NrpiC10 1.80 nd 2.30 0.94
NrevW2 1.60 1.20 1.10 0.98
NrevW5 2.50 1.60 1.80 0.97
NrevW10 7.00 2.50 2.70 0.97
NrevW20 16.60 3.30 2.60 0.93
NrevW30 34.00 5.00 3.00 0.91
NrasaW5 1.30 nd 1.04 0.99
NrasaW10 1.30 nd 1.20 1.00
NrasaW20 2.00 nd 2.20 1.01
NrpiW5 1.10 nd 0.59 0.97
Nrpiw10 1.70 nd 0.61 0.93
NrpiWw20 2.00 nd 1.20 0.93
NrevCelll 3.40 nd 1.50 0.71
NrevCell2.5 5.60 nd 2.10 0.62
NrevCell5 16.80 nd 4.80 0.40
NrevCell10 236.00 nd 15.90 0.03
NrevCelll5 374.00 nd 21.70 0.02

nd: not determined.

experiments, a clear hierarchy is reported between rod-like and platelet-like nanoparticles.
However, the tensile tests allow differentiating the two kinds of rod-like nanoparticles. The
higher modulus was observed for nanoparticles with the higher aspect ratio as already
reported [34]. The strength is found to significantly increase for cellulose whiskers, less for
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starch nanocrystals and globally decrease for chitin whiskers. The elongation at break is found
to strongly decrease upon cellulose whiskers addition. This trend is less significant for crab
shell chitin whiskers and it is observed that the ductility of starch nanocrystal-reinforced NR
films remains roughly constant upon filler addition. The strain at break value of a film
reinforced with 30 wt% of waxy maize starch is only decreased by a factor lower than 10%
whereas its tensile modulus is increased by a factor of 34.

Whatever the nature of the chemical coupling agent is, a reinforcing effect of chitin whiskers
is displayed through an increase of the modulus and stress at break (Table 5.8). However, it is
much lower than with unmodified nanoparticles and similar to the one observed for freeze-
dried and hot-pressed samples. Again a clear hierarchy is observed between ASA and
isocyanate modified whiskers. The modulus and ultimate tensile strength of NRasaCl10 is
found to be higher than that of NRtmiC10 and NRpiC10 composites. The superior tensile
properties of NRasaC10 could be attributed to the partial existence of a chitin-chitin network
within the NR matrix even after chemical modification of the whiskers. Even though the
whisker-matrix interactions in composites are supposed to be greater in NRtmiC10 and
NRpiC10, the chance of network formation and thereby a good dispersion of whiskers in
these composites is negligible compared to that in NRasaC10.

5.8 Successive Tensile Tests

Successive tensile tests were performed on crab shell chitin whiskers and waxy maize starch
nanocrystal-reinforced nanocomposite films to characterize the damage process occurring
during tensile tests. At the beginning of each experiment, the sample was first stretched under a
load of 2 N. Then, the experiment consisted in stretching the material up to a certain elongation
AL, (cycle 1), then releasing the force down to 2 N and stretching again the material up to a
higher elongation AL, =2 x AL, (cycle 2). This procedure was repeated with increasing
elongation AL; (cycle i), until the sample broke. The tensile modulus E; for each successive
cycle was determined from the initial slope of each stress-strain curve.

Figure 5.12a shows the typical evolution of the force versus elongation for the unvulcanized
NR matrix film obtained by the water evaporation technique during successive tensile tests. A
significant difference is observed between the curves obtained during stretching (positive
elongation rate) and the ones obtained during recovery (negative elongation rate). Moreover
after each cycle a residual elongation is reported. During stretching, short macromolecular
chains can diffuse within the surrounding entangled lattice but do not tangle again immediately
during the recovery step because of the viscous nature of the polymer. Therefore, the curves
recorded during positive and negative elongation rate steps do not superimpose and a
permanent strain remains, at the time scale of the experiment. Figure 5.12b shows the evolution
of the true stress versus true strain for the same sample. The global evolution is similar but the
stress level at the beginning of each cycle differs because of the permanent strain induced
during each successive cycle.

First, we discuss about the chitin whisker-reinforced unvulcanized NR composite films
obtained by the freeze-drying and hot-pressing technique (NRfd series). The effect of the
whisker content and successive tensile tests on E; are shown in Figure 5.13a and experimental
data are collected in Table 5.9. Figure 5.13a displays the evolution of the relative tensile
modulus, viz. the modulus of the composite measured during cycle i divided by the one
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Figure 5.12 Evolution of: (a) the force versus elongation and (b) true stress versus true strain for NRev
during successive tensile tests [3] (Reprinted with permission from N.K. Gopalan and A. Dufresne, “Crab
shells chitin whiskers reinforced natural rubber nanocomposites. 2. Mechanical behavior,” Biomacro-
molecules, 4, no. 3, 666-674, 2003. © 2003 American Chemical Society.)

@ / (b)

a3 L a3 .

= =

° °

: / :

o ? o 2 = H

D @

= <

2 2

o 1 7Z o 1

2 20 2 Y

< [

< 10 < 10

X o v " " 0 @ g " 20
T2 3 4 5 6 7 Whiskers 12 3 4 5 6 7 Whiskers

Cycle content (wt%) Cycle content (wt%)

—~
O
<

Relative tensile modulus
=
\

10

Whiskers
content (wt%)

Figure 5.13 Evolution of the relative tensile modulus, viz. the modulus of the composite measured
during cycle i divided by the one measured for the same sample during the first stretching cycle, E/E}, as a
function of i and of the whiskers content for: (a) unvulcanized hot-pressed; (b) unvulcanized evaporated;
and (c) vulcanized evaporated materials [33] (Reprinted with permission from N.K. Gopalan and A.
Dufresne, “Crab shells chitin whiskers reinforced natural rubber nanocomposites. 2. Mechanical
behavior,” Biomacromolecules, 4, no. 3, 666-674, 2003. © 2003 American Chemical Society.)
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Table5.9 Tensile modulus E; determined for crab shell chitin whiskers/NR nanocomposite films during
the successive tensile tests 7

Sample Processing E, E, E; E, Es E¢ E; Eg

technique (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
NRev Water evaporation 1.9 4.1 4.1 4.1 4.3 4.7 5.1
NRevC5 184 133 12.9 11.8 12.7 13.7
NRevC10 48.1 169 16.7 16.5 17.0 18.0
NRevCl15 129.7 489 38.6 405 46.7
NRevC20 2315 834 693 681 71.3 88.7
PNRev Water evaporation 1.6 2.1 2.1 22 23 2.4 2.5 25
PNRevC2 2.2 1.9 2.5 2.5 2.6 2.7 2.7 2.7
PNRevC5 6.2 53 4.5 4.2 4.2 4.2 4.2 4.2
PNRevC10 143 122 9.5 8.6 8.4 8.2 8.2 8.2
PNRevC15 314 21.1 18.0 18.1 174 17.5 18.4 18.6
PNRevC20 734 352 302  26.1 244 239
NRfd Freeze-drying 1.4 2.1 2.1 2.1 2.2

and hot-pressing

NRfdC5 2.6 32 3.7 4.0 4.1 5.0
NRfdC10 39 5.5 5.8 6.6 6.9 7.3
NRfdC15 85 112 15.1 19.6  23.1
NRfdC20 83 114 13.7 172 214 272

measured for the same sample during the first stretching cycle, E/E,. For the unfilled matrix, a
continuous increase of E; is observed for successive cycles. It increases from 1.4 MPa for the
first cycle up to 2.2 MPa for the fifth (Table 5.9). The relative tensile modulus increases from 1.0
to 1.57 during successive tests. This phenomenon is ascribed to the well known strain-induced
crystallization of rubbers. A group of scientists put forward a new idea about strain induced
crystallization of natural rubber during uniaxial deformation [35]. Contrary to the conventional
concept their studies revealed that the applied stress induces a network of microfibrillar crystals
in NR and that is responsible for the improved elastic properties.

For a given cycle, an increase of the modulus with the chitin whiskers content is observed for
all compositions (Table 5.9). This reinforcing effect agrees with the DMA and tensile tests
experimental data. As for the unfilled matrix, a continuous increase in the relative modulus is
observed for all the compositions (Figure 5.13a). It implies that the behavior of the composites
during the successive tensile tests is mainly dominated by the matrix behavior. It could be due to
the absence of the formation of a chitin network within the hot-pressed NR matrix.

The successive moduli measured for chitin whisker-reinforced unvulcanized NR composite
films obtained by the evaporation technique are reported as absolute values in Table 5.9 and as
relative values in Figure 5.13b. For the unfilled matrix, a continuous increase of E; is observed
for successive cycles. It increases from 1.9 MPa for the first cycle up to 5.1 MPa for the seventh
(Table 5.9). The relative tensile modulus increases from 1.0 to 2.68 during successive tests. The
sharper increase of the modulus during successive cycles for the evaporated matrix compared
to the hot-pressed one is an indication of the higher strain-induced crystallization of the former.
Similarly as in the case of hot-pressed samples, for a given cycle, the modulus of the composites
increases with the chitin whiskers content. In agreement with the previous DMA and tensile
tests experimental data, the reinforcing effect is much higher for the composite materials
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obtained via water evaporation process compared to that for the materials obtained by freeze-
drying and hot-pressing technique. However, it is worth noting that for the evaporated
composites the modulus E; first decreases for the first three or four cycles and then increases.
The initial decrease of E; for composite materials can be ascribed to the progressive damaging
of the chitin whisker network. The nonlinear decreasing tendency of modulus values of filled
rubber with increasing strain amplitude (Payne effect) has been studied earlier [36, 37]. The
Payne effect increases with an increasing filler-filler network factor and decreases with an
increasing polymer-filler network [36, 37]. After the complete destruction of the chitin
network, the tensile modulus starts to increase slowly as a result of the strain-induced
crystallization already observed for the unfilled matrix. The continuous increase of E; for
successive cycles reported for hot-pressed nanocomposites is a clear indication of the absence
of any chitin network within these materials. This continuous whiskers network is expected to
govern the mechanical behavior of the evaporated composites.

The same experiment was also performed for chitin whisker-reinforced vulcanized NR
composites and results are reported in Table 5.9 and Figure 5.13c. It is observed that films
containing low percentages of whiskers (0 and 2 wt% filled material) exhibit a continuous
increase of E; for successive cycles. For instance, for the unfilled matrix, it increases from
1.6 MPa for the first cycle up to 2.5 MPa for the seventh (Table 5.9). The relative tensile
modulus increases from 1.0 to 1.59 during successive tests. This increase is much lower than
the one observed for the unvulcanized evaporated matrix (Figure 5.13b). This can be well
understood since for chemically crosslinked polymers the strain-induced crystallization is
more restricted. In fact, the network of bridges in vulcanized rubber might have two opposite
effects on strain-induced crystallization during stretching [35]. The bridges can improve
molecular orientation of chains in the vicinity of crosslinks, thus inducing a crystallization of
polymer chains. Conversely these bridges may also hinder the growth of the crystalline
structure. The lower increase in modulus of the vulcanized matrix compared to the one
observed for the unvulcanized matrix is most probably due to the above-mentioned opposite
effects which take place in the former.

For composite materials, a clear decrease in the relative modulus is observed during the
successive tensile tests up to the first four cycles and after that it remains almost unchanged. The
first decrease in modulus is due to the disruption of chitin whiskers network that is expected to
be formed during the slow evaporation step of the composites. However, contrary to the
increase in modulus of the unvulcanized evaporated composites, after fourth cycle, it is found
that the modulus of vulcanized ones remains unchanged after fourth cycle. It is due to the
limited extent of the strain-induced crystallization of crosslinked rubber as a result of the two
opposite effects operating during stretching of the material as mentioned above.

Similar experiments were conducted for waxy maize starch nanocrystal-reinforced un-
vulcanized NR [32]. For these materials both the tensile modulus E; and the shrinkage r;
corresponding to the difference between the elongation AL; and the residual elongation
retained at the end of each cycle were determined for each successive cycle (Figure 5.14).
Their evolution as a function of both the starch content and the number of successive cycles are
plotted in the 3-D diagrams of Figure 5.15. For the sake of clarity, the modulus scale in
Figure 5.15a is restricted to 8 MPa. The whole experimental data are collected in Table 5.10.

For the unfilled NR matrix, the tensile module continuously increases during the successive
cycle. This phenomenon is ascribed again to the strain-induced crystallization of NR. Indeed, it
was demonstrated that the birefringence and the crystallinity measured by X-ray diffraction of
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Figure 5.14 Schematic representation of the mechanical properties obtained for each cycle during
successive tensile tests [32] (Reprinted with permission from H. Angellier, S. Molina-Boisseau and
A. Dufresne, “Mechanical properties of waxy maize starch nanocrystals reinforced natural rubber,”
Macromolecules, 8, no. 22, 9161-9170, 2005. © 2005 American Chemical Society.)
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Figure5.15 Evolution of: (a) the nominal tensile modulus E; and (b) the shrinkage r; measured for cycle
i for waxy maize starch nanocrystals/NR nanocomposite films during successive tensile tests as a function
of i and of the starch nanocrystals content W [32] (Reprinted with permission from H. Angellier, S.
Molina-Boisseau and A. Dufresne, “Mechanical properties of waxy maize starch nanocrystals reinforced
natural rubber,” Macromolecules, 8, no. 22, 9161-9170, 2005. © 2005 American Chemical Society.)

NR increased with strain [38, 39]. It was concluded that strain-induced crystallization started
for a strain around 400% [40]. The maximum achievable crystallinity was found to be around
30% by WAXS analysis [41] and around 20% by high-resolution solid state '3C NMR
spectroscopy [42]. More recently, it was discovered that only a low fraction of the amorphous
NR chains are oriented and subsequently crystallized during stretching, carrying most of the
applied load [43]. In our case, the modulus increases from the second cycle, revealing that the
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Table 5.10 Tensile modulus E; (MPa) and shrinkage r; (%) determined for waxy maize starch
nanocrystals/NR nanocomposite films during successive tensile tests i

Samp]e E] E2 E3 E4 E5 E6 E7 ES E9 ElO El 1
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

NRev 0.1 0.2 0.3 0.3 0.4 0.4 0.5 0.5 0.5 0.5 0.6
NRevW2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.5
NRevW5 0.4 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7
NRevW10 3.6 1.3 1.0 0.8 0.7 0.8 0.8 0.8 0.8 0.8 0.8
NRevWI15 6.3 1.7 1.0 0.8 0.7 0.7 0.7 0.6 0.6 0.6 0.6
NRevW20 25.9 2.7 1.6 1.3 1.1 1.0 1.0 0.9 1.0 0.9 0.9
NRevW25 28.8 4.6 22 1.7 1.4 1.0 0.9 0.9 0.7 0.6 0.6
NRevW30 59.7 5.8 2.5 1.8 1.4 1.1 0.9 0.8

Sample 7 7 r3 T4 s Te ry rg 9 10
NRev 22 43 63 86 112 139 171 200 229 253
NRevW2 38 62 81 102 124 150 181 211 241 269
NRevW5 21 41 64 89 116 144 173 200 229 257

NRevW10 53 90 123 156 190 225 258 291 325 361
NRevW15 55 94 131 168 206 246 285 324 364 406
NRevW20 59 103 145 186 231 274 321 364 409 456
NRevW25 91 173 250 323 399 475 557 639 750 798
NRevW30 97 187 274 359 440 517 594 1143

crystallization begins before having reached a strain of 400%. Indeed the initial length of the
sample, Lo="7mm, is of the same order of magnitude as the elongation at each cycle,
AL;=10mm. The strain at the beginning of the second cycle is therefore lower than
400%. Such a continuous modulus increase during successive tensile tests is observed for
low starch contents composites (up to 5 wt%). This means that the behavior of the poorly filled
nanocomposite films is mainly governed by the one of the matrix. It could be ascribed to the
absence of a continuous nanocrystals network within the NR matrix.

For highly filled nanocomposite materials (starch content higher than 5 wt%) the tensile
modulus decreases during the first five cycles. The higher the starch content is, the stronger
the modulus drop is (Table 5.10). This modulus drop during the early successive tensile
experiments could be ascribed to the progressive disruption of the continuous starch
nanocrystals network. The higher the starch nanoparticles content is, the closer the
continuous network is and the stronger the effect of the disruption is. Furthermore, it was
already shown that the addition of filler (carbon black for instance) decreases the capability of
NR chains to crystallize [43]. After the fifth cycle, the modulus remains roughly constant.
This should indicate that complete disruption of the continuous starch network was achieved
and that no strain-induced crystallization of the film occurred at this stage. This is an
indication that a nominal strain around 700% is necessary for the complete disruption of the
percolating nanoparticles network. It was also observed that for a given cycle, the modulus
increases with the starch content (Table 5.10). This reinforcing effect agrees with both DMA
and tensile tests results.

Regardless the composition, the shrinkage increases for each additional successive tensile
cycle. It is about ten times higher for the tenth cycle than for the first (Figure 5.15b and
Table 5.10). These data suggest that viscous flow in the samples decreases at each cycle



Natural Rubber Green Nanocomposites 143

whereas the elastic recovery component increases. When increasing the starch nanoparticles
content, the shrinkage becomes more important, that is, the residual elongation decreases for a
given cycle (Figure 5.15b). The presence of the filler induces a more elastic behavior of the
material and decreases at the same time its viscoelasticity.

5.9 Barrier Properties

The large interest in nanoparticles for composite applications originates from outstanding
mechanical properties. Enhanced properties can often be reached for low filler volume fraction
without detrimental effect on other properties such as impact resistance or plastic deformation
capability. However, other properties have been shown to undergo substantial improvements,
including decreased permeability to gases. Surprisingly, as far as we know, the barrier
properties of polysaccharide nanocrystal-reinforced polymer nanocomposites have been
reported only late in some recent publications [27, 44—46].

In the first study [27], the authors studied the permeability of natural rubber reinforced with
waxy maize starch nanocrystals to both water vapor and oxygen. The water vapor transmission
rate of these materials was found to continuously decrease upon starch nanoparticles addition.
It decreased from 0.078 gm 2 day ' for the unfilled matrix down to 0.043 gm 2 day ' for the
composite filled with 20 wt% starch. This unobvious result shows that the hydrophilic nature of
starch nanocrystals does not increase the permeability of natural rubber to water vapor.

In the same study [27], it was also observed that starch nanocrystals reduced the oxygen
diffusion as shown from the decrease of the diffusion coefficient when adding the filler and the
oxygen permeability. The latter decreased from 25.7 barrer for the unfilled matrix down to 8.9
barrer for the composite filled with 30 wt% starch. It was checked that this phenomenon was
mainly due to the structural modification of the film and not to the decrease of the solubility of
oxygen. Both observations were ascribed to the nanoscale platelet-like morphology of starch
nanocrystals that increases the tortuosity of the diffusion path of molecules.

The water vapor permeability of starch nanocrystal-reinforced sorbitol plasticized pullulan
films was also investigated [44]. The authors reported no significant differences in water vapor
permeability of unfilled samples and those containing up to 20 wt% nanocrystals. For higher
filler content enhanced barrier properties were observed.

5.10 Conclusions

Polysaccharide nanocrystals are building blocks biosynthesized to provide structural properties to
living organisms. They can be isolated from biomass through acid hydrolysis with concentrated
mineral acids under strictly controlled conditions varying time and temperature. Acid hydrolysis
results in an overall decrease of amorphous material by removing polysaccharide material closely
bonded to the crystallite surface and breaks down portions of glucose chains in most accessible,
noncrystalline regions. A leveling-off degree of polymerization is achieved corresponding to the
residual highly crystalline regions of the original material, that s, cellulose or chitin fiber, or starch
granule. Dilution of the acid and dispersion of the individual crystalline nanoparticles complete the
process and yield an aqueous suspension of polysaccharide nanoparticles. These nanoparticles
occur as rod-like nanocrystals in the case of cellulose- or chitin-based materials, or platelet-like
nanoparticles when using starch granules as the raw material.
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Polysaccharide nanocrystals are inherently low-cost materials which are available from a
variety of natural sources and in a wide variety of aspect ratios, for example, ~200 nm long and
5 nm in lateral dimension and up to several microns long and 18 nm in lateral dimension for
cellulose and chitin. They take advantage of both renewable materials, such as abundance,
renewability and self-assembly into well defined architectures and nanosized particles,
including mechanical properties for example, strength, modulus and dimensional stability,
decreased permeability to gases and water, thermal stability and heat distorsion temperature.
They are an attractive nanomaterial for the reinforcement of natural rubber.
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6.1 Introduction

Since the early days of the rubber industry, fillers in the form of fine particles like carbon black,
silica or calcium carbonate have been used in rubber compounds. These fillers are added in
order to get a substantial improvement in the physical and mechanical properties of the
compound [1]. However, high concentrations of conventional fillers (above 40 phr, parts per
100 parts of rubber by weight) are required to attain the desired properties, which has
a detrimental effect on the processability of the compound, increases the final weight and
limits their applications. In the past few years, polymer nanocomposites have aroused
widespread interest because of the small particle size and surface activity of nanoparticles,
allowing the required properties to be achieved at low filler loadings [2—6]. So, a nanocom-
posite is a nanostructured material consisting of a homogenous dispersion of nanoparticles
inside a polymer matrix. Because of their nanometer filler size, nanocomposites show unique
properties typically not shared by their more conventional microcomposite counterparts and,
therefore, offer new technology and business opportunities. The main feature of a nanoparticle
is that it has at least one dimension in the nanometric range. Among these nanometer-scale
reinforcing particles, layered silicates are the most commonly used nanoparticles for the
production of polymer nanocomposites. Organoclay/polymer nanocomposites exhibit
improved mechanical and physical properties not shared by conventional composites.
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Over recent years, carbon nanotubes (CNT) have inspired scientists for a range of potential
applications [7-12]. Carbon nanotubes are allotropes of carbon with a unique atomic structure
consisting in covalently bonded carbon atoms arranged in long cylinders with typical diameters
in the range 1-50nm and a wide variety of lengths. Individual carbon nanotubes are
characterized by a high aspect ratio (300-1000), high flexibility [13] and unique combination
of mechanical, electrical and thermal properties [14, 15]. The combination of these properties
with a very low mass density [16] makes them potentially useful as ideal reinforcing fibers for
high-performance polymer composites.

Carbon nanotubes are usually produced by three techniques: arc discharge, laser ablation
and chemical vapor deposition. The quality and yield of carbon nanotubes strongly depend on
the synthesis and purification techniques and the specific growth conditions used [11]. There
are two basic types of CNT: single-walled carbon nanotubes (SWCNT) and multiwalled carbon
nanotubes (MWCNT). The structure of a SWCNT is characterized by wrapping a one-atom-
thick layer of graphite called graphene (graphene is a monolayer of sp*-bonded carbon atoms)
into a seamless cylinder. The carbon atoms in the cylinder have partial sp® character that
increases as the radius of curvature of the cylinder decreases. SWCNT exhibit important
electric properties that are not shared by the multiwalled carbon nanotubes.

MWCNT consist of multiple layers of graphite arranged in concentric cylinders with an
interlayer distance close to the distance between graphene layers in graphite (circa 0.34 nm). Of
particular interest are the double-walled carbon nanotubes (DWNT) because they combine
a similar morphology and properties in relation to SWCNT, while improving significantly their
resistance to chemicals.

This chapter is devoted to a description of the most significant results on carbon nanotubes/
elastomer nanocomposites. Although significant advances have been made in recent years in
this field, there is still a lack of basic knowledge on the optimum processing conditions. One of
the main problems for the effective use of carbon nanotubes as reinforcements of polymer
matrices is achieving a good dispersion in the composite, independent of filler shape and aspect
ratio. Currently, nanoparticles are incorporated within the polymer matrix by mechanical
dispersion in solution or melt processing with several critical issues:

¢ The nonuniform dispersion of nanoreinforcements within the polymer matrix.
¢ The increase of the viscosity of the compounds due to the nanofiller high aspect ratio.
e The lack of control of the alignment or orientation of CNTs in the resulting composites.

For this reason, a section of this critical review focuses on the functionalization
methods of carbon nanotubes in order to generate an efficient interphase in polymer
matrix nanocomposites.

6.2 Functionalized Carbon Nanotubes

Due to their exceptional mechanical, thermal and electrical properties, in addition to their low
density with respect to the class of organic and inorganic tubes, carbon nanotubes (CNTs) are
extremely promising for the development of high performance nanostructured materials. Since
their discovery in 1991 the research in this exciting field has been in continuous evolution, with
most of the research focused on the assessment of the CNT properties and the development of
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advanced structural composites based on CNTs [17, 18]. Single-walled carbon nanotubes
(SWCNTs) are considered as the simplest member of the family of CNTs, consisting of one
graphitic sheet, which has been rolled up into a cylindrical shape. Depending on the
arrangement of the hexagon rings along the tubular surface, CNT can be metallic or
semiconducting. However, the incorporation of nanotubes is not a trivial task mainly if
a good dispersion is mandatory to maximize the advantage of nanotube reinforcement. In fact,
the affinity to adhere to each other, renders as-grown SWCNTs intractable and indispersable in
common solvents [19] (Figure 6.1).

Figure 6.1 Representative SEM and TEM images of CNT

As deposited CNTs can be dispersed in common solvents by sonication, but they precipitate
when this treatment is switched off. In order to overcome this problem it was demonstrated the
possibility to realize the CNT interaction with different organic compounds [20-36]. This
approach renders them able to undergo chemical reactions that make CNTs soluble into
polymeric systems. The way of realizing composites made out of carbon nanotubes are
securing a reliable control over their surface chemistry through either covalent or noncovalent
modification and achieving dispersion.

The development of CNT-based nanocomposites can only be achieved by solving two main
problems: (i) the large contact area of CNTs and the strong intertube attraction via van der
Waals’s forces that make the CNT packed together, thus making more difficult their dispersion
in polymeric matrices, and (ii) the poor interfacial adhesion between the CNTs and the matrix.
More recently the development of CNT-based nanocomposites has been achieved thanks to
approaches that have been used to exfoliate bundles of CNT through the wrapping of the tubular
surface by various species of polymers [22, 23], aromatic compounds [37] and surfactants [38].

In this regard interactions between nanotubes and polynuclear species as well as pyrene-
modified oxide surfaces have been used for the assembly of single-walled carbon nanomater-
ials [39]. Surfactants are generally used for the dispersion of neat CNTs [40]. Then, this stable
dispersions were used for the compatibilization of the tubes within the polymer matrix [41-43].

CNT are considered ideal materials for reinforcing fibers due to their exceptional mechanical
properties. Functionalization of CNTs seems to be the most effective way to incorporate these
nanofibers into the polymer matrix. It is generally accepted that the fabrication of high-
performance nanotube-polymer composite depends on the efficient load transfer from the host
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matrix to the tubes. If the percentage of nanoreinforcements is very low or if it is well dispersed,
there are more strong interfaces that slow down the progress of the crack [44, 45].

Therefore, nanotube-polymer composites have potential applications in aerospace science,
where lightweight robust materials are needed [44]. To address these issues, several strategies
for the preparation of such composites are proposed involving physical mixing in solution,
infiltration of monomers in the presence of nanotube sheets and chemical functionalization of
CNTs by plasma treatment.

Several years ago it was reported how the selective localization of nanoparticles (that is,
carbon black) at the interface of polymer blend [46, 47] represents an alternative route to obtain
conductive materials. Following this concept it was recently proposed [48] that the localization
of the nanotubes atan interface instead of ahomogeneous dispersion within the whole composite
volume enhances the conductivity of the material with a low nanotube content. A compromise
between the nanotube dispersion and their localization at the interface can be obtained by
preparing thin films of carbon nanotubes containing polymers. In this regard more recently it was
proposed a novel approach where prealigned arrays of multiwalled carbon nanotubes were
grown on a substrate by chemical vapor deposition [49] then a monomer (that is, methyl
methacrylate) was infiltrated and polymerized into these arrays. The resulting composite films
(Figure 6.2) showed good dispersion of nanotubes in the polymer matrix with an enhanced
thermal stability. Similar synthesis approaches have been used to develop composite archi-
tectures consisting of intercalated networks of nanotubes and polymers [50-52].

Figure 6.2 Representative SEM image of CNTs dispersed in poly(methyl methacrylate)

One very promising technique being developed for manipulating CNTSs is electrophoretic
deposition (EPD) [53-55] (Figure 6.3).

EPD is achieved via the motion of charged particles, dispersed in a suitable solvent, towards
an electrode under an applied electric field [54]. For example, the presence of carboxylic acid
groups onto the nanotube sidewall solubilizes them in water by the development of a negative
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Figure 6.3 Representative optical and SEM images of electrodeposited CNTs (left) and polyfluorene
electrodeposited onto CNTs (right)

surface charge. Thus electrophoretic deposition of charged nanotubes moves them towards the
anode under an applied electric field [54]. The EPD if compared with other deposition
techniques offers advantages of low cost, uniformity of the coatings, and the possibility of
depositing on complex-shaped substrates.

Moreover, for the use of carbon nanotubes in devices for practical applications, nanotubes
should be in the state of separate nanotubes and small bundles with proper length
and functional groups, which can be used for directed self-assembly of nanotubes. For
the preparation of such functionalized nanotubes with small bundle size and appropriate
length a combined method of multistep oxidation and noncovalent functionalization was
previously reported [56, 57].

The direct fluorination of CNTs and their subsequent derivatization provide a versatile tool
for the preparation and manipulation of nanotubes with variable sidewall functionalities.
Fluorine in CNTs can be efficiently displaced by alkylamino functionalities leading to
a nucleophilic substitution that offers an opportunity for CNTs to be integrated into the
structure of the epoxy systems through the sidewall amino functional groups.

The plasma treatment for the functionalization of carbon nanotubes represents a novel
approach easy to scale up to industrial application. More recently there were a lot of attempts to
fluorinate carbon nanotube sidewalls in such manner [58-60]. The CF, plasma treatment of
CNT sidewall was demonstrated to enhance the reactivity with aliphatic amines.

However for the large-scale integration of CNTs many challenges must be overcome. One
important issue remains the selective positioning with predetermined orientations at a large
scale on a substrate. Here we propose how a wet chemistry approach can be used to assembly
nanotubes in horizontally ordered arrays. This method is based on the control of the wettability
of a substrate during a dip coating process.

In suggested mechanisms, as known, during the drying process of the liquid film on the
vertical substrate under the gravitational force, the downwardly dewetting liquid film exerts
ahydrodynamic drag force defined as F}, = #/V, where # is the liquid viscosity, /is the nanotube
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length, and V is the velocity of the hydrodynamic flow estimated as the rate of dewetting,
V =1v603/6nL where 0 is the contact angle, y is the surface tension of the liquid and L is a constant
of order 10 [61]. From these arguments the evaporation rate versus the dip coating rate induces
the nanotube to orient parallel or perpendicular to the solution surface.

More recently, studies on carbon fiber-epoxy composites have shown that process-induced
negative surface charges on carbon fibers can be exploited to produce initially charge-stabilized
dispersions, which subsequently form oriented filler networks in both direct current (DC) and
alternating current (AC) fields [62—64]. Electric fields have been applied to achieve oriented
conductive carbon nanotube networks in fully processed nanotube-polymer composites.
Experiments aimed at aligning carbon nanotubes have, so far, been carried out only on
dispersions of nanotubes in various liquid media. The expectation was that more efficient
networks would form if the aggregation process was guided in this way and that interesting
anisotropic conductivities might emerge.

Processing methods commonly used to incorporate nanotubes within the polymer matrix
include: mixing of nanotubes into the polymer, in situ polymerization and melt processing by
extrusion. However, the nonuniform dispersion of nanofillers within the polymer matrix and
the increasing of the viscosity due to their high aspect ratio render the tubes far from their
utilization in nanocomposite.

6.3 Elastomeric Nanocomposites

Even though elastomeric matrices have not been as widely studied as thermoplastic or thermoset
matrices, there are a number of interesting reports in the literature. The addition of carbon
nanotubes sensibly increases the mechanical, electrical, thermal stability, inflammability and
tribological properties of elastomer matrices. In particular, there have been several attempts to
incorporate MWCNTs in rubbers to improve their wear resistance [65, 66].

In this review, we have selected the most relevant and studied elastomeric matrices.

6.3.1 Natural Rubber

Natural rubber (NR) is a hydrocarbon diene monomer whose repeating unit is cis-isoprene. The
outstanding strength of natural rubber has maintained its position as the preferred material in
many engineering applications. It has a long fatigue life, good creep and stress relaxation
resistance and low cost.

Carbon nanotubes/NR nanocomposites have been successfully prepared by several proce-
dures: melt mixing [67—69], solution blending [70-75] and latex compounding [76].

Lopez-Manchado et al. [67] characterized the effects of the incorporation of single-walled
carbon nanotubes (SWCNTSs) on the physical and mechanical properties of NR. NR com-
pounds were prepared in an open two-roll mill at room temperature and then vulcanized in
a hydraulic press at 150 °C. SWCNTs behaved as effective accelerators, decreasing the time of
the crosslinking reaction. The authors observed a strong filler-matrix interaction (Figure 6.4),
which s reflected in a marked increase of the storage modulus as well as a noticeable shift of the
glass transition temperature towards higher temperatures. These effects are more marked in
comparison with NR composites filled with carbon black (CB).
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Figure 6.4 Representative SEM image of SWCNTSs/NR nanocomposites

This different behavior can be attributed to the dissimilar filler morphology, namely, particle
size or surface area and structure. SWCNTs are characterized for a high aspect ratio in relation
to CB, such as smaller particle size, larger interfacial area. This implies a stronger filler-matrix
interaction at the interface which leads a more immobilized rubber shell compared with large-
particle CB. Another interesting aspect for understanding the differences between both fillers is
the anisometry of the filler aggregates (shape factor). Guth-Gold [77, 78] defined this factor as
the ratio of the longest dimension of the particle to the shortest. It is well known that in
compounds containing fillers with identical surface area and chemical nature but different
shape, the storage modulus increases with increasing anisometry. The factor shape is larger for
SWCNTs than its counterpart CB, which explains the higher hydrodynamic reinforcing of
carbon nanotubes. The authors observed by Raman spectroscopy that the load is transferred
predominantly along the axis of the nanobundle in elastomer-based composites and, hence,
SWCNTs provide load transfer effectiveness.

Bokobza et al. [71, 73] prepared multiwall carbon nanotubes (MWCNTSs)-NR nanocom-
posites at several filler concentrations (in the range 1.0-9.1 wt%) by solution blending. Carbon
nanotubes were mixed in toluene by sonicating until a homogeneous dispersion was observed
in an optical microscope. Natural rubber containing all the vulcanizing ingredients was then
dissolved in the suspension of carbon nanotubes with vigorous stirring for about 12 h. After
mixing, the toluene was carefully removed at room temperature under vacuum. The results
were compared with those obtained with conventional carbon black. Bokobza et al. observed
that at a given strain level, a noticeable increase in the stress can only be observed from a filler
content of 2.4 wt%. The reinforcing effect increased with increasing the CNT loading in the
composite. The authors demonstrated that the reinforcement provided by MWCNT is much
higher than that by carbon black at the same filler loading. So, at 350% strain, the nominal stress
values were, respectively, 2.1 and 3.9 MPa for CB and MWCNT composites. The increase in
the stress is usually associated to the hydrodynamic effect, which is more marked by the filler
anisotropy and the presence of occluded rubber. However, the incorporation of MWCNTs did
not lead to an improvement in the ultimate properties like the stress and strain at break.
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Furthermore, the authors studied the influence of CNTs on the electrical properties of these
systems. An abrupt decrease of the resistivity by several orders of magnitude by the addition
between 2.9 and 3.8 wt% of MWCNTs was observed, indicating the formation of a percolation
network. At an equivalent filler loading, samples filled with MWCNTs displayed a higher
conductivity than those containing CB, where 3.8 and 9.1 wt% of CB lead to composites that
are still insulators. This indicated that the filler-filler network in carbon-filled systems occurs at
a filler loading above 9.1 wt%.

When analyzing the dynamic properties, the authors observed a dramatic decrease of the
storage modulus with increasing strain amplitude, for composites that contain more than 3.8 wt
% of MWCNTs. In general, in the case of filled rubbers the dynamic properties are amplitude-
dependent. This phenomenon known as the Payne effect is associated to the breakdown of
a filler network formed by filler-filler interactions. This effect depends on several parameters
like temperature, concentration, surface characteristics and size of the particles. For the same
filler loading, a greater Payne effect is obtained for the MWCNTSs/NR composites than for the
sample containing CB.

Zhao et al. [75] found that by adding 0.25 wt% of SWCNTSs, the modulus of the SWCNT/NR
composite prepared with toluene as a solvent, increased about 20% compared to the pure NR
material. They attributed this improvement to the formation of additional sources of entangle-
ments or physical crosslinks in the network in presence of carbon nanotubes. These extra
crosslinks play an important role at the beginning of the deformation, increasing the modulus.
At higher deformations, some of the physical crosslinks may dissipate when polymer chains
slide on the carbon nanotubes. In addition, comparing the crosslink densities of the NR and
SWCNT/NR samples calculated from mechanical and Raman spectroscopy measurements, the
authors observed that SWCNTSs can be used as Raman sensors to evaluate the crosslinking
process of rubbery materials. The D* peak of SWCNTSs was shifted upwards as the extent of
vulcanization is increased by increasing the amount of sulfur. So, Raman spectroscopy could be
used to determine the degree of crosslinking in rubbery materials.

In order to improve the adhesion between carbon nanotubes and natural rubber at the
interface, carbon nanotubes have been superficially modified. Sui ez al. [69] observed that after
being treated with acid and ball-milling, CNTs dispersed well in the rubber matrix and
interfacial interaction between them was improved. The vulcanization times, scorch and
optimum cure time decreased and the maximum torque increased after adding acid treated
and ball milled CNTs into NR. In addition, the over-curing reversion of CNT/NR was
alleviated. By adding the treated CNTs, comprehensive performance of the resulting nano-
composites achieved a considerable increase compared to neat NR and CB/NR composites.

Wang et al. [76] prepared powder natural rubber composites modified carbon nanotubes by
means of spray drying process. CNTs treated in blended acid were fully dispersed in the NR
powders and had a good interfacial interaction with the NR matrix. When compared with NR
materials prepared by conventional mechanical processes, NR powders modified by CNTs
require more vulcanizer. The amount of the vulcanizer to fully vulcanizing the NR powders
modified by CNTs was about 1.5 times or more as that for neat NR compound. Moreover, they
reported that vulcanizing reversions did not occur in the vulcanized NR powders modified by
CNTs. In addition, the mechanical properties of the NR powders were sensibly improved.

Finally, Shanmugharaj et al. [68] found that 3-aminopropyltriethoxisilane functionalized
CNT increased the scorch time and optimum cure time in the sulfur vulcanization of natural
rubber. They attributed this effect to absorption of basic accelerator by acid groups and



Carbon Nanotube Reinforced Rubber Composites 155

quinone-type oxygen atoms of the previous oxidative treatment. NR/silane functionalized
carbon nanotubes composites exhibited higher modulus, tensile strength and elongation at
break compared to NR vulcanizates due to the higher polymer-filler interaction between the
silanized carbon nanotubes and NR vulcanizates.

6.3.2 Styrene-Butadiene Rubber

Styrene-butadiene rubber (SBR) is an elastomeric copolymer consisting of styrene and 1,3-
butadiene. Most SBR is produced by emulsion polymerization but it is also synthesized by
solution polymerization. SBR is the synthetic rubber most widely used in the elastomer
industry since it has suitable properties of very good abrasion resistance, aging stability and
low-temperature properties. The tire industry constitutes the sector of higher application,
consuming approximately 70% of total SBR production. SBR formulations usually require
a notable amount of reinforcing filler, being CB the most used. Recently, carbon nanotubes/
SBR composites have attracted considerable attention due to the possibility to obtain improved
properties at low filler loadings [73, 79-86].

The first reported study on CNT/SBR compounds was carried out by X. Chen ef al. [80].
They analyzed the effects of different contents of MWCNTSs on the performance and
microstructure of the SBR composites processing in an open roll mill at room temperature.
MWCNTs were modified by refluxing in a HNOj solution before blending with SBR rubber.
The authors observed a gradual increase of the mechanical properties, tensile and tear strength,
shore hardness and abrasion with increasing the MWCNTSs content. The performances of
MWCNTs/SBR compounds were better than those of carbon black (N330)/SBR composites.
The authors suggest the likely application of carbon nanotubes for tires with rolling hysteresis
and decreased fatigue loss.

X. Zhou et al. [84-86] prepared carbon nanotubes (CNT) and carbon black (CB)-filled
powder styrene-butadiene rubber composites by spray drying of the suspension of CNTs and
CB in SBR latex. By means of this process, uniform spherules of SBR latex with diameters of
less than 10 wm were prepared, in which CNTs were well dispersed. They used CNTs prepared
by chemical vapor deposition process and treated by blended acid solution with a volume ratio
between sulfuric and nitric acid of 3 : 1. After blended acid treatment, some functional groups
such as hydroxyl, carboxyl and carbonyl were loaded on the CNT surface. These functional
groups improve the water affinity of CNTs and thus were more suitable for the preparation of
a CNT-SBR latex suspension. By the addition of CNTs, a sensible increase of the glass
transition temperature (7,) of the composite was detected due to a strong filler-polymer
interaction at the interface. This effect was more marked as the CNT loading in the composite
increased (—29.30°C for pure SBR, —25.65 °C for 10 phr CNTs and —19.56 °C for 60 phr
CNTs). In addition, the authors observed that the optimum cure time (Z9¢) and maximum torque
of the composites increased gradually with increasing CNT addition. It can be deduced that
CNTs decelerated the vulcanization reaction of the SBR compounds probably due to the added
functional groups of the CNTs with acid treatment. The acidic functional groups can prevent
the formation of vulcanization free action groups. The increase of maximum torque is
associated to a higher crosslinking density of the vulcanizates due to high Young’s modulus
of the added CNTs. The gel fractions measurements confirmed an increase of the crosslinking
degrees of the composites with increasing CNTs additives. X. Zhou et al. studied also the
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influence of CNTs on the dynamic mechanical and mechanical properties of SBR compounds.
They observed a sensible increase of the storage modulus with increasing addition of CNTs,
due to the hydrodynamic reinforcement upon introduction of fillers. This effect is more marked
when the CNTs additions exceed 30 phr. In contrast, the mechanical properties of the
composites increase progressively with the increment of the CNTs addition. Compared with
the pure SBR, the hardness, tensile and tear strength of the composite filled with 60 phr CNTs
were enhanced 73.9%, 327.7% and 191.1%, respectively, reflecting the strong reinforcing
effect of CNTs. The authors attributed this increase to the reinforcement of the well dispersed
CNTs with high Young’s modulus and strength in the rubber matrix.

Furthermore, the authors analyzed the effect of the vulcanizing reagent suspensions (sulfur)
addition on the properties of CNT/SBR powder compounds. Compared with the conventional
vulcanizing of carbon black/PSBR composites, twice more sulfur additions are needed in the
vulcanization of CNT/PSBR compounds. The glass transition temperature of the compound
increased gradually with the increment of the vulcanizing reagent and reached the maximum at
a sulfur concentration of 4 phr, and then it would decrease slightly at higher sulfur additions.
With the increment of the sulfur concentration, the elongation at break of the vulcanized rubber
compound decreased gradually, and the tensile strength and hardness reached a maximum
when the sulfur addition was 4 phr and kept constant when the addition continued to rise. In
contrast, the tear strength reached a maximum value at 2.5 phr of sulfur and then decreased
slightly at higher concentrations due to the structure designability of the compounds affected
by the sulfur aggregates in the polymer matrix.

L. Bokobza [71, 79] demonstrated the intrinsic potential of multiwalled carbon nanotubes
(MWCNT) as a reinforcing filler in elastomer matrices, in particular, styrene-butadiene
copolymers. Despite a poor dispersion detected by transmission electron microscopy and
atomic force microscopy, sensible improvements in the mechanical and electrical properties of
SBR matrix by the addition of MWCNT were observed. The incorporation of 1 phr of carbon
nanotubes increases the tensile modulus and strength of the compound, approximately 45%
and 70%, respectively. Compared to CB, a small filler loadings of carbon nanotubes is required
to reach the same performances due to a stronger interfacial adhesion between the polymer and
the nanotubes. So, quite similar hysteresis curves are obtained when SBRis filled with 10 phr of
MWCNTs or 50 phr of CB.

However, the authors observed that the carbon nanotubes are able to form a critical
concentration of conduction (continuous interconnecting filler network) at a small filler loading:
2—-4 phr of CNTare required, against 30—40 phr for CB. By the addition of 2 and 4 phr of CNT, the
conductivity of the composite increases by five orders of magnitude, reflecting the formation of a
percolation network. However, the aggregation of CNT yields a conductive material at a higher
volume fraction that than that expected from individually well dispersed carbon nanotubes. The
authors studied the variations in resistivity under uniaxial deformations of up to 200%. They
observed a gradual increase in the resistivity of the compound with strain applied. When second
stretch was conducted after total unloading of the sample, the resistivity slightly decreased and,
when the strain reached the maximum value of the first stretching, the two curves coincided, that
is, the sample was now in the same state as it was in the first stretching. The authors studied the
changes in the resistivity under uniaxial extension by atomic force microscopy observations of
stretched composites. They observed an increase of the roughness of the sample with strain and
the filler structures align in the direction of strain. The structure became more slender under
deformation, with a loss of contacts between aggregates and an increase in the resistivity.
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A second stretching on the sample showed different arrangements in the filler structure: filler
aggregates were oriented perpendicularly to the stretching direction. The authors concluded that
the strong alignment of the bundles perpendicular to the previous extension axis could be the
result of a reequilibration of the stress field. In consequence, new conducting pathways were
produced, leading to a weak decrease in resistivity.

De Falco et al. [81] developed an easy technique to fabricate cured styrene-butadiene rubber/
multiwalled carbon nanotube composites. The compounds were prepared by dissolving the
SBR in toluene in a ratio of 25 ml g~ ', then adding the filler, previously dispersed in ethanol by
sonication, and then drying. Afterwards, the other components, N-t-butyl-2-benzothiazole
sulfonamide (TBBS) and sulfur, were added as a cure system and then the system was stirred
and put to evaporate for 4 days as films in Petri capsules until constant weight before the cure.
This procedure successfully obtained a homogeneous dispersion of the filler into the elastomer
matrix without agglomeration. The incorporation of a small quantity of multiwalled carbon
nanotubes (0.66 wt%) led to a sensibly increase of the mechanical properties when compared
with pristine SBR compound or CB-filled SBR. The authors attributed this higher reinforcing
effect to the higher aspect ratio in the MWCNT compared with CB (around 500 times) and the
better interface between the two phases in the case of SBR/IMWCNT composites.

6.3.3 Polyurethane Rubber

Polyurethane (PU) is one of the largest and most versatile families of polymers. They are
generally produced by the polyaddition reactions of higher-molecular-weight diols and
diisocyanates, which led to a two-phase morphology of alternating soft and hard segments.
The control of parameters such as functionality, chemical composition and molecular weight of
the different reactants produces a wide set of materials with significantly different properties.
Polyurethanes can be classified according to their production process in: (i) casting rubbers, (ii)
thermoplastic rubbers and (iii) vulcanizable rubbers. This versatility has led to the use of
polyurethanes as foams, coatings, actuators and adhesive-based products [87] and has made
polyurethane-based nanocomposites one of the most widely studied elastomers [88—125].

Most of these studies used previously functionalized CNTs to improve their compatibility
and dispersion [89, 91, 93-95, 99, 100, 102-108, 110-112, 116, 119-121, 123-126].
Meanwhile, the addition of as produced CNTs into PU matrices was mainly done by solvent
mixing [88, 90, 92, 96-98, 101, 109, 113, 114, 117, 122]. The most frequent functionalization
treatment is carried out under oxidizing conditions with acids, which introduce hydroxyl,
carbonyl and carboxylic functionalities. These groups would improve the interfacial bonding
through the reaction among OH and carboxylic groups on the CNT surface with the NCO
groups of the isocyanate.

The majority of the studies have concentrated on either cast [91, 93-97, 100, 101, 103-107,
110, 113, 114, 121, 123-125] or thermoplastic polyurethanes (TPU) [88-92, 98, 99, 102, 108,
111, 116, 120, 122, 124]. Casting systems are composed of liquid or semi-liquid raw materials,
polymeric diols, bifunctional or polyfunctional isocyanate and chain extenders. The dispersion
procedure in the majority of these studies is carried out by dispersing the CNTs directly into
either the polyol or the isocyanate. The polyurethane nanocomposite is finally prepared by
the reaction mixing of the reactants. Hence, most of these studies used functionalized CNTs
to improve the interaction with the urethane groups. Some authors have also termed this
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procedure an in situ polymerization. Meanwhile, the preparation procedure of CNT/TPU was
mainly carried out by dispersing the CNTs in a solvent, dissolving the polymer in the mixture
and subsequently extracting the excess solvent. Cai and Song [109] reported the synthesis of
CNT/water-based PU composites by latex compounding, followed by film casting on a
polytetrafluoroethylene PTFE substrate.

The first reported studies on CNT/PU systems were independently carried out by Koerner
et al. [88] and by Sen et al. [89]. Koerner et al. reported that the uniform dispersion of CNTs in
TPU produced a stimuli-responsive material able to store and subsequently release up to 50%
more recovery stress than the pristine resin. They attributed this effect to an improvement on the
strain induced crystallization due to the CNT presence. The CNTs were thought to absorb
infrared photons (light-induced actuation) or electrons (electrically induced actuation) raising
the internal temperature, melting strain-induced polymer crystallites (which act as physical
crosslinks that secure the deformed shape) and remotely triggering the release of the stored
strain energy. Meanwhile, Sen et al. reported the fabrication of membranes of SWCNT-filled
polyurethane by electrospinning. In the electrospinning technique, polymer nanofibers are
produced from an electrostatically driven jet of polymer solution (or melt). They dispersed both
as produced and ester-functionalized SWCNTs in dimethylformamide/PU solution and
electrospun free-standing membranes 50-100 um thick. The tensile moduli of as-produced
and ester-functionalized SWCNT/PU were found to be respectively 215% and 250% higher
than the control polyurethane membranes. Meanwhile, the strength of the ester-modified CNT
membranes was improved by up to 104% compared to electruspun pure PU, while the
improvement with the as-produced CNT was only of 46%.

The mechanical data of several of these studies show that the tensile modulus of nanotube/
PU composites is generally improved, although a detailed comparison of the data is difficult
due to the different types of fillers, surface treatments, processing techniques and test methods
that have been used. The stiffening effect of the nanotubes was attributed not only to the
presence of the CNTs, but also to their impact on soft-segment crystallization, determined by
in situ X-ray scattering during deformation [88].

Several authors have shown an improvement of the thermal stability of the nanocomposites
of as much as 26 °C [93]. Among them, Jana and Cho [123] recently compared as-produced
MWCNT/PU prepared by solvent cast and oxidized MWCNT/PU prepared by in situ
polymerization. The thermal degradation of the samples followed a first-order reaction and
took place in two stages, which correspond to the degradation of the soft and hard segments.
The study showed that in situ nanocomposites outperformed the solvent cast system with a
higher degradation temperature and activation energy at 10% degradation. They attributed this
behavior to covalent bond formation between the oxidized MWCNTs and PU chains.

The unique electrical conductivity properties of the CNTs suggested their potential use in
electrically conductive composites. Thus, the electrical properties of the PU composites have
also been studied. In general, the electrical conductivity of a composite reveals a nonlinear
increase with the filler concentration, passing through a percolation threshold. Recent studies
of functionalised CNT/PU nanocomposites [108, 111, 113] showed a percolation threshold
around 0.2 and 0.5 wt% CNTs which was greatly influenced by functionalization treat-
ments [111]. Finally, the electromagnetic interference (EMI) shielding of PU nanocompo-
sites [113] showed that the shielding effectiveness increased with increasing content of
SWCNTs, reaching ~17 dB at the SWCNT loading of 20 wt%. The shielding mechanism
was found to shift from reflection to an absorption-dominated mechanism.
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Even though the main market for PU is as polymeric foams, little effort has been directed
towards using CNTs as reinforcements in this system [101, 121, 124]. PU foams are generally
obtained from the simultaneous reaction of the polyisocyanate with the polyol in the presence
of ablowing agent, usually water [101, 121, 124]. As in bulk systems, the reaction of the polyol
with isocyanate produces urethane bonds. Meanwhile, the reaction of the isocyanate with water
generates CO, which drives the foam expansion.

Park et al. [101] reported the used of CNT filled polyurethane foam as the core of a sandwich
structure in radar-absorbing structures in the X-band (8.2—12.4 GHz) frequencies. The addition
of CNT increased the permittivity of the foam cores, and improved the reflection loss
characteristics in the 10.0-10.5 GHz frequency. A second study by Xu et al. [121] reported
the dependency of the electrical conductivity on foam density. Decreasing the foam density
from 0.5 to 0.05gcm >, at a fixed loading fraction of 2 wt%, varied gradually the volume
conductivity from 2.4 x 1072Sm ™' to 4.3 x 107> Sm'. As the density was further decreased
to 0.03gcm >, they observed a nonlinear decrease of eight orders of magnitude. This
conductor-insulator change was attributed to a transition from 3-D to 2-D percolation as the
CNT distribution concentrated in the cell edges, becoming nonuniform.

Polymer foams have traditionally been used in engineering applications, such as thermal and
acoustic insulation, shock absorbers and buoyancy, among others. Recent developments in
biomedical applications, in particular in tissue engineering, required the use of 3-D porous
structures with appropriate mechanical and mass transport properties, making foams particu-
larly attractive as tissue scaffolds. In this area, CNT/PU foams were investigated as bone tissue
scaffolds using two different processing methods. Thermoplastic PU-oxidized CNT foams
were manufactured by thermally induced phase separation (TIPS) [124]. The CNT provided
ananotextured surface, changing the surface character of the nanocomposite. Additionally, the
CNT significantly improved the compression strength and stiffness of the nanocomposite
scaffold. In vitro studies revealed that increasing CNT loading fraction did not cause osteoblast
cytotoxicity nor had any detrimental effects on osteoblast differentiation or mineralization.
Similar results were reported on reactive PU foams [124] (Figure 6.5). These promising results
revealed the ability of the CNT to improve simultaneously mechanical performance, surface
characteristics and cell phenotype.

Figure 6.5 Representative SEM images of PU foams reinforced with MWCNTSs
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6.3.4 Silicone Rubber

Silicone elastomers are unusual synthetic polymers in that their backbone is composed of an
“inorganic” repeating unit, that is, silicon to oxygen bonds. In addition, the silicon atoms are
attached to organic groups, such as methyl.
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The presence of the inorganic and organic units gives silicones their unique properties and
thermal and chemical stability. Hence, silicone nanocomposites have received increasing

attention in recent years [127-151].
Most of the studies dispersed as produced CNTs into room-temperature vulcanized (RTV)

polydimethylsiloxane (PDMS) by mechanical mixing or ultrasonication. All these studies
reported a good dispersion of the CNTs without the need of previous functionalization. It had
been suggested that the presence of CH-x interactions could play a role in designing fullerene-
and nanotube-based materials [152]. CH-7n interactions are a type of hydrogen bond that
operates between a soft acid CH and a soft base n-system, as found on the convex surfaces of
fullerenes and nanotubes [152]. This suggestion was confirmed experimentally by Baskaran
et al. [153] and theoretically by Beigdeder et al. [149].

The first study on CNT/Silicone nanocomposites was carried out by Frogley et al. [127] and
compared systems filled with up to 1 wt% SWCNTs and up to 4 wt% CNFs. The mechanical
properties showed an approximately linear increase in composite stiffness, but also a reduction
in strength and strain to failure for both types of filler, with increasing loading fraction and were
more pronounced for the SWCNTSs compared to the CNFs. These improvements in mechanical
properties were not observed for comparable loading fractions of spherical carbon black. They
attributed the modulus increase to the reorientation of nanotubes under strain in the samples.

Several authors have studied new nanocomposite systems to impart stimuli-responsive
properties to different polymers, among them silicone rubber. The first study on silicone-based
nanocomposite as a new photomechanical actuator was reported by Ahir and coworkers [129,
132, 133]. They embedded as produced MWCNTs in PDMS atloading fractions up to 7 wt% and
illuminated the samples with infrared source. They measured the strength of photactuator
response, ata givenradiation intensity, and found it to be in the order of tens of kilopascals, which
corresponded to actuation strains of 2-4%. As expected, the response increased with nanotube
loading content. Thermal actuation behavior was also observed when the samples were heated by
the same amount, but the response was one order of magnitude lower. Chen et al. [150] recently
reported a similar electrothermal actuator based on a MWCNT/PDMS system. They reported
a maximal strain of 4.4% at electric power intensity around 0.03 W mm .

Further studies have analyzed the used on these nanocomposites as temperature and pressure
sensors [135, 143, 144, 151], humidity sensors [131], strain sensors [137] and gas sensors [148].
Pressure sensors were prepared slightly above the percolation threshold of the material so that
the conductivity was low and sensitive to small specific volume change of the composites. Jiang
et al. [135, 143, 144, 151] dispersed y-aminopropyltriethoxy silane functionalized CNTs in
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methylvinyl silicone rubber and reported a percolation threshold of around 0.01 wt% [142].
Contrary to expectations, they observed a resistance which increased with increasing applied
pressure. They attributed this behavior to the loss of the original percolation network original
networks under pressure due to nanotube rearrangement perpendicularity to the direction of
applied pressure because of the large free volume and low Young’s module of the rubber host.
Similar results were recently confirmed by Hu et al. [151]. A completely different approach
was reported by Woo et al. [148] to fabricate a gas-sensing system. They made single- walled
carbon nanotube (SWCNT) thin films by dispersion and vacuum filtration of 1% sodium
dodecyl sulfate (SDS) surfactant solution. These SWCNT films were then transferred onto
a flexible substrate by curing a PDMS solution over the films. They obtained a transparent
system with high sensitivity to NH; gas.

Thermal [128, 130, 139, 141] and electrical [134, 140, 142, 145-147] conductivities were
also measured. Thermal conductivities were found to increase by up to 65% with loading
fractions of 3.8 wt% of as-produced MWCNTSs. Meanwhile the electrical resistivity showed
a decreased of more than ten orders of magnitude from 10" to 10° Q cm ™2 by incorporating
5 wt% of oxidized MWCNT. Among these studies, there were several authors that studied and
modeled the anisotropic conductance of aligned CNT impregnated with silicone.

There have been limited studies on functionalization of CNT specially made for a silicone
host matrix. Chen et al. [134] reported the functionalization of MWCNT with 3-aminopro-
pyltriethoxysilane (APS) which produced a SiO, coating around the tubes and produced highly
insulating PDMS nanocomposites. Bourlinos et al. [154] also reported a surface modification
by first oxidizing and then reacting the CNT with an epoxy-terminated silicone. They obtained
a carbon-based fluid at ambient conditions combined with the unusually high CNT content.

Finally, CNT were studied as flame retandants in silicone foams [155]. The limiting oxygen
index of the nanocomposite increased as a function of nanotube content, attaining the self-
extinguishing grade even at low mass fraction of the carbon nanotubes (0.5 wt%). Further
thermal characterization revealed increases in thermal dissipation efficiency and thermal
degradation temperature. The different thermal and flame retardancy results were attributed to
the formation of a CNT network throughout the sample. The formation of this network was
attributed to a good dispersion of the CNTs via noncovalent CH-7 interactions and to the
surface tension of the gas—polymer interface during foaming. However, the nanocomposite
foams were found to decrease the acoustic absorption with nanofiller content probably due to
the variable foam structure and improved stiffness [156].

6.4 Outlook

The ultimate goal of CNT nanocomposites is to produce materials that are optimally reinforced
and multifunctional. In this review, we have provided an overview of the recent advances in
carbon nanotube/elastomer composites from synthesis methods and processing to their
ultimate properties. As has been shown, the possible applications of carbon nanotube
composites range widely, from electrically conductive systems to sensors or biomedical
applications. Although much progress has been made, there are still many problems to
overcome before the full potential of nanotube containing composites can be achieved. At
present, the improvements in the properties are far below the expected values for nanometer-
scale reinforcement due to the poor dispersion and lack of interaction of filler/polymer at the
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interphase. Further work is required to develop production techniques to achieve the nanos-
tructuration level required to fully exploit the inherent properties of nanoscaled materials. The

fo

llowing critical issues must be developed in the future:

New commercial synthesis routes of carbon nanotubes to obtain perfectly crystalline
nanotubes in large quantities which have a high purity and are cost-effective.
Optimization of the processing conditions.

Development of original processing routes to produce carbon nanotubes/polymer
nanocomposites.

Appropriate funcionalizations of carbon nanotubes for their integration in a polymer matrix.
The provision of sound theoretical models which allow the prediction of the behavior of
polymer nanocomposites.

In conclusion, future industrial exploitation of the nanocomposites will depend on how

effectively we can handle the mentioned challenges. The significant progress made in the past
few years points toward a bright future. Finally, looking to the future, further functional
properties may be achieved by using hierarchical reinforced systems or other nanoscale fillers
such as nanorods and nanowires.
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7.1 Introduction

Nanoreinforcement of rubbers has a long and solid background since a plethora of compound-
ing recipes have been developed by both academia and industry which contain particles of
nanodimension range, like carbon black and silica grades.

The most popular filler for rubber modification is by far the carbon black, covering all its
variants (thermal, furnace, channel and acetylene blacks). Carbon black means elemental
carbon (C) in the form of spherical particles of colloidal size. Its particles are coalesced into
aggregates and agglomerates as carbon black is obtained by the combustion or thermal
decomposition of hydrocarbons [1]. The carbon black grades differ from one another regarding
their particle size, aggregate form and aggregate shape. About the terminology: agglomerates
are comprised of a large number of aggregates which are physically held together, as opposed to
the continuous graphitic structure which links the particles within the aggregates [2]. Silica,
which is amorphous, consists of silicon and oxygen arranged in a tetrahedral structure of a
three-dimensional lattice. In silica there is no long-range crystal order, only short-range
ordered domains may be found sporadically. The presence of the silanol groups (—Si—OH) on
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the silica surface induces strong particle-particle interaction. By this way, the tendency for filler
agglomeration rises [3]. The surface silanol concentration influences the degree of surface
hydration. High levels of hydration can adversely affect the physical properties of the final
compound. At the same time, clay has been known for many decades as a nonblack filler type
for the filling of rubbers [4]. As the property enhancement for rubber/clay compounds was
achieved by incorporation of unmodified clay in large amount, microcomposite was the one and
only outcome.

The concept of “nanoreinforcement” with layered silicates, credited to researchers at Toyota
Central Research Laboratories (Japan), became very popular recently. The ongoing R&D
interest is mostly due to the unexpected property improvements when the silicates are dispersed
in nanometer- instead of micrometer-scale. Full separation of the clay layers (termed
delamination or exfoliation) is usually a combined action of thermodynamical interactions,
diffusion and local acting shear stresses. Though these factors prefer rubbers as matrices for
clay modification (see the arguments later), far less work addressed the structure—property
relationships of rubber/clay nanocomposites compared to thermoplastic- and thermoset-based
ones. Therefore, the aim of this chapter is to survey the research works performed on rubber/
layered silicate nanocomposites and to derive some future trends.

7.2 Clays and Their Organophilic Modification

In the literature the term clay denotes a textural class of minerals consisting of particles with an
equivalent spherical diameter of less than 2 wm, not all of which is crystalline. Majority of the
clay minerals belongs to the category of layered silicates or phyllosilicates because their silica
layers and alumina sheets joined together in varying proportions and in a certain way [5]. The
principal building elements of the clay minerals are two-dimensional arrays of silicon—oxygen
tetrahedral and two-dimensional arrays of aluminum- or magnesium—oxygen/hydroxyl octa-
hedral units which are superimposed in different fashions.

Condensation in 1 : 1 ratio of a silica sheet with an alumina one givesrise to a 1 : 1 layer clay
(for example, kaolinite). In a 2: 1 ratio, two silica sheets condense with an alumina one (for
example, pyrophyllite, smectite or montmorillonite, vermiculate, illite). Among the 2 : 1 layer
clays, the montmorillonite possesses great significance because of its swelling capabilities.
Partially replacement of trivalent Al by divalent Mg in the octahedral sheet results to a high
negative surface charge of the layer. This fact renders the space between the layer surfaces (that
is, intergallery or interlayer) capable of accommodating cations. When montmorillonite clay
(MMT) is in contact with water or with water vapor, the water molecules penetrate between the
layers (that is, interlayer swelling), increasing the basal spacing. This phenomenon is likely
related with the hydration energy. In absence of water van der Waals forces hold the layers
together in close packing. Furthermore, the charge compensating cations on the layer surfaces
may be easily exchanged by other cations when available in aqueous solution; hence they called
“exchangeable cations.” The total amount of these cations is expressed in milliequivalents per
100 g of dry clay and is called the “cation exchange capacity” (CEC) of the clay [6].

In the past, kaolins were mainly used for rubber filling (nonactive reinforcement) [7].
Calendering a rubber stock with such anisotropic filler results in the alignment of the filler
particles in the direction of the calender gap [4]. In order to yield acceptable mechanical
performance, a high degree of clay incorporation is needed.
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In general, to enhance the specific properties of the final rubber, the filler (type, character-
istics) has to be selected carefully. This involves also the surface treatment of the fillers. For
example, carbon blacks used for coloring high-quality coatings have to possess highly polar
surfaces for optimum wetting by the binder. On the contrary, conductive applications need
carbon black surfaces free from oxides [8]. For controlling the surface energy in case of silica,
treatment with glycols, esterification with monofunctional alcohols or silane coupling agents
have been extensively used (for example, [9-10]).

Surface treatment of clays has been known since many decades ago [6]. When an amine salt or
a quaternary ammonium salt is added to a clay—water suspension, the corresponding organic
cations replace the inorganic ones (for example, Na™, K™) originally present on the clay
surfaces. Because of this exchangeable adsorption, the amino groups are tethered on the clay
surface while the hydrocarbon tail is positioned in the gallery space, displacing the previously
adsorbed water molecules (cf. Figure 7.1). In this way, the clay becomes compatible with organic
molecules and thus is termed organophilic. Note that this treatment expands the intergallery
distance at the same time (cf. Figure 7.1). A widely accepted term for the outcoming material is

(a) Clay

| —  Silicate layer — | _’_J ;
¥ .+ T d (0o01)
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Figure 7.1 Scheme of: (a) clay and (b) modified clay (that is, organoclay). Note that R can be replaced
by any chemical unit

“organoclay.” Applications of such “clay—organic complexes” were first used in oil dispersions
to manufacture lubricating grease. The main advantage of these systems is their better heat
stability compared to conventional lubricating greases. Moreover, clay treated with coupling
agents, such as isopropyl tristearoyl titanate (TTS) has been also proposed to enhance the heat
stability, mechanical performance and processability of rubber [11].

7.3 Preparation of Rubber/Clay Nanocomposites

The special character of rubber, being a multicomponent system (for example, rubber, curing
agents, coagents, processing aids, reinforcements, fillers), complicates the analysis of the
parameters affecting the rubber/layered silicate nanocomposite formation. This was likely the
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reason for its late development compared to thermoplastic or thermoset clay nanocomposites.
Note that a nanocomposite is obtained only when the polymer chains are intercalated into the
intergallery spacing (cf. “intercalated” nanocomposite) or when the silicate layers are further
pulled apart and appear exfoliated in the polymer matrix (cf. “exfoliated” nanocomposite)
[12-14]. The possible outcomes are schematically depicted in Figure 7.2. The reinforcing
efficiency of the modified clays (that is, organoclays) in the thermoplastic and thermoset
matrices was early recognized, even at the beginning of the 1960s [5]. In the case of elastomers, a
very successful technique was to let the minerals react with organosilanes. Using aminosilanes,
the hydrolyzed silanol group of the reagent was attached onto the clay surface while the pendent
amino group, at the other end of the molecule, was free to react with the rubber during
vulcanization [5]. The mineral used for such type of rubber reinforcement was mainly
nonswellable layered silicate (for example, kaolin).

—_—

|

—_—

(a) Microcomposite (b) Intercalated (c) Exfoliated
nanocomposite nanocomposite

Figure 7.2 Scheme of possible dispersions of layered silicate in a polymer

During the early research activities (that is, during the 1960s to 1970s) on polymer/
organoclay nanocomposites less attention was put on rubbers. Even during the “hot” period
of the 1990s, only some sporadic works appeared on rubber/layered silicate nanocompo-
sites [15—17]. Since the proof of substantial property upgrade in thermoplastic/organoclay and
thermoset/organoclay nanocomposites, research has been initiated on rubber/organoclay
nanocomposites [18-23].

In the past ten years, several rubbers served as matrices in organoclay-filled systems. Typical
examples are styrene-butadiene-rubbers (SBR) [11, 18, 20, 24-30], ethylene-propylene-diene-
rubbers (EPDM) [29, 31-38], fluoro-rubbers (FKM) [39], nitrile-butadiene-rubbers
(NBR) [40-42] and natural rubbers (NR) [43-51]. The different methods to prepare a
rubber/organoclay nanocomposite include solution mixing (solvent method) [40, 44, 47,
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52-53], latex compounding (water-assisted technique) [23, 54-59] and melt mixing (direct
method) [26-27, 29-38, 41-43]. The development with rubber/clay nanocomposites was the
subject of two review papers in the past [60—61].

7.3.1 Solution Intercalation

For the solution mixing the organoclay is dispersed in the solvent, which is a good solvent for
the rubber at the same time. By stirring, followed by evaporation of the solvent, rubber/
organoclay nanocomposites are received.

For polar rubbers, like NBR, Hwang et al. [40] used a methyl ethyl ketone to blend the NBR
with the clay modified with dimethyl dehydrogenated tallow quaternary ammonium salt. After
evaporation of the solvent, the curing agents were added on a two-roll open mill and the
compounds were vulcanized accordingly. The NBR/organoclay nanocomposite was mainly
intercalated (at 10 phr clay loading, where phr = parts per hundred parts rubber) and resulted in
increased mechanical performance and decreased water and methanol permeability up to 85%
and 42%, respectively. In the solution intercalation method the curatives are usually added in
the compound after the evaporation of the solvent. This occurs on an open mill or in an internal
mixer. In contrast, addition of the curatives during the solution mixing can also be practiced. Lu
et al. [62] pointed to a special role of the solvent on the nanocomposite formation. When
solvent molecules are still present within the silicate galleries, they can be thermally
“activated,” which contributes to the formation of exfoliated structures.

Magaraphan et al. [45] dissolved natural rubber (NR) in toluene along with MMT modified
with primary or quaternary intercalants bearing different hydrocarbon alkyl tails. The curing
ingredients were subsequently poured into the mixture and after drying the mix was
homogenized on an open mill. It was found that primary amines produced nanocomposites
of better mechanical performance than quaternary amine intercalants. Lopez-Manchado
et al. [47] compared the structure and properties of NR/organophilic MMT nanocomposites
produced by solution and melt compounding, respectively. MMT was modified (intercalated
initially) with octadecylamine (MMT-ODA). It was found that both methods delivered similar
nanocomposite structures. However, the solution technique (toluene served as solvent) yielded
a higher amount of bound rubber, improved dynamic mechanical properties and enhanced the
compression set and hardness. Similarly Liang et al. [63], when studying isobutylene-isoprene
rubber (IIR)/clay mixes, attributed the enhanced performance of the solution-produced
nanocomposites to the higher aspect ratio of clay therein. The aspect ratio of the clay
was maintained after solution mixing, compared to melt compounding whereby the clay
was fragmented.

7.3.2 Latex Route

In the latex compounding method the host medium is water. The latex consists of submicron-
sized rubber particles which are dispersed in water. To the rubber latex pristine clay can be
added directly, or in its aqueous dispersion (slurry). Note that clays are strongly hydrophilic and
thus adsorb water molecules, which is associated with an expansion of their intergallery
spacing. So, hydration decreases the attractive forces between the silicate layers, making easier
their exfoliation under stirring. After mixing/stirring of the clay-containing latices, they are
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cast in a mold and left to dry. In this case, the rubber/clay nanocomposite remains
unvulcanized. In contrast, suitable rubber curatives, which can be dispersed in water, may
also be mixed with the clay-containing rubber latex. After casting and drying, the related
articles can be cured accordingly.

Varghese and Karger-Kocsis investigated NR/layered silicate vulcanized nanocompo-
sites [56] and found that sodium fluorohectorite (FHT, a synthetic layered silicate) gave the
highest mechanical performance and the lowest toluene swelling compared to clay or bentonite
compounds. This was attributed to the high platelet aspect ratio and the prominent water-
swelling ability of this FHT. Ma et al. [64] produced SBR-clay nanocomposites by mixing SBR
latex with modified MMT. In this case, the curatives were added to the dried rubber mix in a
melt mixing step that was followed by vulcanization. Jia et al. [65] selected another way. After
mixing the SBR latex with pristine MMT (cation: Na *) the mix was dried and subsequently the
melt was compounded with a possible intercalant for the MMT (hexadecyl trimethyl
ammonium bromide) and coupling agent (3-aminopropyl triethoxy silane) along with cura-
tives. Abdollahi et al. [66] produced first an SBR/pristine clay nanocomposite by coagulation
of the corresponding latex. Coagulation was achieved by a cation-type coagulation agent
(diluted sulfuric acid). This was mixed with sulfuric curatives, vulcanized and tested. It was
found that clay exfoliation could only be triggered when the clay content was less than 10 phr.
Above this threshold the mechanical properties of the rubbers reached a plateau value.

Blending of rubber latices is a versatile way to produce rubber articles of enhanced
performance, at the same time lowering the proportion of the most expensive component.
Polyurethane latex (PUR) finds many applications nowadays though it is quite an expensive
material. At the same time NR latex is found in abundance in nature. Varghese et al. [59]
blended PUR and prevulcanized NR latex with clay, producing films of nanocomposite
structure with enhanced stiffness characteristics. The property improvement was traced to
a skeleton-type (“house of cards”) structuring the layered silicate (LS) in the corresponding
nanocomposite (cf. Figure 7.3). Infrared spectroscopy (FTIR) and broadband dielectric
analysis were adopted to examine the NR/LS, PUR/LS and NR/PUR/LS nanocomposites
formed via the latex route [59, 67-68]. It was found that the PUR chains, due to their polar
character, facilitate the intercalation/exfoliation of the LS.

7.3.3  Melt Compounding

The most common mixing technique used in both industry and academia for preparing
rubber/organoclay nanocomposites is by far melt compounding. This involves equipment
like internal mixers and open mills. As presented recently [38], the intercalation/exfoliation
phenomena are likely governed by the chemistry involved during compounding and curing.
For example, it has been shown that mixing EPDM rubber grafted with maleic anhydride
(EPDM-MA) with organoclay (MMT-ODA) on an open mill does not facilitate significant
intercalation. Intercalation is, however, promoted after the introduction of curatives in a mix
which is not yet cured (Figure 7.4). This finding suggests that the vulcanization curatives
migrate into the intergallery space during mixing. This widens the basal spacing and thus
supports the nanocomposite formation.

In order to get intercalated/exfoliated nanocomposites with outstanding performance, high
shearing provided by an internal mixer (compared to an open mill) should be in action [36].
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Figure 7.3 TEM picture taken from the film cast of the PUR/NR (1 : 1) latex blend containing 10 phr
fluorohectorite (FHT) (Reproduced from Journal of Applied Polymer Science, 92, S. Varghese et al.,
“Morphology and mechanical properties of layered silicate reinforced natural and polyurethane rubber
blends produced by latex compounding,” 543-551, copyright Wiley Periodicals Inc., 2004.)

EPDM-MA

Intensity [a.u.]

Figure 7.4 XRD patterns of: (a) EPDM mixed with MMT-ODA (10 phr) for 10 min on the open mill;
(b) its further addition of the curatives; (¢c) EPDM-MA mixed with MMT-ODA (10 phr) for 10 min on
the open mill; and (d) further addition of curatives (Reproduced from Polymer, 46, K.G. Gatos and
J. Karger-Kocsis, “Effects of primary and quaternary amine intercalants on the organoclay dispersion in
a sulfur-cured EPDM rubber,” 3069-3076, 2005, with permission from Elsevier.)
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This is beneficial for shearing off the intercalated stacks and promotes the diffusion of rubber
chains into the intergallery space at the same time. The property upgrade can further be enhanced
when mixing takes place at high temperature (for example, 100 °C) and in the presence of
macromolecular chains of polar character. Needless to say, the latter compound has to show
sufficient compatibility with the parent rubber. Table 7.1 presents the mechanical properties of
EPDM reinforced by 10 phr organoclay. Note that in all the mixtures presented in Table 7.1, zinc
diethyl dithiocarbamate (ZDEC) was used as accelerator. This choice was based on the work of
Usuki et al. [32], who investigated several types of accelerators and found that the above
dithiocarbamate type proved to be the most promising to produce EPDM/clay nanocomposites.
The processing conditions, that is, mixing technique and temperature, seem to have some effect
on the mechanical properties of the EPDM samples. The tensile moduli at 100%, 200% and
300% elongations are less influenced by the mixing techniques and temperature. However,
mixing in the internal mixer at 100 °C increased both the tensile strength and elongation at break
(cf. EPDM stocks in Table 7.1). Asis obvious in Table 7.1, the use of EPDM-MA compatibilizer
resulted in markedly higher values of tensile strength and stiffness at all processing temperatures
and mixing methods. This is related to the functional group MA that rendered the rubber chain
polar. This “polarity” facilitates further the intercalation/exfoliation phenomena. A clear
advantage of MA grafting was observed for compounding in the internal mixer. The tensile
strength of EPDM-MA was more than doubled when mixed either at room temperature or at
100 °C. Moreover, the EPDM-MA mixed at 100 °C in the internal mixer possessed the highest
tensile strength measured (cf. Table 7.1).

Like the nanocomposites composed of apolar thermoplastics and organophilic clays, the use
of polar rubbers as additional modifiers (compatibilizers) is essential to achieve intercalated/
exfoliated structures. So, for EPDM-based stocks MA-grafted [36] or glycidyl methacrylate-
grafted EPDM versions can be used as suitable compatibilizers [37]; for NR-based ones
epoxidized NR (ENR) [43, 48, 51, 69] or ethylene-vinylacetate copolymers [70] can be used as
suitable compatibilizers.

Wu et al. [29] and Ma et al. [71] have demonstrated that the choice of rubber matrix (without
considering any modification) is crucial with respect to the final dispersion state of the clay in
the related systems. Further, identifying the most reliable melt compounding technique for
rubber/organoclay nanocomposites, the proper choice of the type of curatives and organophilic
treatment of the layered silicate provide additional property improvement. This was shown by
several authors on the example of HNBR/organoclay compounds [72-75].

7.4 Properties of Rubber/Clay Nanocomposites
7.4.1 Crosslinking

The accelerating action of the organoclay on rubber curing has been detected for various
stocks [20, 27, 76-78]. Using octadecylamine (ODA) itself, the induction period, scorch time
and optimum curing time were decreased in NR mixes [76]. The vulcanization rate was further
increased when an ODA-modified clay was introduced in the same NR rubber recipe. This
involves a reduction in the activation energy of the vulcanization. This finding underlines that
the initial intercalant of the clay may have a strong effect on the vulcanization of rubber.

It was demonstrated on the example of hydrogenated nitrile rubber (HNBR)/organoclay
systems that the dispersion of the clay varies with the type of the organophilic modifier (initial



Table 7.1 Mechanical properties of EPDM/organoclay (10 phr) compounds, prepared under different conditions with and without MA-grafted EPDM as

compatibilizer
Properties Processing conditions (mixed with 10 phr MMT-ODA)
Open mill Internal mixer
30°C 100°C 30°C 100°C
EPDM EPDM-MA EPDM EPDM-MA EPDM EPDM-MA EPDM EPDM-MA
Tensile strength (MPa) 39 6.6 52 8.1 49 10.5 7.1 14.9
Modulus (MPa) at:
100% elongation 1.5 2.0 1.6 2.7 1.5 39 1.6 54
200% elongation 23 33 2.3 4.6 2.0 7.3 2.3 9.3
300% elongation 3.0 4.9 2.9 6.9 2.6 9.9 3.0 12.1
Elongation at break (%) 380 395 495 360 520 321 645 403
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intercalant) [72]. Results achieved with primary amine-modified clay suggested that the amine
compound reacts with the sulfur curatives. As the amines are “pulled out” from the intergallery
space, the clay “deintercalates.” By contrast, clays with quaternary amine modification preserve
their highly intercalated structure [38, 72]. No such phenomenon was noticed for the same
rubber when vulcanized with peroxide [73]. As shown in Figure 7.5, using the same organoclay,
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Figure 7.5 XRD spectra of HNBR reinforced with MMT-ODA using different types of curing
system, before and after vulcanization: (a) HNBR mixed with sulfur curatives (Reproduced with
permission from K.G. Gatos et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/
organo-montmorillonite as a function of the intercalant type,” Macromolecular Materials and
Engineering, 2004, 289, 1079-1086. © Wiley-VCH Verlag GmbH & Co. KGaA.) and (b) HNBR
mixed with peroxide curatives (Reproduced with permission from K.G. Gatos et al., “Controlling the
deintercalation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite nanocomposites by
curing with peroxide,” Macromolecular Rapid Communications, 2005, 26, 915-919. © Wiley-VCH
Verlag GmbH & Co. KGaA.). Notes: The spectra of the related organoclays are also contained. The
positions of the (0 0 1), (0 0 2) and (0 0 3) reflexes are indicated by line marks
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viz. MMT-ODA, an intercalated structure was the only outcome after melt compounding and
before curing. However, vulcanizing the rubber changed the structural scenario dramatically.
Highly intercalated clay populations were identified by X-ray scattering (XRD) in the peroxide-
cured system, while intercalated/confined and deintercalated clay populations were found in the
sulfur-cured HNBR mixes. The terms confinement and deintercalation are not yet well defined.
According to our terminology confinement covers the collapse of the layers up to the initial basal
spacing of the organoclay (in the present case up to 2.1 nm; cf. Figure 7.5) in the nanocomposite.
A further collapse is termed deintercalation (“extraction,” “pull-out” of the initial intercalant).
Das et al. [75] found for NBR/organoclay systems that even the orientation of the clay particles
can be influenced by peroxide or sulfuric curatives.

Based on the general sulfur vulcanization scheme (cf. Figure 7.6), it was suggested that the
tethered primary amine of the organoclay leaves the clay surface in order to participate in the

General vulcanization scheme

Accelerator + ZnO

l

Zinc-accelerator complex

s

Accel-8,~Zn-S ~Accel

Catalytic action
of primary amines

Rubber-vulcanization precursor

Figure 7.6 Scheme of the vulcanization steps and the stage where a primary amine acts catalytically

formation of a zinc-containing intermediate complex (vulcanization intermediate) having
catalytic activity for curing (cf. Figure 7.7) [79]. This occurs either by migration into the rubber
matrix (resulting in confinement or deintercalation of the galleries) or by causing rubber
crosslinking inside the galleries (inducing better clay dispersion via layers separation or
delamination/exfoliation).

Further hints for the importance of the vulcanization procedure were given by Liang
et al. [80]. The authors found that when high pressure was applied (>5 MPa) during the curing
of an IIR/clay compound the clay became intercalated to a lesser degree (the basal spacing was
reduced according to the XRD measurements).

7.4.2  Mechanical Performance

One of the main advantages of rubber/organoclay nanocomposites is the enhancement in
the mechanical properties of the rubber matrix at a relatively low inorganic filler content.
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Figure 7.7 Scheme of the interaction between the sulfur-rich Zn complex and the primary amine
intercalant within the silicate gallery (Reproduced from European Polymer Journal, 43, K.G. Gatos and
J. Karger-Kocsis, “Effect of the aspect ratio of the silicate platelets on the mechanical and barrier
properties of hydrogenated acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,”
1097-1104, 2007, with permission from Elsevier.)

Thus, layered silicate can be considered as a potential substitute of carbon black and silica,
which have to be mixed at high concentrations in order to reach the same performance [50].
Moreover, it has been shown that the organoclay supports the compound to maintain its
outstanding mechanical performance also after exposure to various chemical and thermal
environments [74].

To monitor the reinforcing ability of layered silicate in the rubber matrix in the
temperature range below and above the glass transition temperature (7) of the compound,
dynamic mechanical thermal analysis (DMTA) appears as an excellent tool. It has been
shown for HNBR that the addition of organoclay increased significantly the storage
modulus (E) and decreased the mechanical loss factor (tand) compared to neat rubber
or rubber reinforced with unmodified clay [72]. As shown in Figure 7.8a, the storage
modulus (E') of the nanocomposites lies markedly higher than neat HNBR or HNBR filled
with unmodified MMT. Having in mind that the working temperature of rubbers is usually
above their glass transition temperature (7,), the plateau values of the E’ in this region is of
great importance. Similarly, the stiffness of the HNBR/organoMMTs compounds above the
T, is significantly higher than conventional filler (bentonite in this case — cf. Figure 7.8). The
best performance is reached when MMT modified with methyl-tallow-bis(2-hydroxyethyl)
quaternary ammonium (MMT-MTH) is used. Note that this modifier contains hydroxyl
groups (OH), capable of creating a stronger interphase between the rubber and the silicate
surface via H-bonding.

A further hint for the degree of bonding between the matrix and the nanofiller can be derived
from the tan 6 versus temperature curves [43]. For NBR filled with carbon black (CB) it was
shown that the lowering of the diameter of the CB particle is well reflected in the tan J peak,
which was strongly decreased [81]. As shown in Figure 7.8b, for the unmodified MMT
(bentonite) the tan J peak is identical with that of neat rubber. This finding can be traced to the
poor interaction between HNBR and bentonite. For the HNBR/organoMMT mixes the
intensity of the tan J peak was strongly reduced compared to the matrix. This is a manifestation
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Figure 7.8 (a) Storage modulus (E') and (b) mechanical loss factor (tan §) as a function of temperature
for HNBR and HNBR containing various fillers (10 phr) (Reproduced with permission from K.G. Gatos
et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a
function of the intercalant type,” Macromolecular Materials and Engineering, 2004, 289, 1079-1086.
© Wiley-VCH Verlag GmbH & Co. KGaA.)

of the reinforcing effect of the filler [82]. HNBR/MMT-MTH compound presents the lowest T,
peak intensity, indicating that the interphase in this case is the best among the compounds
examined. A strong interphase guarantees a good stress transfer from the matrix to the filler. In
some systems a further tan J peak (appearing eventually as a shoulder) above the T, was
revealed. This was assigned to intercalated rubber chains possessing reduced mobility in the
related intergallery (confined) space [43].

The tensile properties of rubber nanocomposites are superior to the unfilled counterparts. For
an EPDM vulcanizate, containing EPDM-MA compatibilizer (yielding better clay intercala-
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tion/exfoliation), and MMT bearing ODA (primary amine) or octadecyl trimethyl ammonium
(ODTMA, quaternary amine) type intercalants, the ultimate properties could be markedly
improved as shown in Figure 7.9. It appears that at 10 phr organoclay content the tensile
strength of the nanocomposites reaches a maximum (cf. Figure 7.9a). It is interesting to observe
a different trend with respect to the type of MMT intercalant for the nanocomposites in
Figure 7.9a. The EPDM-MA/MMT-ODA presents a plateau as a function of increasing
organoclay content, whereas for the EPDM-MA/MMT-ODTMA the ultimate tensile strength
goes through a maximum.
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Figure 7.9 (a) Tensile strength and (b) elongation at break versus clay loading for EPDM-MA/MMT-
ODA and EPDM-MA/MMT-ODTMA nanocomposites (Reproduced from Polymer, 46, K.G. Gatos and
J. Karger—Kocsis, “Effects of primary and quaternary amine intercalants on the organoclay dispersion in a
sulfur-cured EPDM rubber,” 3069-3076, 2005, with permission from Elsevier.)
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A pronounced difference can be observed for the elongation at break values as a function of
organoclay type and loading (Figure 7.9b). The EPDM-MA/MMT-ODA nanocomposite,
above 10 phr organoclay content, has surprisingly high ultimate strain values. In contrast, the
elongation at break of the EPDM-MA/MMT-ODTMA tends to decrease passing 10 phr
organoclay content. The latter is likely related with some agglomeration phenomena. Ag-
glomeration causes premature failure, well manifesting in reduced ultimate stress and
elongation at break values. Similar stress-strain behavior has been reported for various rubber
nanocomposites [16, 20, 35, 40, 42, 49]. Usually, at favorable matrix/organoclay interactions
and at relatively low organoclay content, both tensile strength and elongation at break values
increase [20, 35, 42]. Further increase of the organoclay content produces a plateau (saturation)
or a reduction in the ultimate stress and strain values [35, 40, 42]. This rather typical behavior
was found also for the EPDM-MA/MMT-ODTMA nanocomposite (Figure 7.9).

Tensile strength improvement, associated with an increase in the elongation at break values,
is a rather unexpected phenomenon for rubber/organoclay nanocomposites [32]. Nevertheless,
it was found also in other rubber compounds, and it was explained by a synergistic effect of
platelet orientation and chain slippage [29]. In general, the reinforcing efficiency of CB in filled
rubbers increases when the CB particles agglomerate (chain-like filler structure at high filler
amounts). At the same time, the degree of bound rubber (as measured in the respective uncured
specimens) also increases [83]. As typically shown in TEM images, the dispersion of silicate
platelets seems to create some ‘“secondary structure” which is analogous to that of CB
structuring in highly filled rubbers. However, the organoclay should be well dispersed in the
rubber matrix to attain such peculiar morphology at low filler content.

Figure 7.10 shows possible crack growth paths at high deformation of a rubber containing the
same amount of layered silicate, but with the latter in either a poor or a good dispersion. Though
the filler volume in both cases is the same (cf. same number of plates in Figure 7.10a and b), the
effective filler volume values differ from one another as a function of the dispersion grade. The
latter may affect the bound rubber content, generate a rubber shell in the vicinity of the silicate
platelets (cf. dark gray areas in Figure 7.10 indicate a different rubber crosslinking density
compared to the bulk) and influence the occlusion of rubber within the clay galleries.
According to this model a modulus increase is expected even at low organoclay content
when the clay layers are well dispersed (well intercalated and exfoliated).

The failure of rubber specimens upon tensile loading starts with crack initiation. In rubber/
layered silicate nanocomposites, first the orientation of the clay platelets takes place during
uniaxial drawing [18]. At sufficient high strain, cracks can be generated by the fillers (via
voiding, dewetting phenomena, chain slippage, and so on.). As the dispersion of the platelets
allows the creation of voids (subcritical cracks) in their vicinity (Figure 7.10b), the amount of
dissipated energy is high enough to withstand higher values of strain than before. Note that
shortening the stack-stack distance can lead to greater resistance to crack propagation.
Furthermore, the increased length of the crack path, as the crack travels along a “zig-zag”
route, can also be considered as a further mechanism of energy dissipation. Although this
model can explain the increase in both tensile strength and elongation at break for rubber/
layered silicate nanocomposites, it is based on the analogy with discontinuous fiber-
reinforced polymers and is a topic of dispute [84]. Furthermore, the deterioration (that
usually noticed) or leveling off in the mechanical performance with increasing organoclay
loading [20, 35] can be explained by the formation of big agglomerates, which favor the
initiation of catastrophic failure.
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Figure 7.10 Scheme of failure development in rubber/organoclay mixes with poor (a) and good
(b) dispersion of the clay layers due to high strain at uniaxial loading: (a) fast crack growth after surface
cracking and (b) slow crack growth via void coalescence (Reproduced with permission from K.G. Gatos
et al., “Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a
function of the intercalant type,” Macromolecular Materials and Engineering, 2004, 289, 1079-1086.
© Wiley-VCH Verlag GmbH & Co. KGaA.)

To improve resistance against tearing is one of the main goals for rubber reinforcements.
Note that rubber parts often suffer from such a failure mode during their service. The platy, or
plate-like, structure of clays blocks the propagation of cracks and thus increases the tear
resistance. A good dispersion of silicate layers and a high rubber/clay interphase quality are
usually associated with increased tensile strength, increased hardness and enhanced tear
resistance [71, 73, 85-87]. Lopez-Manchado et al. [88] highlighted the basic difference in the
rubber/filler interaction between carbon black and layered silicates. Carbon black forms
covalent bonds with the elastomer which is restricted to a given rather small interphase. In
contrast, organoclays are physically adsorbed within the rubber chains in a thick interphase.
Due to the high aspect ratio of the clays their optimum dispersion is reached at a smaller amount
than by carbon black.

7.4.3  Barrier Properties

The superior performance of layered silicates compared to conventional fillers is revealed
unambiguously when barrier properties are examined [89]. Hwang et al. [40] presented for
NBR/organoclay nanocomposites (in 10 phr organoclay) that the relative vapor permeability
for water and methanol was reduced up to 85% and 42%, respectively, compared to the neat
matrix. Kim et al. [90] showed for the same type of rubber that water vapor permeability
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decreases not only with the organoclay content but also with the amount of silane coupling
agent used. The latter effect was attributed to the enhanced silicate dispersion owing to the
increased chain interactions between the silane and the rubber molecules.

The effect of interphase quality on the barrier properties of rubber/layered silicate nano-
composites was investigated using HNBR as matrix [73]. As displayed in Figure 7.11 when
MMT-MTH served as organoclay an almost 40% reduction of the oxygen permeation ratio was
observed at both 0% and 60% relative humidity. The silica filler, being isometric, only slightly
reduced the oxygen transmission rate. For the organoMMTs the aspect ratio is quite high (in the
range 100-200) [91-92]. Therefore, the improvement in barrier properties is due to the
tortuousity of the penetration path created by impermeable clay layers and stacks. As discussed
before, the difference in relative oxygen permeation depends on the dispersion grade of the clay
and formed interphase [93-94]. Further, the slight difference between MMT-ODA and MMT-
ODTMA (cf. Figure 7.11) suggests that the intercalated part of the clay does not contribute
much to barrier improvement. The good dispersion grade and strong interphase for MMT-MTH
resulted in the lowest oxygen permeation (cf. Figure 7.11). The oxygen permeability coeffi-
cient of the HNBR in dry and wet conditions is 119 and 129 cm® mm/m?.day.atm, respectively.
As the humidity increased, the rubber cohesion is weakened because the water molecules are
attached to the CN groups. This yields higher oxygen permeations with increasing humidity. As
shown in Figure 7.11, the decrease in permeability coefficient ratio in dry and wet conditions is
almost the same for all compounds tested. With increasing humidity the rubber nanocomposite
films maintain their good barrier properties, as the tortuous path given by the MMT plate-
lets [95] compensates the moisture susceptibility of the matrix [96].
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Figure7.11 Oxygen permeability coefficient ratio for different HNBR films tested at 0% and 60% relative
humidity (dry and wet conditions, respectively). Both measurements conducted at room temperature. (Note
that the oxygen permeability coefficient values for HNBR were 119 and 129 cm®.mm/m?. day.atm for the dry
and wet conditions, respectively) (Reproduced with permission from K.G. Gatos et al., “Controlling the
deintercalation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite nanocomposites by curing
with peroxide,” Macromolecular Rapid Communications, 2005,26,915-919. © Wiley-VCH Verlag GmbH
& Co. KGaA.)
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As itisrather accepted that the labyrinth principle is the main reason for the excellent barrier
properties of rubber/layered silicate nanocomposites, a more pronounced tortuous path given
by an increased aspectratio of the silicate platelet would be a decisive clue. To check this, MMT
and FHT, bearing the same type of modifier (viz. ODA), were incorporated in HNBR and their
barrier properties tested [79]. The silicate dispersion in the rubber matrix is depicted in
Figure 7.12, where exfoliated platelets along with stacks of silicate layers are well observable.
The TEM pictures present nicely the different aspect ratio of the MMT and FHT platelets. As
can be seen in Figure 7.12a, the aspect ratio of the exfoliated MMT layers is in the order of 100,
whereas that of the FHT platelets is about 200 (Figure 7.12b). Their different action is well
reflected in the oxygen permeation values in Figure 7.13, where the HNBR/FHT-ODA
vulcanizate yielded the lowest oxygen permeation coefficient in dry and wet conditions
compared to the vulcanizates with unmodified FHT or MMT-ODA. It is noteworthy that the
clay dispersion (intercalation/exfoliation) also beneficially affects the solvent transport
properties [97-98]. As solvents, for example, methyl ethyl ketone, cyclohexane, chloroform
and trichloroethylene were investigated.

Figure 7.12 TEM images of: (a) HNBR/MMT-ODA and (b) HNBR/FHT-ODA nanocomposites
(10 phr filler) (Reproduced from European Polymer Journal, 43, K.G. Gatos and J. Karger-Kocsis,
“Effect of the aspect ratio of the silicate platelets on the mechanical and barrier properties of
hydrogenated acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,” 1097-1104,
2007, with permission from Elsevier.)

7.4.4 Fire Resistance

The dispersion of the inorganic filler in the rubber matrix can improve the fire resistance of the
vulcanizate. This is due to a delay in thermal-oxidative degradation and a decrease in the heat
release rate.

Kang et al. [99] reported that EPDM/organoclay nanocomposites may have increased thermal
stability, based on thermogravimetric analysis (TGA). However, this was not accompanied with
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Figure 7.13 Oxygen permeability measurements for the HNBR vulcanizates as a function of the
filler aspect ratio (Reproduced from European Polymer Journal, 43, K.G. Gatos and J. Karger-Kocsis,
“Effect of the aspect ratio of the silicate platelets on the mechanical and barrier properties of hydrogenated
acrylonitrile butadiene rubber (HNBR)/layered silicate nanocomposites,” 1097-1104, 2007, with
permission from Elsevier.)

improved flame retardance (just the opposite was observed). During the burning process visual
inspection revealed that the neat EPDM gave a uniform flame and no char, while the
nanocomposites had no uniform flame and produced char. In general, the build-up char on
the surface of the vulcanizate should shield the underlying rubber and slow down the
decomposition rate. The reduction in the heat release rate, measured in a cone calorimeter,
was attributed to a reduction in the gas permeability owing to the clay layering (“labyrinth
pathway”) [100], as discussed in Section 7.4.3. A widely followed strategy is to combine
organoclay with traditional flame retardants, as the outcome is often synergistic [101].

7.4.5 Others

The enhanced performance of rubber/clay nanocomposites involves also properties of great
relevance which, however, have received less attention over the past years. The wear behavior
of this new class of nanocomposites seems to be a promising topic. Recent experiments on their
friction and sliding wear performance have shown that incorporation of layered silicates in
rubber may improve or deteriorate the wear behavior of the related vulcanizates [102—-104].
The final outcome depends on those parameters which affect the abrasive, fatigue and adhesive
wear components [103, 105], similar to “traditionally” filled rubbers. The dispersion and
especially the orientation of the silicate platelets in the rubber matrix are crucial. Alignment of
the clay platelets in plane (2-D, resulting in an orthotropic character), that is, parallel to the
sliding direction is disadvantageous. The 2-D clay alignment triggers a mechanism during
sliding, which has some similarities with a “can-opening” process [102]. This markedly
reduces resistance to wear. As shown in Figure 7.14, the specific wear rate of HNBR
(Figure 7.14a) and EPDM (Figure 7.14b) reinforced by organoclay in 10 phr was reduced
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Figure 7.14 Specific wear rate of: (a) HNBR and (b) EPDM-MA, containing various fillers (10 phr)
(Reproduced with permission from K.G. Gatos et al., “On the friction and sliding wear of rubber/layered
silicate nanocomposites,” Express Polymer Letters, 1, 27-31, 2007, copyright BME-PT and GTE.)

and enhanced, respectively. In both cases the nanocomposites exhibited outstanding ultimate
and dynamic mechanical properties, based on which a better resistance to abrasion and wear
was expected. The basic difference between the related rubber compounds lies in their silicate
dispersion. As shown in Figure 7.15, HNBR/organoclay has a 2-D (in plane) platelet alignment
(cf. Figure 7.15a), whereas EPDM/organoclay exhibits a rather 3-D dispersion (cf.
Figure 7.15b). The latter structure was achieved by processing. Unexpectedly, reinforcement
with fibrillar silicate (attapulgite, palygorskite) proved to be less efficient than with silica from
the viewpoint of abrasion resistance [106].
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Figure 7.15 TEM images of: (a) HNBR (Reproduced with permission from K.G. Gatos et al.,
“Nanocomposite formation in hydrogenated nitrile rubber (HNBR)/organo-montmorillonite as a function
of the intercalant type,” Macromolecular Materials and Engineering, 2004, 289, 1079-1086. © Wiley-VCH
Verlag GmbH & Co. KGaA.) and (b) EPDM-MA, containing 10 phr MMT-ODTMA (Reproduced from
Polymer, 46, K.G. Gatos and J. Karger-Kocsis, “Effects of primary and quaternary amine intercalants on the
organoclay dispersion in a sulfur-cured EPDM rubber,” 3069-3076, 2005, with permission from Elsevier.)

7.5 Applications

The application possibilities of this new class of rubber/clay nanocomposites are broad. In
applications where a weight decrease of the rubber product is of great significance, substitution
of conventional fillers (carbon black and silica) by organoclay may be straightforward as the
overall filler content can be highly reduced. Having in mind the superior barrier properties
given by the platy nature of the clay, applications demanding low solvent and/or vapor
permeations should be favored (for example, tire inlay).

As unreacted curatives usually give rise to blooming (migration to the surface), which
is undesirable for commercial rubber articles, clay may also be a helpful additive in this respect.
A possible contribution of clay to environmental issues is that, in its presence, the ZnO content
of the recipes can be reduced. Note that zinc compounds are ecotoxic.

The most advanced application of organoclays is linked with their flame resistance, fire
retardance. Cable jacketing rubber mixes already contain organoclays. It is the right place to
call the attention to the fact that the rubber industry is very conservative. Thus, adaptation of
new findings occurs with a considerable time lag.

7.6 Outlook

The interest of academia is directed towards producing rubber nanocomposites by in situ
polymerization techniques. This strategy is parallel with that followed for thermoplastics. In
this respect anionic polymerization has been already tried for rubbers [28, 107—108], albeit the
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emulsion and suspension polymerization routes seem to be even more promising. Recall that in
the latter cases principally the “latex route” is followed.

Attempts have been made to produce rubber nanocomposites by melt compounding of
rubber, pristine clay and clay intercalant. Again, this strategy has been adapted from R&D work
running with thermoplastics.

Radiation curing of rubber/organoclay systems is an interesting way to overcome cure
chemistry-related deintercalation [109]. Wu et al. [110] reported that the flex fatigue life of
SBR can be improved by the combined use of carbon black and organoclay. Rubber
nanocomposites with a very high organoclay loading (up to 60 wt%) have also been prepared.
Lu et al. [111] reported that such compounds exhibit outstanding gas barrier properties
compared to neat rubbers. The clay may serve as a carrier material for various compounds,
based on which interesting and even new properties can be triggered, such as electromagnetic
shielding [112].

Acknowledgments

Part of this work was performed within the framework of EU project “Kristal” (Contract
NMP3-CT-2005-515837; www.kristal-project.org).

References

1. Morgan, P. (2005) Carbon Fibers and their Composites, CRC Press, Boca Raton, FL.

2. Hess, W.M. and Herd, C.R. (1993) Microstructure, morphology and general physical properties, in Carbon Black
(eds J.B. Donnet, R.C. Bansal, and M.J Wang), Dekker, New York, USA, pp. 89-173.

3. Wang, M.J. (1998) Effect of polymer-filler and filler-filler interactions on dynamic properties of filled
vulcanizates. Rubber Chemistry and Technology, 71, 520-589.

4. Smallwood, HM. (1944) Limited law of the reinforcement of rubber. Journal of Applied Physics, 15,

758-766.

. Theng, B.K.G. (1979) Formation and Properties of Clay-Polymer Complexes, Elsevier, Amsterdam.

. Van Olphen, H. (1977) An Introduction to Clay Colloid Chemistry, Wiley, New York.

. Hofmann, W. (1994) Rubber Technology Handbook, Hanser, Munich, pp 230-231.

. Kiihner, G. and Voll, M. (1993) Manufacture of carbon black, in Carbon Black (eds J.B. Donnet, R.C. Bansal, and

M.J. Wang), Dekker, New York, USA, pp. 1-66.

9. Lin, C.J., Hogan, T.E., and Hergenrother, W.L. (2004) On the filler flocculation in silica and carbon black
filled rubbers: Part II. Filler flocculation and polymer-filler interaction. Rubber Chemistry and Technology, 76,
90-114.

10. Sae-Oui, P, Sirisinha, C., Hatthapanit, K., and Thepsuwan, U. (2005) Comparison of reinforcing efficiency
between Si-69 and Si-264 in an efficient vulcanization system. Polymer Testing, 24, 439-446.

11. Galanti, A., Laus, M., and Fiorini, M. (1999) Reinforcement of SBS by organophilic clay fillers. Kautschuk
Gummi Kunststoffe, 52, 21-25.

12. Alexandre, M. and Dubois, P. (2000) Polymer-layered silicate nanocomposites: Preparation, properties and uses
of a new class of materials. Materials Science and Engineering Reviews, 28, 1-63.

13. LeBaron, P.C., Wang, Z., and Pinnavaia, T.J. (1999) Polymer-layered silicate nanocomposites: an overview.
Applied Clay Science, 15, 11-29.

14. Sinha Ray, S. and Okamoto, M. (2003) Polymer/layered silicate nanocomposites: a review from preparation to
processing. Progress in Polymer Science, 28, 1539-1641.

15. Kojima, Y., Fukumori, K., Usuki, A. et al. (1993) Gas permeabilities in rubber-clay hydrid. Journal of Materials
Science Letters, 12, 889-890.

00 3N W



Rubber/Clay Nanocomposites: Preparation, Properties and Applications 191

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Burnside, S.D. and Giannelis, E.P. (1995) Synthesis and properties of new poly(dimethylsiloxane) nanocompo-
sites. Chemistry of Materials, 7, 1597-1600.

Akelah, A., Salahuddin, N., Hiltner, A. et al. (1994) Morphological hierarchy of butadieneacrylonitrile/
montmorillonite nanocomposite. Nanostructured Materials, 4, 965-978.

Ganter, M., Gronski, W., Reichert, P., and Miilhaupt, R. (2001) Rubber nanocomposites: morphology and
mechanical properties of BR and SBR vulcanizates reinforced by organophilic layered silicates. Rubber
Chemistry and Technology, 74, 221-235.

Burnside, S.D. and Giannelis, E.P. (2000) Nanostructure and properties of polysiloxane-layered silicate
nanocomposites. Journal of Polymer Science: Part B: Polymer Physics, 38, 1595-1604.

Mousa, A. and Karger-Kocsis, J. (2001) Rheological and thermodynamical behavior of styrene/butadiene rubber-
organoclay nanocomposites. Macromolecular Materials and Engineering, 286, 260-266.

Vu, Y.T., Mark, J.E., Pham, L.H., and Engelhardt, M. (2001) Clay nanolayer reinforced of cis-1,4-polyisoprene
and epoxidized natural rubber. Journal of Applied Polymer Science, 82, 1391-1403.

Wang, Y., Zhang, L., Tang, C., and Yu, D. (2000) Preparation and characterization of rubber-clay nanocomposites.
Journal of Applied Polymer Science, 78, 1879-1883.

Zhang, L., Wang, Y., Wang, Y. et al. (2000) Morphology and mechanical properties of clay/styrene-butadiene
rubber nanocomposites. Journal of Applied Polymer Science, 78, 1873—1878.

Zhang, L., Wang, Y., Wang, Y. et al. (2000) Morphology and mechanical properties of clay/styrene-butadiene
rubber nanocomposites. Journal of Applied Polymer Science, 78, 1873—1878.

Sadhu, S. and Bhowmick, A.K. (2004) Preparation and properties of styrene-butadiene rubber based nano-
composites: the influence of the structural and processing parameters. Journal of Applied Polymer Science, 92,
698-709.

Schon, F. and Gronski, W. (2003) Filler networking of silica and organoclay in rubber composites: reinforcement
and dynamic-mechanical properties. Kautschuk Gummi Kunststoffe, 56, 166—171.

Song, M., Wong, C.W., Jin, J. et al. (2005) Preparation and characterization of poly(styrene-co-butadiene) and
polybutadiene rubber/clay nanocomposites. Polymer International, 54, 560-568.

Zhang, Z., Zhang, L., Li, Y., and Xu, H. (2005) New fabrication of styrene-butadiene rubber/montmorillonite
nanocomposites by anionic polymerization. Polymer, 46, 129—136.

Wu, Y.P, Ma, Y., Wang, Y.Q., and Zhang, L.Q. (2004) Effects of characteristics of rubber, mixing and
vulcanization on the structure and properties of rubber/clay nanocomposites by melt blending. Macromolecular
Materials and Engineering, 289, 890-894.

Liang, Y.R., Lu, Y.L., Wu, Y.P. ez al. (2005) Pressure, the critical factor governing final microstructures of cured
rubber/clay nanocomposites. Macromolecular Rapid Communications, 26, 926-931.

Zheng, H., Zhang, Y., Peng, Z., and Zhang, Y. (2004) Influence of clay modification on the structure and
mechanical preperties of EPDM/montmorillonite nanocomposites. Polymer Testing, 23, 217-223.

Usuki, A., Tukigase, A., and Kato, M. (2002) Preparation and properties of EPDM-clay hydrids. Polymer, 43,
2185-2189.

Zheng, H., Zhang, Y., Peng, Z., and Zhang, Y. (2004) A comparison between cure systems for EPDM/
montmorillonite nanocomposites. Polymers and Polymer Composites, 12, 197-206.

Ahmadi, S.J., Yudong, H., and Li, W. (2004) Synthesis of EPDM/organoclay nanocomposites: Effect of the clay
exfoliation on structure and physical properties. Iranian Polymer Journal, 13, 415-422.

Chang, Y.W., Yang, Y., Ryu, S., and Nah, C. (2002) Preparation and properties of EPDM/organomontmorillonite
hydrid nanocomposites. Polymer International, 51, 319-324.

Gatos, K.G., Thomann, R., and Karger-Kocsis, J. (2004) Characteristics of ethylene propylene diene monomer
rubber/organoclay nanocomposites resulting from different processing conditions and formulations. Polymer
International, 53, 1191-1197.

Gatos, K.G., Apostolov, A.A., and Karger-Kocsis, J. (2005) Compatibilizing effect of grafted glycidyl
methacrylate on EPDM/organoclay nanocomposites. Materials Science Forum, 482, 347-350.

Gatos, K.G. and Karger-Kocsis, J. (2005) Effects of primary and quaternary amine intercalants on the organoclay
dispersion in a sulfur-cured EPDM rubber. Polymer, 46, 3069-3076.

Kader, M.A. and Nah, C. (2004) Influence of clay on the vulcanization kinetics of fluoroelastomers. Polymer, 45,
2237-2247.

Hwang, W.G., Wei, K.H., and Wu, C.M. (2004) Mechanical, thermal, and barrier properties of NBR/organo-
silicate nanocomposites. Polymer Engineering and Science, 44, 2117-2124.



192

Rubber Nanocomposites

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nah, C., Ryu, H.J., Han, S.H. et al. (2001) Fracture behaviour of acrylonitrile-butadiene rubber/clay nano-
composites. Polymer International, 50, 1265-1268.

Kim, J.T., Oh, T.S., and Lee, D.H. (2003) Preparation and characteristics of nitrile rubber (NBR) nanocomposites
based on organophilic layered clay. Polymer International, 52, 1058—1063.

Varghese, S., Karger-Kocsis, J., and Gatos, K.G. (2003) Melt compounded epoxidized natural rubber/layered
silicate nanocomposites: structure-properties relationships. Polymer, 44, 3977-3983.

Joly, S., Garnaud, G., Ollitrault, R., and Bokobza, L. (2002) Organically modified layered silicates as reinforcing
fillers for natural rubber. Chemistry of Materials, 14, 4202-4208.

Magaraphan, R., Thaijaroen, W., and Lim-Ochakun, R. (2003) Structure and properties of natural rubber and
modified montmorillonite nanocomposites. Rubber Chemistry and Technology, 76, 406—418.

Varghese, S. and Karger-Kocsis, J. (2004) Melt-compounded natural rubber nanocomposites with pristine
and organophilic layered silicates of natural and synthetic origin. Journal of Applied Polymer Science, 91,
813-819.

Lopez-Manchado, M.A., Herrero, B., and Arroyo, M. (2004) Organoclay-natural rubber nanocomposites
synthesized by mechanical and solution mixing methods. Polymer International, 53, 1766-1772.

Teh, P.L., Mohd Ishak, Z.A., Hashim, A.S. et al. (2004) On the potential of organoclay with respect to
conventional fillers (carbon black, silica) for epoxidized natural rubber compatibilized natural rubber vulca-
nizates. Journal of Applied Polymer Science, 94, 2438-2445.

Bala, P., Samantaray, B.K., Srivastava, S.K., and Nando, G.B. (2004) Organomodified montmorillonite as filler in
natural and synthetic rubber. Journal of Applied Polymer Science, 92, 3583-3592.

Arroyo, M., Lopez-Manchado, M.A., and Herrero, B. (2003) Organo-montmorillonite as substitute of carbon
black in natural rubber compounds. Polymer, 44, 2447-2453.

Teh, P.L., Mohd Ishak, Z.A., Hashim, A.S. et al. (2004) Effects of epoxidized natural rubber as a compatibilizer in
melt compounded natural-organoclay nanocomposites. European Polymer Journal, 40, 2513-2521.
Pramanik, M., Srivastava, S.K., Samantaray, B.K., and Bhowmick, A.K. (2002) Synthesis and characterization of
organosoluble, thermoplastic elastomer/clay nanocomposites. Journal of Polymer Science: Part B: Polymer
Physics, 40, 2065-2072.

Jeon, H.S., Rameshwaram, J.K., Kim, G., and Weinkauf, D.H. (2003) Characterization of polyisoprene-clay
nanocomposites prepared by solution blending. Polymer, 44, 5749-5758.

Wang, Y., Zhang, L., Tang, C., and Yu, D. (2000) Preparation and characterization of rubber-clay nanocomposites.
Journal of Applied Polymer Science, 78, 1879-1883.

Wu, Y.P, Zhang, L.Q., Wang, Y.Q. et al. (2001) Structure of carboxylated acrylonitrile-butadiene rubber
(CNBR)-clay nanocomposites by co-coagulating rubber latex and clay aqueous suspensions. Journal of Applied
Polymer Science, 82, 2842-2848.

Varghese, S. and Karger-Kocsis, J. (2003) Natural rubber-based nanocomposites by latex compounding with
layered silicates. Polymer, 44, 4921-4927.

Wu, Y.P,, Wang, Y.Q., Zhang, H.F. et al. (2005) Rubber-pristine clay nanocomposites prepared by co-coagulating
rubber latex and clay aqueous suspensions. Composites Science and Technology, 65, 1195-1202.

Hwang, W.G., Wei, K.H., and Wu, C.M. (2004) Preparation and mechanical properties of nitrile butadiene rubber/
silicate nanocomposites. Polymer, 45, 5729-5734.

Varghese, S., Gatos, K.G., Apostolov, A.A., and Karger-Kocsis, J. (2004) Morphology and mechanical properties
of layered silicate reinforced natural and polyurethane rubber blends produced by latex compounding. Journal of
Applied Polymer Science, 92, 543-551.

Karger-Kocsis, J. and Wu, C.-M. (2004) Thermoset rubber/layered silicate nanocomposites. Status and future
trends. Polymer Engineering and Science, 44, 1083-1093.

Sengupta, R., Chakraborty, S., Bandyopadhyay, S. et al. (2007) A short review on rubber/clay nanocomposites
with emphasis on mechanical properties. Polymer Engineering and Science, 47, 1956-1974.

Lu, Y.L., Liang, Y.R., Wu, Y.P, and Zhang, L.Q. (2006) Effects of heat and pressure on microstructures of
isobutylene-isoprene rubber (IIR)/clay nanocomposites. Macromolecular Materials and Engineering, 291,
27-36.

Liang, Y., Wang, Y., Wu, Y. et al. (2005) Preparation and properties of isobutylene-isoprene (IIR)/clay
nanocomposites. Polymer Testing, 24, 12-17.

Ma, J., Xiang, P., Mai, Y.W., and Zhang, L.Q. (2004) A novel approach to high performance elastomer by using
clay. Macromolecular Rapid Communications, 25, 1692-1696.



Rubber/Clay Nanocomposites: Preparation, Properties and Applications 193

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Jia, Q.-X., Wu, Y.-P., Wang, Y.-Q. et al. (2007) Organic interfacial tailoring of styrene butadiene rubber-clay
nanocomposites prepared by latex compounding method. Journal of Applied Polymer Science, 103,
1826-1833.

Abdollahi, M., Rahmatpour, A., Aalaie, J., and Khanli, H.H. (2007) Structure and properties of styrene-butadiene
rubber/pristine clay nanocomposites prepared by latex compounding method. e-Polymers, Art. No. 074, http://
www.e-polymers.org.

Psarras, G.C., Gatos, K.G., and Karger-Kocsis, J. (2007) Dielectric properties of layered silicate reinforced
natural and polyurethane rubber nanocomposites. Journal of Applied Polymer Science, 106, 1405-1411.
Psarras, G.C., Gatos, K.G., Karahaliou, PX. et al. (2007) Relaxation phenomena in rubber/layered silicate
nanocomposites. eXPRESS Polymer Letters, 1, 837-845.

Arroyo, M., Lopez-Manchado, M. A., Valentin, J.L., and Carretero, J. (2007) Morphology/behaviour relationship
of nanocomposites based on natural rubber/epoxidized natural rubber blends. Composites Science and Technol-
ogy, 67, 1330-1339.

Sharif, J., Yunus, WM.Z.W., Dahlan, K.H., and Ahmad, M.H. (2006) Natural rubber/poly(ethylene-co-vinyl
acetate)-blend-based nanocomposites. Journal of Applied Polymer Science, 100, 353-362.

Ma, Y., Wu, Y.-P. Wang, Y.-Q., and Zhang, L.-Q. (2006) Structure and properties of organoclay/EPDM
nanocomposites: influence of ethylene contents. Journal of Applied Polymer Science, 99, 914-919.

Gatos, K.G., Sawanis, N.S., Apostolov, A.A. et al. (2004) Nanocomposite formation in hydrogenated nitrile
rubber (HNBR)/organo-montmorillonite as a function of the intercalant type. Macromolecular Materials and
Engineering, 289, 1079-1086.

Gatos, K.G., Szazdi, L., Pukanszky, B., and Karger-Kocsis, J. (2005) Controlling the deintercalation in
hydrogenated nitrile rubber (HNBR)/organo-montmorillonite nanocomposites by curing with peroxide. Mac-
romolecular Rapid Communications, 26, 915-919.

Anmin, H., Xiaoping, W., Demin, J., and Yanmei, L. (2007) Thermal stability and aging characteristics of HNBR/
clay nanocomposites in air, water and oil at elevated temperature. e-Polymers, Art. No. 051, http://www.e-
polymers.org.

Das, A., Jurk, R., Stockelhuber, K.W., and Heinrich, G. 