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1.1 INTRODUCTION

Nanotechnology is technology concerning processes that are relevant to physics,
chemistry, and biology taking place at a length scale of 1 divided by 1000 million
of a meter [1]. Nanotechnology is a fast growing field concentrated on the invention

Rheology and Processing of Polymer Nanocomposites, First Edition.
Edited by Sabu Thomas, Rene Muller, and Jiji Abraham.
© 2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc.



2 MATERIALS FOR POLYMER NANOCOMPOSITES

of functional materials, smart devices and systems by controlling matter on the
nanometer scale and the exploitation of novel phenomena and properties at that
length scale [2]. Nanotechnology is so important because it is relatively cheap,
safe, and clean and the financial rewards are relatively very high [3]. Significant
investments by industry, academia and government are being made with the hope that
advances in nanotechnology will have an intense and positive effect on our lives [4].

Nanostructured materials are materials with a microstructure and the characteris-
tic length scale of which is on the order of a few nanometers. They have attracted
great interest in recent years because of the unusual mechanical, electrical and opti-
cal properties by the combination of bulk and surface properties with the overall
behavior.

The field of nanotechnology obviously refers to polymer science and tech-
nology, which includes polymer-based biomaterials, nanoparticle drug delivery,
miniemulsion particles, fuel cell electrode, polymer-bound catalysts, layer-by-layer
self-assembled polymer films, electrospun nanofibers, imprint lithography, polymer
blends, and nanocomposites. In the field of nanocomposites, polymer matrix-based
nanocomposites have become a prominent area of current research and development
in the field of nanotechnology [5]. Polymer nanocomposites are polymer matrix
composites in which the fillers are less than 100 nm in at least one dimension. When
incorporating fillers with polymers, the beneficial features of both can be combined.
The beneficial features that can be contributed from the reinforcing filler include
mechanical strength; chemical and thermal stability; and electrical, ferroelectric,
magnetic, and diverse optical properties. Apart from their improved properties, these
nanocomposite materials are also easily extruded or molded to near-final shape,
simplifying their manufacturing. This lightweight advantage could have significant
impact on environmental concerns and other potential benefits. From the beginning
of polymer chemistry, the technique of incorporating microfillers into the polymer
matrix is used. The quality of traditional composite materials is not comparable to
recent nanocomposite materials because of the poor dispersion and poor interaction
between microfiller and polymer matrix.

The interest in polymer nanocomposites has emerged for several reasons. First,
nanoscale fillers often have properties that are different from the bulk properties of the
same material [6]. Owing to the small size of nanofillers in comparison to microfillers,
early failure can be prevented, leading to nanocomposites with enhanced ductility and
toughness [7, 8]. It has also been shown that nanoparticles can increase the electrical
breakdown strength [9] and have small optical scattering defects [10] due to their
small size. Owing to the large surface area of the fillers, nanocomposites have a large
volume of interfacial matrix material with properties different from the bulk polymer
[11,12].

This chapter focuses on the materials for the polymer nanocomposite in detail. The
state of the art, new challenges, and opportunities in the area of polymer nanocom-
posite systems will be discussed in this chapter. The recent developments in the area
of polymer nanocomposites will be highlighted. The various unresolved issues and
new challenges in polymer nanocomposites will also be discussed.



NANOCOMPOSITE FRAMEWORK 3
1.2 NANOCOMPOSITE FRAMEWORK

The composite is a material that is formed from two or more components accord-
ing to the end application and desired properties. The first component is called the
matrix, which can be metallic, polymeric, or ceramic. It controls the major proper-
ties of the composite, holds the filler materials, protects fillers from the surrounding
environment and transfers load to the fillers. The second component is the reinforce-
ment material, which is usually added in small amounts compared to the weight of the
whole mixture. Reinforcement can be of different forms such as particles, fibers, filler,
flake, and lamina. The properties of the composite are closely related to concentration;
distribution; orientation; and the nature, size, and shape of reinforcements [13].

1.2.1 Nanoscale Fillers

By scaling the particle size down to the nanometer scale, it has been shown that
novel material properties can be obtained. Nanoparticles are materials of two or
more dimensions, with size in the range of 1-100 nm. Nanoparticles show unique
size-dependent physical and chemical properties: the chemical composition and the
shape of a nanoparticle also influence its specific properties. Nanoparticles can thus
be classified based on dimension, source, chemical nature, size, shape, and so on.
However, one interesting classification can be based on the dimension. The fillers
can be classified into three groups depending on their shape. They are 1D nanofillers
such as nanorods, fibers, or tubes with varying aspect ratios; 2D fillers such as
platelets with a thickness of the lower nanometer range and the dimensions in length
and width far exceed the particle thickness; 3D nanoparticles, which are spherical in
shape (Fig. 1.1).

1.2.1.1 Zero-Dimensional Nanofillers Silsesquioxanes are nanostructures having
the empirical formula RSiO, 5, where R is a hydrogen atom or an organic functional
group such as an alkyl, alkylene, acrylate, hydroxyl, or epoxide unit [14]. Polyhedral
oligomeric silsesquioxane (POSS) is a true hybrid inorganic/organic chemical com-
posite that possesses an inner inorganic silicon and oxygen core (SiO; 5),, and external

(@) (b) (©)

Figure 1.1 Classification of nanoscale fillers: (a—c) 1D, 2D, and 3D nanomaterials.
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organic substituents that can feature a range of polar or nonpolar functional groups.
POSS nanostructures have diameters ranging from 1 to 3 nm [15]. The incorporation
of POSS moieties into a polymeric material can dramatically improve its mechanical
properties (e.g., strength, modulus, rigidity) as well as reduce its flammability, heat
evolution, and viscosity during processing. These enhancements can apply to a wide
range of applications such as commercial thermoplastic polymers, high-performance
thermoplastic polymers, and thermosetting polymers [16, 17]. Both monofunctional
and multifunctional monomers of these types have been used to prepare commercial
and/or high-performance thermoplastic polymers [18-20] and thermosetting poly-
mers [21, 22]. Properties of POSS-containing polymer composites depend on the
successful incorporation of POSS particles into polymeric matrices. Two approaches
have been adopted to incorporate POSS particles into polymer matrices: (i) chemical
cross-linking and (ii) physical blending (Fig. 1.2).

Semiconductor nanocrystals especially have generated a lot of interest among
researchers in the past decades due to their wide range of applications in photon-
ics, electronics, and optoelectronics [23, 24]. For the fabrication of devices, quantum
dots (QDs) have to be well dispersed and must be compatible with the supporting
matrix while transferring it into a composite [25-27]. Polymers are found to be the
ideal candidate for the same. These multicomponent materials usually possess the
combined novel properties of both the nanoparticles and the polymer matrix [28, 29].
Due to the organophobic surface of the QDs, they tend to agglomerate inside the
polymer matrix, so surface functionalization of QDs may be needed to enhance the
dispersion of filler in the polymer matrix [30].
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Figure 1.2 Structures of silsesquioxanes [14]: (a) random structure, (b) ladder structure,
(c—e) cage structures, and (d) partial cage structure.
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1.2.1.2 One-Dimensional Nanofillers One-dimensional nanofillers are nanorods,
fibers, or tubes with varying aspect ratios. Rod like nanoparticles can impart
anisotropic properties to composite materials. Carbon fiber reinforced polymer
matrix composites form a special class of high-performance materials, which
has received huge research attention in the past several decades because of the
unique combination of properties such as lightweight, higher specific strength,
stiffness, rigidity, corrosion, and environmental resistance. They are synthesized
from the pyrolysis of hydrocarbons or carbon monoxide in the gaseous state in the
presence of a catalyst [31, 32]. Nanocarbon fibers have typical dimensions with
an outer diameter of 50-200 nm, inner diameter of 30-90nm, and length in the
range of 50-100 pm. Carbon nanofibers (CNFs) are known to have wide-ranging
morphologies from a disordered bamboo-like structure [33] to highly graphitized
“cup-stacked” [34] structures where the conical shells of the nanofiber are nested
within each other. Vapor-grown CNFs have been used to reinforce a variety of
polymers, including elastomers [35, 36], thermoplastics such as polypropylene (PP)
[37-40], polycarbonate [41, 42], nylon [43], and thermosets such as epoxy (Fig. 1.3)
[45, 46].

Figure 1.3 TEM images of the nanoscale structure of carbon nanofibers showing (a) disor-
dered bamboo-like structures, reproduced from Merkulov et al. [33] with permission of AIP
Publishing; (b) highly graphitized sidewall of a cup-stacked nanofibers showing the shell tilt
angle, reproduced from Endo et al. [34] with permission of AIP Publishing; and (c) a nest-
ing of the stacked layers (insets: molecular models), reproduced from Endo et al. [44] with
permission of AIP Publishing.
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However, the literature about nanocomposites with nanorods mainly comprises
the huge and promising field of carbon nanotube (CNT) composites. Since their dis-
covery by lijima [47], they have attracted very much and are now being used for
many fundamental and advanced applications. CNTs, basically consisting of sheets
of graphite rolled up into thin cylinders, with Young’s modulus of about 1 TPa and
tensile strength up to 63 GPa are considered to be ideal reinforcement materials. Mul-
tiwalled nanotube (MWNT) comprises a number of graphene layers coaxially rolled
together to form a cylindrical tube. Each carbon atom within the atomic layer of a
graphene sheet is covalently bonded to three neighboring carbon atoms. Three sp?
orbitals on each carbon form s-bonds with three other carbon atoms. One 2p orbital
remains unhybridized on each carbon; these orbitals perpendicular to the plane of
the carbon ring combine to form the z-bonds. The atomic interactions between the
neighboring layers are the van der Waals forces [48]. The outer diameter of MWNTSs
is about 3—-10nm. The outstanding thermal and electric properties, combined with
their high specific stiffness and strength, and very large aspect ratios have stimulated
the development of nanotube-reinforced composites for both structural and func-
tional applications [49]. The first polymer nanocomposites using CNTs as a filler
were reported in 1994 by Ajayan et al [50]. Introducing CNTs to polymer matrices
modifies mechanical [51], electrical [52], thermal [53], and morphological properties
[54] of the produced nanocomposite (Fig. 1.4).

Although CNTs have excellent properties, major challenges faced during the
incorporation of nanofillers include their processing difficulty and tendency to form
agglomerates [56, 57]. The fine dispersion of nanofillers in polymer has been still the
most challenging task for their practical applications. Several strategies have been
developed for the better dispersion of fillers in the polymer matrix, which includes

(a) (b)

Figure 1.4 HRTEM images of MWNTSs: (a) 18-nm-diameter nanotube produced at 675 °C
and (b) 180-nm-diameter nanotube produced at 775°C. The insets are the corresponding
nanodiffraction patterns showing both tubes well graphitized at low synthesis temperatures.
Reproduced from Andrews et al. [55] with permission of American Chemical Society.
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covalent and noncovalent functionalization of CNT [58]. The nanotube—polymer
interaction is believed to play an important role in determining the overall properties
of the nanocomposites. Several studies have been reported based on surface-modified
CNT polymer nanocomposites [S9-61].

The halloysite nanotubes (HNTs) is a kind of alumina silicate clay (Al,Si,O5
(OH),-H,O with 1:1 layer) having hollow micro- and nanotubular structure. It
has been reported that HNTs have typical dimensions of 10-50nm in the outer
diameter and 5-20 nm in the inner diameter with 2-40nm length [62, 63]. HNTs
have high mechanical strength and modulus, and these features make it an ideal
candidate for reinforcement in polymer nanocomposites. So many varieties of
biological and nonbiological applications are recommended for HNT-based polymer
nanocomposites [64].

1.2.1.3 Two-Dimensional Nanofillers Two-dimensional fillers are platelets
with thickness of lower nanometer range and the dimensions in length and width
far exceed the particle thickness. Typical fillers used in polymer nanocomposites
(PNCs) as platelets include layered silicates or layered double hydroxides (LDHs)
such as graphene. The average interparticle spacing between layers depends on the
extent of intercalation and mineral concentration, generally the higher the mineral
concentration the smaller the spacing.

The clay known as montmorillonite (MMT) consists of platelets with an inner
octahedral layer sandwiched between two silicate tetrahedral layers [65]. The single
layers have a planar structure with a thickness of about 1 nm and usually a length
of several hundred nanometers. Due to the isomorphic substitution of AI** into
the silicate layers or Mg?* for AI**, the layers bear negative surface charges being
compensated by inorganic cations adsorbed in the interlayer space. Because of their
hydrophilic surface, natural layered silicates show poor miscibility with polymers.
Thus, for the preparation of clay nanocomposites, the layers have to be separated
from each other via ion exchange of the inorganic cations with organic cations such
as alkylammonium ions [66].

Among the layered silicates, MMT is commonly used as reinforcement for the
polymer—clay because it is an environmentally friendly material, which is readily
available in large quantities with relatively low cost, and its intercalation chemistry is
well understood. The use of organoclays as precursors to nanocomposite formation
has been extended into various polymer systems including epoxys, polyurethanes,
polyimides, nitrile rubber, polyesters, polypropylene, polystyrene (PS), and
polysiloxanes [67—-69]. In phase separated nanocomposites the polymer is unable to
intercalate within the clay layers and the clay is dispersed as aggregates or particles
with layers stacked together within the polymer matrix. Intercalated structures are
self-assembled, well-ordered multilayered structures where the extended polymer
chains are inserted into the gallery space of the clays. This leads to an expansion of
the interlayer spacing. In an exfoliated structure, individual silicate sheets lose their
layered geometry as a result of delamination and are dispersed as nanoscale platelets
in a polymer matrix [70].
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LDHs form a typical class of layered minerals that are frequently termed
anionic clay minerals. LDHs can be of both natural origin and syntheti-
cally prepared in the laboratory. The general chemical formula for LDHs is
[MH]_XMHI(OH)Q]”(A”‘)X,,, -yH,O, where M represents a divalent metal ion,
for example, Mg?*, Ca?*, Zn>*, and so on; M represents a trivalent metal ion,
for example, AI3*,Cr3*, Fe3*, Co®*, and so on; and A"~ represents an anion, for
example, CI~, CO32‘, NO; ™, and so on. The anions remain in the interlayer region.
The synthesis of nanosized LDH platelets can be generally classified into two
approaches: “bottom-up” and “top-down.” To date, the “top-down” synthesis is the
most widely developed method. The delamination and reconstruction method is
another promising technique for synthesizing organomodified LDHs. One can obtain
exfoliated LDH layers by this method, which subsequently aid in the dispersion of
these layers into polymers. Since the charge density of LDH is very high, it requires
the modification of the LDH interlamellar environment and then selection of an
appropriate solvent system, for example, ion-exchange intercalation of the LDH
with anionic surfactant such as dodecyl sulfate (DDS). Delamination/exfoliation
then occurs when it is dispersed in a highly polar solvent, which is able to solvate
the hydrophobic tails of the intercalated anions (Fig. 1.5) [72].

The modification of LDH materials is almost a requirement prior to the fabri-
cation of elastomer composites because this process facilitates the intercalation of
the elastomer chains, resulting in enhanced properties. The basic goal of the organic
modification process is to increase the interlayer spacing of LDH materials to make
the intercalation of large species, such as polymer chains and chain segments, eas-
ier. It is believed that the anionic organic surfactants that have at least one anionic
end group and a long hydrophobic tail are the best materials for serving the desired
purpose [73]. Although there are many possible strategies to synthesize exfoliated
polymer/LDH nanocomposites, generally the methods can be classified into three
principal options: (i) intercalation of the monomer molecules and in situ polymer-
ization, (ii) direct intercalation of extended polymer chains, (iii) pre-exfoliation and
followed by mixing with polymer, as shown in Figure 1.6a [74]. The use of modified
LDHs with elastomers substantially improves their mechanical, thermal, and optical
properties. Even “smart properties” of elastomers, such as reversible thermotropic
optical characteristics, have been realized with the use of LDH-based multifunctional
additives in rubber formulations [75].
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Figure 1.5 Schematic illustration of topochemical synthesis and exfoliation of Co**—Fe3*
LDH. Reproduced from Renzhi et al. [71] with permission of American Chemical Society.
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Figure 1.6 Pathway of nanocomposite preparation by (a) monomer exchange and in situ
polymerization, (b) direct polymer exchange, and (c) restacking of the exfoliated layers over
the polymer. Reproduced from Leroux and Besse [74] with permission of American Chemical
Society.
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Natural flake graphite (NFG) is the polycrystalline form of carbon comprising
layered planes containing hexagonal arrays of carbon atoms to form an atomically
flat-stacked material in three dimensions. Covalent bonds bind the carbon atoms in the
same plane together with van der waals forces between successive layers separated
by 0.337 nm. Because of the very weak van der Waals forces, it is quite easy for
small atoms, ions, and molecules to intercalate between the layers to form expanded
graphite (EG) [76], graphite nanoplatelets (GNPs) [77], and graphene [78]. Expanded
graphite (EG), a form of graphite intercalation compound (GIC), is fabricated from
NFG through chemical or thermal expansion [79]. Nanosheets or platelets (GNPs)
have proved their significance as strong, versatile, and inexpensive fillers in composite
materials [80]. A schematic representation showing all kinds of graphitic derivatives
and their interdependence is given in Figure 1.6a—c.

Since its discovery by Geim and Novoselov [81] and Novoselov et al. [82] in 2004,
graphene has attracted in both academia and industry because it is one-atom thick
and consists of sp? carbon atoms arranged in a honeycomb lattice structure leading
to exceptional in-plane functional and mechanical properties. The major fabrication
methods of graphene include micromechanical cleavage [83]; chemical vapor depo-
sition (CVD) [84]; and the oxidation, exfoliation, and reduction of graphite [85].
Two-dimensional graphene is an allotrope of carbon in which each carbon atom is
bonded with another carbon by sp? bonds. Here, carbon atoms are densely packed
in a honeycomb crystal lattice with a bond length of 0.141 nm. Density of graphene
is around 0.77 gm/cm?, and a single-layered graphene is predicted to have a large
surface area close to 2600 m”> gm. The important properties of graphene are given in
Figure 1.7.

Pristine graphene materials are unsuitable for intercalation by large species, such
as polymer chains, because graphene as a bulk material has a pronounced tendency
to agglomerate in a polymer matrix [86, 87]. The functional groups attached to
graphene can be small molecules or polymer chains, and this can be performed
using chemical methods [88—90]. Polymer—graphene nanocomposites show not only
improved mechanical properties but also impressive functional properties, such as
electrical (semi-)conductivity, unique photonic/optical transportation, anisotropic
transport, low permeability, and fluorescence quenching [91, 92]. A thorough
investigation of the properties of various graphitic fillers, such as NFG, expanded
graphite (EG), GNP, and graphene, is undertaken by various researchers [93].

1.2.1.4 Three-Dimensional Nanofillers Fullerenes pertain to the carbon
molecules of Cyg, Csy, Cyuy, Cs, Csg, Ce. Cqg, Cra, Crg, Cgp, and Cg, [94]. They
have many interesting properties, such as high surface area, porosity, thermal
stability, nontoxicity, biocompatibility, and hydrophilic functionalization. Many of
the polymer scientists tried to use this molecule as a building block to construct novel
materials with unusual properties. Fullerene Cy, and its polymeric composites have
been demonstrated to possess interesting optoelectronic properties, photovoltaic,
and optical limiting applications [95].

Carbon black, the amorphous form of carbon, is primarily used as commercial
filler/additive of ultraviolet (UV) light stabilizer, antioxidant and antistatic agent in
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Figure 1.7 Properties of graphene.

rubber industry, pigment or colorant in dye industry, conductive filler in polymer,
and composite industry for semiconductive applications [96]. Carbon black has
become one of the most widely used reinforcements in engineering applications of
polymer-based composites due to its high temperature tolerance, elastic modulus and
tensile strength, low weight, and thermal expansion [97]. Both high surface area and
high degrees of porosity are the critical characteristics of carbon black that impart

improvement in the overall performance at lower loadings in polymer composites
[98-101].

1.2.1.5 Metal Oxides Polymer nanocomposites containing surface-engineered
metal oxide continuously offer new opportunities to enhance desired properties
or functionalities such as optical transparency, ductility, flexibility, or molecular
mobility [102, 103]. In order to prevent the agglomeration of these inorganic metal
oxides in organic polymer matrix, various kinds of functional methods are adopted
that include the use of surfactants [104] and silane coupling agents [105]. Polymer
matrices reinforced with modified inorganic nanoparticles combine the function-
alities of polymer matrices, which include low weight and easy formability with
the unique features of the inorganic nanoparticles. The nanocomposites obtained by
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incorporation of these types of materials can lead to improvements in several areas
such as optical, mechanical, electrical, magnetic, rheological, and fire retardant
properties [106, 107].

Development of ceramic nanoparticles with improved properties has been studied
with much success in several areas such as synthesis and surface science. Examples
of ceramics are silica, alumina, titania, zirconia, silicon nitride, silicon carbide, and
so on. Nanosized silica, SiO,, has been widely used as filler in engineering compos-
ite. Some of the widely used methods to synthesize silica nanoparticles are sol-gel
process, reverse microemulsion, and flame synthesis. The sol—gel process is widely
used to produce pure silica particles due to its ability to control the particle size, size
distribution, and morphology through systematic monitoring of reaction parameters.

The chemical modification of silica surface with organofunctional groups is an
important step toward the preparation of silica—polymer nanocomposites. More pre-
cisely, the surface modifications have been reported to enhance the affinity between
the organic and inorganic phases and at the same time improve the dispersion of silica
nanoparticles within the polymer matrix. Surface modification of silica nanoparticles
can be carried out by using various types of silane coupling agents. Surface mod-
ification makes the possibility to graft or conjugate the nanostructured silica with
polymers or proteins for future applications in biotechnology and medicine such as
dental filling composites, cancer treatment, and drug delivery

ZnO is an inorganic filler and a semiconductor material existing in a diversity
of structures. It is extensively used due to its distinctive optical, electrical, photo-
catalytic, optoelectronic, antibacterial, and dermatological properties [108, 109] Iron
oxide (Fe,0O;), the most common oxide of iron, has important magnetic properties and
is a convenient compound for the general study of polymorphism and the magnetic
and structural phase transitions of nanoparticles. The existence of amorphous Fe,O;
and four polymorphs (a, f, v, and €) is well established [110, 111]. Zirconium dioxide
possesses excellent properties, namely high strength, high fracture toughness, excel-
lent wear resistance, high hardness, and excellent chemical resistance. Hence, ZrO,
nanoparticles appear as an attractive option to be used as reinforcement of polymers,
in order to produce composites with enhanced performance [112].

TiO, is an example for inorganic filler. It has so many interesting properties mak-
ing it a versatile one. Titanium dioxide is an inexpensive, nontoxic, and photostable
inorganic material, which has good optical and photocatalytic properties for many
applications [113]. Due to its high refractive index and ability to reflect and refract or
scatter light more effectively than any other pigment, titanium dioxide has for many
years served and is still serving as a white pigment. It is also used to provide protection
against UV effect because it is capable of absorbing UV light.

Al,O5 nanoparticles can be prepared by flame spray pyrolysis, reverse microemul-
sion, sol—gel, precipitation, and freeze drying [114, 115]. It has excellent optical,
transport, mechanical, and fracture properties [116, 117]. It has applications in var-
ious fields such as wastewater and soil treatment by the removal of heavy metal
ions and antimicrobial applications, ceramic ultrafilters and membranes to remove
pathogenic microorganisms, for gas separation, in catalysis and absorption processes
and drug delivery [118, 119].
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1.2.2 Choice of Polymeric Matrices

By taking the benefits of infinite number of monomers, oligomers, and chemicals
available, we can tune the properties of matrices based on our desired application.
Properties that can tuned or controlled include controlled hydrophobicity, ionizability,
crystallinity, transparency, toughness, strength, densities, conductivity, and degrad-
ability [83, 120]. Polymers are giant molecules with molar mass ranging from several
thousands to several millions and are composed of a large number of smaller parts
joined together through chemical bonds. This era can be called as polymer age since
polymer can be used for the production of various things, which includes plastic buck-
ets, cups and saucers, children’s toys, packaging bags, synthetic clothing materials,
automobile tires, gears and seals, electrical insulating materials, and machine parts,
which has completely revolutionized the daily life as well as the industrial scenario.
The word polymer is derived from Greek words poly meaning many and mers mean-
ing parts or units of high molecular mass, each molecule of which consists of a very
large number of single structural units joined together in a regular manner. The reac-
tion by which the monomers combine to form a polymer is known as polymerization
[121]. The polymerization is a chemical reaction in which two or more substances
combine together with or without evolution of anything such as water, heat, or any
other solvents to form a molecule of high molecular weight. The product is called
polymer and the starting material is called monomer.

1.2.2.1 Classification of Polymers Polymer is a generic name given to a vast num-
ber of materials of high molecular weight. These materials exist in countless forms
and numbers because of very large number and type of atoms present in their molecule
[122]. Polymer is the most widely used matrix material in composites. Polymers are
lighter in weight, softer, and easier to be shaped than metals or ceramics. Polymers
themselves are soft and have low strength, low electrical conductivity, and low ther-
mal stability. Owing to their lighter weight and ease of manufacturing, polymers have
many industrial applications (Fig. 1.8). Polymers can be generally classified based on
the following:

1) Their origin — natural and synthetic
2) Their structure

3) Molecular forces

4) Polymerization reaction

5) Their steric structure

1.2.2.1.1 Classification Based on Source There are three subcategories in this type
of classification. (i) Natural polymers: These polymers are found in nature such as
in plants and animals. Examples are proteins, cellulose, starch, resins, and rubber.
(i1) Semisynthetic polymers: These polymers are obtained by simple chemical treat-
ment of natural polymers to change their physical properties, for example, starch
and silicones. (iii) Synthetic polymers: The fibers obtained by the polymerization
of simple chemical molecules in laboratory are synthetic polymers, for example,
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Figure 1.8 Classification of polymers.

nylon, polyethene, polystyrene, synthetic rubber, polyvinyl chloride (PVC), Teflon,
and so on.

1.2.2.1.2  Classification Based on Structure Polymers that are formed from single
monomers are referred to as homopolymers and are produced from two or more
monomers called heteropolymers or copolymers. Many of the well-known polymers
are homopolymers such as polyethylene, polypropylene, and PVC; polymethyl
methacrylate (PMMA); polystyrene; polytetraflouroethylene (PTFE); and poly acry-
lonitrile. There are several types of copolymers that include alternating copolymer,
random copolymer, block copolymer, and graft copolymer.

1.2.2.1.3  Classification Based on Molecular Forces Mechanical properties of
polymers such as tensile strength, toughness, and elasticity depend on intermolecular
forces such as van der waals forces and hydrogen bonding. On the basis of these
forces, they are classified as elastomers, fibers, thermoplastics, and thermosetting
polymers.

An elastomer is a polymer with viscoelasticity (having both viscosity and elas-
ticity) and very weak intermolecular forces, generally having low Young’s modulus
and high failure strain compared with other materials [123]. They are flexible or “rub-
bery” materials that can readily be deformed and return rapidly to almost their original
shape and size once released from stress, thus making them able to form reliable seals.
A few “cross-links” are introduced in between the chains, which help the polymer
to retract to its original position after the force is released as in vulcanized rubber.
Natural and synthetic rubbers are common examples of elastomers.

Fibers are the thread-forming solids that possess high tensile strength and high
modulus. These characteristics can be attributed to the strong intermolecular forces
such as hydrogen bonding. These strong forces also lead to close packing of chains
and thus impart crystalline nature. They have much lower elasticity compared to
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plastics and elastomers, for example, polyamides (nylon 6,6), polyesters (terylene),
and so on.

A thermoplastic or thermosoftening plastic is a plastic material, typically a poly-
mer that becomes flexible or moldable above a specific temperature and solidifies
upon cooling [124]. In contrast to elastomers, plastics have a greater stiffness and
lack reversible elasticity.

Thermosetting polymers undergo certain chemical changes on heating and convert
themselves into an infusible mass. The curing or setting process involves chemical
reaction leading to further growth and cross-linking of the polymer chain molecules,
thus producing giant molecules such as phenolic resins, urea, epoxy resins, and diene
rubbers.

1.2.2.1.4 Based on Polymerization Reaction Chain-growth polymerization (or
addition polymerization) involves the linking of molecules having double or
triple carbon—carbon bonds. Unsaturated monomers that have extra internal bonds
are able to break and link up with other monomers to form a repeating chain.
Chain-growth polymerization is involved in the manufacture of polymers such as
polyethylene, polypropylene, PVC, PMMA, PS, PTFE, polyacrylonitrile, and so on.
Different forms of chain-growth polymerization include free radical polymerization,
cationic addition polymerization, anionic addition polymerization, and coordination
polymerization reactions.

Step-reaction (condensation) polymerization is another type of polymerization.
This polymerization method typically produces polymers of lower molecular weight
than chain reactions and requires higher temperatures to occur. Stepwise reactions
involve two different types of difunctional monomers that react with one another
forming a chain. In this reaction, some of the atoms of the monomer are split off in the
reaction as water, alcohol, ammonia, or carbon dioxide. Examples for condensation
polymers are polyesters, polyamides, phenol-methanal plastics, polyurethanes, and
SO on.

1.2.2.1.5 Based on Steric Structure Another method of classifying polymers is by
examining their steric structure. Polymers with side chains can be divided into two
classes: one (stereoregular) that has a recurring pattern in terms of stereochemistry
and the other (atactic) with no regular structure. Isotactic polymer: It is a type of
polymer in which the characteristic groups are arranged in the same side of the main
chain. A polymer is said to be syndiotactic if the characteristic groups are arranged
in an alternate manner and it is called atactic if the characteristic groups are arranged
in a random manner around the main chain.

The scientific and commercial progress in the area of polymer blends during the
past decades was tremendous and was driven by the realization that by blending,
new materials can be developed and can be implemented more rapidly and eco-
nomically [125]. Interpenetrating polymer network (IPN) refers to multicomponent
materials consisting of two or more cross-linked networks in which at least one is
cross-linked in the presence of another [126]. IPN is emerging as a promising matrix
to reinforce nanofillers [127]. Dendrimers are molecules with globular structure in



16 MATERIALS FOR POLYMER NANOCOMPOSITES

which well-defined branches radiate from a central core, becoming more branched
and crowded as they move to periphery. These types of polymers have received con-
siderable interest with applications that includes drug delivery agents, micelle mim-
ics, and so on [128, 129].

1.3 RECENT DEVELOPMENTS AND OPPORTUNITIES IN THE AREA
OF POLYMER NANOCOMPOSITES

Polymer nanocomposites containing organic and inorganic nanofillers have attracted
extensive interest from academic and industrial perspectives due to the unique
characteristics of nanoparticles, including their large surface area, high surface
reactivity, and relatively low cost. The POSS nanocomposites are composite mate-
rials reinforced with silica cages, ultrafine fillers of nanometer size, almost equal to
the size of the polymer matrix. Several high-performance POSS nanocomposites
can be used as light-emitting diodes, liquid crystals, photoresist materials, low
dielectric constant materials, self-assembled block copolymers, and nanoparticles.
QD-based polymer nanocomposites can be used to fabricate solar cells such as
light-emitting diodes. By combining the excellent properties such as mechanical,
electrical, and thermal properties of CNTs with polymers renders a vast range
of potential applications. Large number of studies have been done to use these
properties for industrial applications such as energy storage devices, electronics,
sporting goods, automobiles, filters, sensors, and so on. Due to heat absorbing
capability, these nanocomposites can be used in aerospace industries as electro-
magnetic wave absorption materials [130]. Reinforcement of CNTs into epoxy
could improve the mechanical properties such as strength, stiffness, and durability
of materials that could be used for further industrial applications as sports goods,
such as badminton rackets, golf and hockey sticks, and ski poles. CNT/polymer
nanocomposites also play very significant role in automobile engineering. Polymer
nanocomposites reinforced with HNTs possess highly increased tensile and flexural
strength, elastic moduli, and improved toughness. HNT/polymer nanocomposites
also exhibit elevated thermal resistance, flame retardancy, and unique crystallization
behavior [131]. Due to the tubular microstructure and the biocompatibility of HNTs,
nanocomposites of HNT/polymer have demonstrated good drug encapsulation
and sustained release abilities, gaining them extensive use as tissue engineering
scaffolds and drug carriers [132, 133]. Other than biomedical applications, HNTs
have potential applications in high-performance composites for aircraft/automobile
industries and environmental protection. Graphene-based PNCs represent one of
the most technologically promising developments to emerge from the interface of
graphene-based materials and polymer materials. Conductive graphene-based PNCs
can find applications in various fields such as field effect transistors [134], solar
cells (and other optoelectronic applications) [135], energy storage devices [136],
and electromagnetic wave interference shielding and antistatic coatings [137]. The
mechanical reinforcement achieved at low loadings of graphene offers potential uses
in weight-sensitive aerospace and automotive applications, and improved barrier
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properties of graphene-filled composites suggest their use in packaging applications.
An emerging research direction for graphene-based composites is focused on
biomedical applications [138, 139]. Since the polymer/silica nanocomposites can
not only improve the physical properties such as the mechanical properties and
thermal properties of the materials but also exhibit some unique properties, which
have attracted very much in many industries. Apart from common plastics and
rubber reinforcement, many other potential and practical applications of this type of
nanocomposite have been reported: coatings [140, 141], flame-retardant materials
[142], optical devices [143, 144], electronics and optical packaging materials
[145], photoresist materials [146], pervaporation membrane [146], ultrapermeable
reverse-selective membranes, proton exchange membranes, and sensors [147,
148]. The incorporation of metal oxide nanofillers into organic matrices provides
superior mechanical, optical, electronic, and thermal properties for the resulting
organic—inorganic nanocomposite materials [149].

1.4 CHALLENGES IN THE AREA OF POLYMER NANOCOMPOSITES

Polymer nanocomposites are the excellent materials that find various applications in
our daily life. There is still a considerable uncertainty in theoretical modeling and
experimental characterization of the nanoscale reinforcement materials, particularly
nanotubes. Then, there is a lack of understanding of the interfacial bonding between
the reinforcements and the matrix material from both analytical and experimental
viewpoints. The improvement in properties and applications of these composites will
depend on how effectively we can handle the challenges. Some key challenges are as
follows:

e The cost of nanoparticles and their availability are the challenges that remain
to achieve good dispersion that pose significant obstacles to obtain improved
properties to the nanocomposite materials.

e The critical challenges lie in how to prepare structure-controllable nanomate-
rial with high purity, geometrical identity, and consistently dependable high
performance and how to break up nanomaterial products to obtain isolated
nanoparticles.

e The next immediate challenge relates to the composite processing. The full
exploitation of nanofiller-based nanocomposites will be determined both by the
level of filler dispersion and alignment and by the cost-effective manufactur-
ing of the final material, then how to enhance load transfer from a matrix to
filler reinforcement, and so on. Proper dispersion as well as good compatibility
between filler and polymer is the main factor that controls the properties.

e Among the many challenges as PNCs move beyond commodity plastic
applications, precise morphology control is paramount [149]. Random
arrangements of nanoparticles will not provide optimized electrical, thermal,
or optical performance for many potential high-technology applications, such
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as dielectric for electronic packaging, printed flexible electronics, engineered
aerospace structural components, reconfigurable conductive adhesives, and
optical gratings to just mention a few.

e Most applications of nanocomposites with the exception of packaging mate-
rials are intended for long-term and/or outdoor use. It is well documented that
inorganic fillers often experimentally show a negative effect on the oxidative sta-
bility of the polymer independent of the structure, however, to a varying extent
[150]. To moderate the negative influence of fillers on the (photo)oxidative sta-
bility, blocking of the active sites on the filler by the so-called filler deactivators
or coupling agents is a potential solution. Through adjustment of the stabilizer
composition and loading, it is possible to achieve protection of the polymer
nanocomposite against oxidation and photooxidation to an extent as known
from unfilled polymers and needed for the individual application [151, 152].

e One of the challenges in developing PNCs for advanced technology applications
is a limited ability to predict the properties. Although the techniques exist to
tailor the surface chemistry and structure of nanoparticle surfaces [153, 154],
the impact of the nanoscale filler surface on the morphology, dynamics, and
properties of the surrounding polymer chains cannot be quantitatively predicted.

e Other challenges include predicting the impact of heterogeneous filler distribu-
tion and filler geometries (e.g., wavy fibers). There are still many unresolved
issues that need to be addressed theoretically and experimentally to harness the
maximum benefits from nanomaterials in polymer composite systems.

e With the development of nanomaterials, the safety of nanomaterial is of special
importance and the health hazards caused by many of these smart materials are
of still unclear. It is generally agreed that small size means easy access to living
organisms via inhalation or transdermally, and this may lead to an increased risk
to living organisms.

1.5 RELATIONSHIPS OF MACROSCOPIC RHEOLOGICAL
PROPERTIES TO NANOSCALE STRUCTURAL VARIABLES

A direct consequence of incorporation of fillers in molten polymers is a significant
change in their steady shear viscosity behavior and the viscoelastic properties
[155, 156]. Owing to the possibility to achieve thermodynamic equilibrium con-
ditions, measurements of composition and condition dependencies of viscoelastic
properties in the molten state are generally useful for theoretical prediction of the
structure—property relationships in composite materials. As the filler nanostructure,
the interparticle and polymer—filler interactions can all strongly influence both linear
and nonlinear viscoelastic behavior; rheology appears to be a suitable technique
to obtain reliable experimental data on polymer nanocomposites. Rheological
experiments can be used to probe the properties of the interfacial region more
precisely. The loss modulus is sensitive to the distribution of relaxation times
(relaxation spectra) of the polymer matrix. When nanofiller is added, the mobility of
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the polymer chains is altered and the relaxation spectra can either shift or broaden.
Thus, rheology has been used in nanoscale composites to probe the extent, structure,
and properties of the interfacial region [157].

Elastomers filled with nanoparticles show a solid-like behavior response, which
includes a nonterminal zone of relaxation and a shear-thinning dependence of vis-
cosity on particle concentration and/or dispersion. This behavior arises due to the
formation of network structure by polymer—particle or/and particle—particle interac-
tions. The strain dependency of the dynamic viscoelastic properties of elastomers is
known as the Payne effect [158] and is well known in elastomers for 40 years. It
is well established that rubber-like materials exhibit an appreciable change in their
mechanical properties (stress softening) resulting from the first tensile experiment.
The well-known phenomenon known as Mullins effect [159] is due to following rea-
sons: (i) physical disentanglement of rubber chains, (ii) decrease in the interactions
between polymer molecules and filler surfaces, (iii) filler network breakdown, and
(iv) chain scission of rubber molecules.

On examining the viscoelastic behavior of PS/SiO,, PP/MMT nanocomposites,
both percolation threshold and limit of linearity decrease with an increase in the
exfoliation state of organoclay platelets whereas they increase with the dispersion of
fumed silica by surface grafting of end-tethered chains. From these results on thermo-
plastic nanocomposites, one could conclude that the filler networking is the primary
structural variable controlling their viscoelastic properties. But in the case of elas-
tomers, that is, polymers with long chains and sometimes with particular viscoelastic
behavior, the filler network appears to be a second-order structural parameter affect-
ing the viscoelastic response of the nanocomposite. Kalfus and Jancar [160] showed
that the modulus recovery time was governed by the chain relaxation processes in
the polymer matrix near the filler surface. As a result, in this study, filler agglomera-
tion and/or network is less important representing only a second-order contribution to
the nonlinear viscoelastic response of a nanocomposite. It is concluded that the lin-
ear and nonlinear rheological properties of polymer nanocomposites are consistent
with a network structure of weakly agglomerated particles, which is combined with a
mechanism of polymer chain relaxation at the filler surface vicinity governed by the
polymer—particle interactions.

1.6 CONCLUSION

Polymer nanocomposites are materials possessing unique properties as new mate-
rials and used for academic research as well as for the development of innovative
industrial applications. These materials possess characteristic properties of both poly-
mer and filler. Various types of nanomaterials can be used as reinforcing fillers in
polymer nanocomposites based on their size, shape dimension, and surface area. In
developing these composites, the nanomaterials have a strong tendency to form aggre-
gates due to their large surface area, so in order to improve dispersion stability and
compatibility with matrix, their surfaces should be modified either by grafting poly-
mers or by absorption of small molecules, such as surface-modifying agents. Polymer
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nanocomposites offer both great potential and great challenges, marking it as a vibrant
area of work for years to come. The improvement and application of these compos-
ites will depend on how effectively we can handle the challenges. Nanocomposites
represent one of the new classes of materials, but further research and development
is needed before they gain significant position in the market.

ACKNOWLEDGMENTS

The authors would like to thank Council for Scientific and Industrial Research
(CSIR), Delhi, DST Nano Mission India, for the financial support.

REFERENCES

1. Foster LE. Nanotechnology. New York: Prentice Hall; 2006.

2. Mnyusiwalla A, Daar AS, Singer PA. Mind the gap: Science and ethics in nanotechnol-
ogy. Nanotechnology 2003;14:R9-R13.

3. Saladin El Naschie M. Nanotechnology for the developing world. Chaos, Soliton Fract
2006;30:769-773.

4. Roco MC. Broader societal issues of nanotechnology. J Nanopart Res 2003;5
(3-4):181-189.

5. Paul DR, Robeson LM. Polymer nanotechnology: Nanocomposites. Polymer
2008;49(15):3187-3204.

6. Park N-M, Kim T-S, Park S-J. Appl Phys Lett 2001;78(17):2575.

7. Ash BJ, Siegel RW, Schadler LS. Macromolecules 2004;37:1358.

8. Naous W et al. Morphology, tensile properties, and fracture toughness of epoxy/Al203
nanocomposites. J Polym Sci B 2006;44:1466.

9. Ma DL et al. Influence of nanoparticle surfaces on the electrical breakdown strength of
nanoparticle-filled low-density polyethylene. J Mater Res 2004;19:857.

10. Ritzhaupt-Kleissl E et al. Mater Sci Eng C 2006;26:106.

11. Schadler LS, Brinson LC, Sawyer WG. Polymer nanocomposites: A small part of the
story. JOM 2007;59:53-60.

12. Vaia RA, Wagner HD. Mater Today 2004:32-37.

13. Ray O. Polymer/layered silicate nanocomposites: A review from preparation to process-
ing. Prog Polym Sci 2003;28:1539.

14. Li G, WangL NH, Pittman CU Jr. Polyhedral oligomeric silsesquioxane (POSS) polymers
and copolymers: A review. J Inorg Organomet Polym 2001;11:123-154.

15. Kuoa S-W, Chang F-C. POSS related polymer nanocomposites. Prog Polym Sci
2011;36:1649-1696.

16. Ayandele E, Sarkar B, Alexandridis P. Polyhedral oligomeric silsesquioxane (POSS)-
containing polymer nanocomposites. Nanomaterials 2012;2:445-475. DOI: 10.3390/
nano2040445.

17. Bian Y, Mijovic J. Nanonetworks of multifunctional polyhedral oligomeric silsesquiox-
ane and polypropylene oxide. Macromolecules 2008;41:7122-7130.



REFERENCES 21

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Bian Y, Mijovic J. Effect of side chain architecture on dielectric relaxation in
polyhedral oligomeric silsesquioxane/polypropylene oxide nanocomposites. Polymer
2009;50:1541-1547.

Raftopoulos KN, Pielichowski K. Segmental dynamics in hybrid polymer/POSS nano-
materials. Prog Polym Sci 2015;52:136-187.

Liu HZ, Zheng S, Nie KM. Morphology and thermomechanical properties of
organic—inorganic hybrid composites involving epoxy resin and an incompletely con-
densed polyhedral oligomeric silsesquioxane. Macromolecules 2005;38:5088-5097.

Fu BX, Namani M, Lee A. Influence of phenyl-trisilanol polyhedral silsesquioxane on
properties of epoxy network glasses. Polymer 2003;44:7739-7747.

Xua Y, Lia C, Chena M, Xiea J, Caoa Y, Denga Y, Yuana C, Daia L. The effect of
POSS-based block copolymer as compatibilizer on POSS/epoxy composites. J Mater
Res 2015;30(02):266-277.

Gur [, Fromer NA, Geier ML, Alivisatos AP. Air-stable all-inorganic nanocrystal solar
cells processed from solution. Science 2005;310:462.

Peng P, Milliron DJ, Hughes SM, Johnson JC, Alivisatos AP, Saykally RJ. Femtosecond
spectroscopy of carrier relaxation dynamics in type II CdSe/CdTe tetrapod heteronanos-
tructures. Nano Lett 2005;5:1809.

Jiang ZJ, Huang Z, Yang PP, Chen JF. High PL-efficiency ZnO nanocrystallites/PPV
composite nanofibers. Compos Sci Technol 2008;68:3240.

Kazes M, Saraidarov T, Banin U. Organic—inorganic sol-gel composites incorporating
semiconductor nanocrystals for optical gain applications. Adv Mater 2009;21:1716.
Sun DZ, Sue HJ, Miyatake N. Optical properties of ZnO quantum dots in epoxy with
controlled dispersion. J Phys Chem C 2008;112:16002.

Son DI, Yang HY, Kim TW, Park WI. Transparent and flexible ultraviolet photodetectors
based on colloidal ZnO quantum dot/graphene nanocomposites formed on poly(ethylene
terephthalate) substrates. Compos B 2015;69:154—158.

Mohan S, Oluwafemi OS, Song SP, Osibote OA, George SC, Kalarikkala N, Thomas S.
Facile synthesis of transparent and fluorescent epoxy—CdSe—CdS—ZnS core—multi shell
polymer nanocomposites. New J Chem 2014;38:155.

Li YQ, Yang Y, Fu SY. Significant enhancements in the fluorescence and phospho-
rescence of ZnO quantum dots/SiO2 nanocomposites by calcination. J Phys Chem C
2008;112:17397.

Lake ML. J.M. Ting. In: Burchell TD, editor. Carbon Materials for Advanced Technolo-
gies. Oxford, UK: Pergamon Press; 1999. p 139-167.

De Jong KP, Geus JW. Carbon nanofibers: catalytic synthesis and applications. Catal
Rev Sci Eng 2000;42:481-510.

Merkulov VI, Lowndes DH, Wei YY, Eres G, Voelkl E. Patterned growth
of individual and multiple vertically aligned carbon nanofibers. Appl Phys Lett
2000;76(24):3555-3557.

Endo M, Kim YA, Hayashi T, Fukai Y, Oshida K, Terrones M, et al. Structural charac-
terization of cup-stacked-type nanofibers with an entirely hollow core. Appl Phys Lett
2002;80(7):1267-1269.

Zhu J, Wei S, Ryu J, Guo Z. Strain-sensing elastomer/carbon nanofiber metacomposites.
J Phys Chem C 2011;115(27):13215-13222.



22

36

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.
49.

50.

51.

52.

53.

54.

MATERIALS FOR POLYMER NANOCOMPOSITES

. V. Chellappa, Z.W. Chiou, B.Z. Jang, Proceedings of the 26th SAMPE Technical Con-
ference; 1994, pp. 12-18

Van Hattum FWJ, Bernardo CA, Finegan JC, Tibbetts GG, Alig RL, Lake ML. A study
of the thermomechanical properties of carbon fiber-polypropylene composites. Polym
Compos 1999;20(5):683-688.

Lozano K, Bonilla-Rios J, Barrera EV. A study on nanofiber-reinforced thermoplastic
composites (II): Investigation of the mixing rheology and conduction properties. J Appl
Polym Sci 2001;80(8):1162-1172.

Liao CZ, Wong HM, Yeung KWK, Tjong SC. The development, fabrication, and mate-
rial characterization of polypropylene composites reinforced with carbon nanofiber and
hydroxyapatite nanorod hybrid fillers. Int ] Nanomedicine 2014;9:1299-1310.

Wen M, Sun X, Su L, Shen J, Li J, Guo S. The electrical conductivity of carbon nan-
otube/carbon black/polypropylene composites prepared through multistage stretching
extrusion. Polymer 2012;53:1602-1610.

Carneiro OS, Covas JA, Bernardo CA, Caldiera G, Van Hattum FWJ, Ting JM, et al.
Production and assessment of polycarbonate composites reinforced with vapour-grown
carbon fibres. Compos Sci Technol 1998;58(3-4):401-407.

Carneiro OS, Maia JM. Rheological behavior of (short) carbon fiber/thermoplastic com-
posites. Part I: the influence of fiber type, processing conditions and level of incorpora-
tion. Polym Compos 2000;21(6):960-969.

Pogue RT, Ye J, Klosterman DA, Glass AS, Chartoff RP. Compos A 1998;
29A(9-10):1273-1281.

Endo M, Kim YA, Ezaka M, Osada K, Yanagisawa T, Hayashi T, et al. Selective and effi-
cient impregnation of metal nanoparticles on cup-stacked-type carbon nanofibers. Nano
Lett 2003;3(6):723-726.

Kamae T, Drzal LT. Carbon fiber/epoxy composite property enhancement through incor-
poration of carbon nanotubes at the fiber—matrix interphase — Part I: The development of
carbon nanotube coated carbon fibers and the evaluation of their adhesion. Compos A
2012;43(9):1569-1577.

Li M, Gu Y, Liu Y, Li Y, Zhang Z. Interfacial improvement of carbon fiber/epoxy
composites using a simple process for depositing commercially functionalized carbon
nanotubes on the fibers. Carbon 2013;52:109-121.

Iijima S. Single-shell carbon nanotubes of 1-nm diameter. Nature 1991;354:56.
http://www.nanoamor.com/. Accessed 2002 Feb 13.

De Volder MFL, Tawfick SH, Baughman RH, Hart AJ. Carbon nanotubes: Present and
future commercial applications. Science 2013;339(6119):535-539. DOI: 10.1126/sci-
ence.1222453.

Ajayan PM, Stephan O, Colliex C, Trauth D. Science 1994;265:1212-1214.

Qian D et al. Load transfer and deformation mechanisms in carbon nanotube—polystyrene
composites. Appl Phys Lett 2000;76(20):2868.

Yuen S-M et al. Preparation and thermal, electrical, and morphological properties of mul-
tiwalled carbon nanotube and epoxy composites. J Appl Polym Sci 2007;103(2):1272.
Xu Y, Ray G, Abdel-Magid B. Thermal behavior of single-walled carbon nanotube
polymer—matrix composites. Compos A 2006;37(1):114.

Laird ED, Li CY. Structure and morphology control in crystalline polymer—carbon nan-
otube nanocomposites. Macromolecules 2013;46(8):2877-2891.



REFERENCES 23

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Andrews R, Jacques D, Qian D, Rantell T. Multiwall carbon nanotubes: Synthesis and
application. Acc Chem Res 2002;35:1008-1017.

Polym Degrad Stab 2012;97:776-785.

J Mol Liq 2012;171:6-10.

Kim SW, Kim T, Kim YS, Choi HS, Lim HJ, Yang SJ, Park CR. Surface modifica-

tions for the effective dispersion of carbon nanotubes in solvents and polymers. Carbon
2012;50:3-33.

Rahmat M, Hubert P. Carbon nanotube—polymer interactions in nanocomposites: A
review. Compos Sci Technol 2011;72:72-84.

Pandey G, Thostenson ET. Carbon nanotube-based multifunctional polymer nanocom-
posites. Polym Rev 2012;52(3).

Roya N, Senguptaa R, Bhowmicka AK. Modifications of carbon for polymer composites
and nanocomposites. Prog Polym Sci 2012;37:781-819.

Kirkman JH. Possible structure of halloysite disks and cylinders observed in some New
Zealand rhyolitic tephras. Clay Miner 1977;12:199.

Kirkman JH. Clay mineralogy of some tephra beds of the Rotorua area, North Island,
New Zealand. Clay Miner 1975;10:437.

Rawtani D, Agrawa YK. Multifarious applications of halloysite nanotubes: A review.
Rev Adv Mater Sci 2012;30:282-295.

Van Olphen H. An introduction to clay colloid chemistry. New York: Interscience; 1963.
Grothe J, Kaskel S, Leuteritz A. Nanocomposites and Hybrid Materials. Elsevier; 2012.
Azeez AA, Rhee KY, Park SJ, Hu D. Epoxy clay nanocomposites—processing, properties
and applications: A review. Compos B 2013;45:308-320.

Chiua C-W, Huang T-K, Wang Y-C, Alamani BG, Lin J-J. Intercalation strategies in
clay/polymer hybrids. Prog Polym Sci 2014;39:443—485.

Albdiry MT, Yousif BF, Ku H, Lau KT. A critical review on the manufacturing pro-
cesses in relation to the properties of nanoclay/polymer composites. J] Compos Mater
2013;47(9):1093-1115.

Ray SS, Okamoto K, Okamoto M. Biodegradable polylactide and its nanocomposites:
Opening a new dimension for plastics and composites. Macromolecules 2003;36:2355.

Ma R, Liu Z, Takada K, Iyi N, Bando Y, Sasaki T. Synthesis and exfoliation of
Co2 + -Fe3+ layered double hydroxides: An innovative topochemical approach. J] Am
Chem Soc 2007;129:5257-5263.

Wang Q, O’Hare D. Recent advances in the synthesis and application of layered double
hydroxide (LDH) nanosheets. Chem Rev 2012;112:4124-4155.

Maiti M, Bhattacharya M, Bhowmick AK. Elastomer nanocomposites. Rubber Chem
Technol 2008;81:384—-469.

Leroux F, Besse JP. Polymer interleaved layered double hydroxide: a new emerging class
of nanocomposites. Chem Mater 2001;13:3507.

Basua D, Das A, Stockelhuber KW, Wagenknecht U, Heinrich G. Advances in lay-
ered double hydroxide (LDH)-based elastomer composites. Prog Polym Sci 2014;
39:594-626.

Shornikova ON, Kogan EV, Sorokina NE, Avdeev VV. The specific surface area and
porous structure of graphite materials. Russ J Phys Chem 2009;83:1022-1052.



24

77

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

MATERIALS FOR POLYMER NANOCOMPOSITES

. Viculis LM, Mack JJ, Mayer OM, Hahn HT, Kaner RB. Intercalationand exfoliation
routes to graphite nanoplatelets. ] Mater Chem 2005;15:974-978.

Lalancette JM, Rollin R, Dumas P. Metals intercalated in graphite. I. Reduction and
oxidation. Can J Chem 1972;50:3058-3062.

Pan Y, Yu Z, Ou Y, Hu G. A new process of fabricating electrically conducting
nylon 6/graphite nanocomposites via intercalation polymerization. J Polym Sci B
2000;38:1626-1633.

Drzal LT, Fukushima H. Graphite nanoplatelets as reinforcements for polymers. Polym
Prepr, Am Chem Soc Div Polym Chem 2001;42(2):42-43.

Geim AK, Novoselov KS. The rise of graphene. Nat Mater 2007;6(3):183-191.
Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, et al. Electric
field effect in atomically thin carbon films. Science 2004;306:666—669.

Podsiadlo P, Kaushik AK, Arruda EM, Waas AM, Shim BS, Xu J, et al. Ultrastrong and
stiff layered polymer nanocomposites. Science 2007;318:80-83.

Jia XT, Campos-Delgado J, Terrones M, Meunier V, Dresselhaus MS. Graphene edges:
A review of their fabrication and characterization. Nanoscale 2011;3(1):86-95.

Schniepp HC, Li JL, McAllister MJ, Sai H, Herrera-Alonso M, Adamson DH, et al.
Functionalized single graphene sheets derived from splitting graphite oxide. J Phys Chem
B 2006;110:8535-8539.

Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes A, et al. Synthesis of
graphene-based nanosheets via chemical reduction of exfoliated graphite oxide. Carbon
2007;45:1558-1565.

Geng Y, Wang SJ, Kim JK. Preparation of graphite nanoplatelets and graphene sheets. J
Colloid Interface Sci 2009;336:592-598.

Kuila T, Bose S, Mishra AK, Khanra P, Kim NH, Lee JH. Chemical functionalization of
graphene and its applications. Prog Mater Sci 2012;57:1061-1105.

Chua CK, Pumera M. Covalent chemistry on graphene. Chem Soc Rev 2013;42:3222.
Georgakilas V, Otyepka M, Bourlinos AB, Chandra V, Kim N, Kemp KC, Hobza P, Zbo-

ril R, Kim KS. Functionalization of graphene: Covalent and non-covalent approaches,
derivatives and applications. Chem Rev 2012;112:6156-6214.

Hu K, Kulkarni DD, Choi I, Tsukruk VV. Graphene-polymer nanocomposites for struc-
tural and functional applications. Prog Polym Sci 2014;39:1934-1972.

Cai D, Song M. Recent advance in functionalized graphene/polymer nanocomposites. J
Mater Chem 2010;20:7906-7915.

Sadasivuni KK, Ponnamma D, Thomas S, Grohens Y. Evolution from graphite to
graphene elastomer composites. Prog Polym Sci 2014;39:749-780.

Wudl F. The chemical properties of buckminsterfullerene (C60) and the birth and infancy
of fulleroids. Acc Chem Res 1992;25:157.

Dai L, Mau AWH. Controlled synthesis and modification of carbon nanotubes and
C60: Carbon nanostructures for advanced polymeric composite materials. Adv Mater
2001;13(12-13).

Donnet JB. Carbon Black: Science and Technology. New York: CRC Press; 1993.
Kadlcak J, Kuritka I, Tunnicliffe LB, Cermak R. Rapid Payne effect test—A novel
method for study of strain-softening behavior of rubbers filled with various carbon blacks.
J Appl Polym Sci 2015;132(20).



REFERENCES 25

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

Das S, Ganga Raju Achary P, Nayak NC. Dielectric characteristics of conduc-
tive carbon black filled ethylene-octene copolymer vulcanizates. Int J Plast Technol
2014;18:362-367.

Mandhakini M, Chandramohan A, Jayanthi K, Alagar M. Carbon black reinforced C8
ether linked bismaleimide toughened electrically conducting epoxy nanocomposites.
Mater Des 2014;64:706-713.

Kasgoz A, Akin D, Durmus A. Rheological and electrical properties of carbon
black and carbon fiber filled cyclic olefin copolymer composites. Compos B June
2014;62:113-120.

Hu J, Zhang H-B, Hong S, Jiang Z-G, Gui C, Li X, Yu Z-Z. Simultaneous improvement
in both electrical conductivity and toughness of polyamide 6 nanocomposites filled with
elastomer and carbon black particles. Ind Eng Chem Res 2014;53(6):2270-2276.

Kao J, Thorkelsson K, Bai P, Rancatore BJ, Xu T. Toward functional nanocompos-
ites: Taking the best of nanoparticles, polymers, and small molecules. Chem Soc Rev
2013;42:2654¢78.

Barbey R, Lavanant L, Paripovic D, Schiiwer N, Sugnaux C, Tugulu S, et al. Polymer
brushes via surface-initiated controlled radical polymerization: Synthesis, characteriza-
tion, properties, and applications. Chem Rev 2009;109:5437e527.

Neouze M-A, Schubert U. Surface modification and functionalization of metal and metal
oxide nanoparticles by organic ligands. Monatsh Chem 2008;139:183e95.

Reed CW. The chemistry and physics of the interface region and functionalization. In:
Nelson JK, editor. Dielectric Polymer Nanocomposites. New York: Springer Science;
2010. p 95e132.

Breiner JM, Mark JE. Preparation, structure, growth mechanisms and properties of
siloxane composites containing silica, titania or mixed silica-titania phases. Polymer
1998;39:5486-5493.

Rong MZ, Zhang MQ, Zheng YX, Zeng HM, Friedrich K. Improvement of tensile
properties of nano-SiO,/PP composites in relation to percolation mechanism. Polymer
2001;42:3301-3304.

Loto CA. The foundation and the fundamental pillar of world technological civilization
and economic development. Public Lect Ser 2007;1(17).

Yahya N, Puspitasari P, Latiff NRA. Hardness improvement of dental amalgam using
zinc oxide and aluminum oxide nanoparticles. Charact Dev Biosyst Biomater Adv Struct
Mater 2013;29:9-32.

Wang LX, Li XG, Yang YL. React Funct Polym 2001;47:125.

Chung Y, Lim SK, Kim CK, Kim YH, Yoon CS. J Magn Magn Mater 2004;272:1167.

Medina R, Haupert F, Schlarp AK. Improvement of tensile properties and toughness of an
epoxy resin by nanozirconium-dioxide reinforcement. J Mater Sci 2008;43:3245-3252.
Linsebigler AL, Lu G, Yates JT. Photocatalysis on TiO2 surfaces: Principles, mecha-
nisms, and selected results. Chem Rev 1995;95:735.

Tok AIY, Boey FYC, Zhao XL. Novel synthesis of AI203 nano-particles by flame spray
pyrolysis. J Mater Process Technol 2006;178:270-273.

Ke-long H, Liang-guo Y, Su-qin L, Chao-jian L. Preparation and formation mechanism

of Al,O; nanoparticles by reverse microemulsion. Trans Nonferrous Met Soc China
2007;17:633-637.



26

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.
136.

MATERIALS FOR POLYMER NANOCOMPOSITES

Wong KFV, Kurma T. Transport properties of alumina nanofluids. Nanotechnology
2008;19:345702.

Li G, Jiang A, Zhang L. Mechanical and fracture properties of nano-Al203 alumina. J
Mater Sci Lett 1996;15:1713-1715.

Pacheco S, Medina M, Valencia F, Tapia J. Removal of inorganic mercury from polluted
water using structured nanoparticles. J Environ Eng 2006;132:342-349.

Sharma YC, Srivastava V, Upadhyay SN, Weng CH. Alumina nanoparticles for the
removal of Ni(II) from aqueous solutions. Ind Eng Chem Res 2008;47:8095-8100.

Kharlampieva E, Kozlovskaya V, Gunawidjaja R, Shevchenko VV, Vaia R, Naik RR,
Kaplan DL, Tsukruk VV. Flexible silk-inorganicnanocomposites: From transparent to
highly reflective. Adv Funct Mater 2010;20:840-846.

Gowariker VR, Viswanathan NV, Shreedhar J. Polymer Science. New Delhi: New Age
International; 2005.

Callister WD Jr. Materials Science and Engineering — An introduction. sixth ed. John
Wiley & Sons Inc.; 2004.

Harper CA. Handbook of plastics, elastomers, and composites. New York: McGraw-Hill;
2002.

Heckele M, Schomburg WK. Review on micro molding of thermoplastic polymers. J
Micromech Microeng 2004;14:R1. DOI: 10.1088/0960-1317/14/3/R01.

Isayev Al, Palsule S. Encyclopedia of Polymer Blends. Vol. 2. Wiley; 2011.
books.google.com.
Sperling LH. Interpenetrating polymer networks: An overview. Am Chem Soc
1994;239(1):3-38.
Chilaka N, Ghosh S. Dielectric studies of poly (ethylene glycol)-polyurethane/poly
(methylmethacrylate)/montmorillonite composite. Electrochim Acta 2014;134:232-241.

Li X, Watanabe Y, Yuba E, Harada A, Hainob T, Kono K. Facile construction of
well-defined fullerene—dendrimer supramolecular nanocomposites for bioapplications.
Chem Commun 2015;51:2851.

Li W, Sun L, Pan L, Lan Z, Jiang T, Yang X, Luo J, Li R, Tan L, Zhang S, Yu M.
Dendrimer-like assemblies based on organoclays as multi-host system for sustained drug
delivery. Eur J Pharm Biopharm 2014;88:706-717.

Zhang L, Shi C, Rhee KY, Zhao N. Compos A 2012;43:2241.

Liu M, JiaZ, JiaD, Zhou C. Recent advance in research on halloysite nanotubes-polymer
nanocomposite. Prog Polym Sci 2014;39(8):1498-1525.

Price RR, Gaber BP, Lvov Y. In-vitro release characteristics of tetracycline HCI, khellin
and nicotinamide adenine dinucleotide from halloysite: A cylindrical mineral. J Microen-
capsulation 2001;18:713-722.

Shchukin DG, Sukhorukov GB, Price RR, Lvov YM. Halloysite nanotubes as biomimetic
nanoreactors. Small 2005;1:510-513.

Eda G, Chhowalla M. Nano Lett 2009;9:814e8.
Tien CP, Teng HS. J Power Sources 2010;195:2414e8.
Spitsina NG, Lobach AS, Kaplunov MG. High Energy Chem 2009;43:552¢6.



REFERENCES 27

137.
138.

139.

140.

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

151.

152.

153.

154.

Liang JJ, Wang Y, Huang Y, Ma YF, Liu ZF, Cai FM, et al. Carbon 2009;47:922¢5.
Wenrong Y, Kyle RR, Simon PR, Pall T, Gooding JJ, Filip B. Angew Chem Int Ed
2010;49:2114e38.

Shen H, Zhang L, Liu M, Zhang Z. Biomedical applications of graphene. Theranostics
2012;2(3).

Abdullayev E, Abbasov V, Tursunbayeva A, Portnov V, Ibrahimov H, Mukhtarova G,
Lvov Y. Self-healing coatings based on halloysite clay polymer composites for protection
of copper alloys. ACS Appl Mater Interfaces 2013;5(10):4464-4471.

Meera KM, Sankar RM, Murali A, Jaisankar SN, Mandal AB. Sol-gel network sil-
ica/modified montmorillonite clay hybrid nanocomposites for hydrophobic surface coat-
ings. Colloids Surf B Biointerfaces 2012;90(1):204-210.

Laufer G, Kirkland C, Cain AA, Grunlan JC. Clay—chitosan nanobrick walls: Completely
renewable gas barrier and flame-retardant nanocoatings. ACS Appl Mater Interfaces
2012;4(3):1643-1649.

Kim Y, Chang J-H. Colorless and transparent polyimide nanocomposites: Thermo-
optical properties, morphology, and gas permeation. Macromol Res 2013;21(2):228-233.
Kunz DA, Schmid J, Feicht P, Erath J, Fery A, Breu J. Clay-based nanocompos-
ite coating for flexible optoelectronics applying commercial polymers. ACS Nano
2013;7(5):4275-4280.

Sun YY, Zhang ZQ, Moon KS, Wong CPJ. Polym Sci B 2004;42:3849.

Cho JD, Ju HT, Park YS, Hong JW. Glass transition and relaxation behavior of epoxy
nanocomposites. Macromol Mater Eng 2006;291:1155.

Jose T, George SC, Maya MG, Maria HJ, Wilson R, Thomas S. Effect of bentonite
clay on the mechanical, thermal, and pervaporation performance of the poly(vinyl
alcohol) nanocomposite membranes. Ind Eng Chem Res 2014;53:16820-16831. DOI:
dx.doi.org/10.1021/ie502632p.

Korotcenkov G. Nanocomposites in Gas Sensors: Promising Approach to Gas Sen-
sor Optimization. Handbook of Gas Sensor Materials Integrated Analytical Systems.
Springer; 2014. p 181-184.

Kango S, Kalia S, Celli A, Njugunad J, Habibie Y, Kumar R. Surface modification
of inorganic nanoparticles for development of organic—inorganic nanocomposites—A
review. Prog Polym Sci 2013;38:1232-1261.

Vaia RA, Maguire JF. Polymer nanocomposites with prescribed morphology: Going
beyond nanoparticle-filled polymers. Chem Mater 2007;19:2736-2751.

Pfaendner R. Nanocomposites: Industrial opportunity or challenge? Polym Degrad Stab
2010;95:369e373.

Chmela S, Fiedlerova A, Borsig E, Erler J, Miilhaupt R. Photo-oxidation and stabilization
of sPP and ipp/boehmite-disperal nanocomposites. J Macromol Sci 2007;44:1027e34.
Chin H, Solera PS, Horsey DW, Kaprinidis N, Sitzmann EV. Synergistic combinations
of nano-scaled fillers and hindered amine light stabilizers. US patent 7084197, assigned
to Ciba Specialty Chemicals Corporation; 2006.

Ajayan PM, Braun PV, Schadler LS. Nanocomposite Science and Technology. Weinheim,
Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2003. Chapter 2.



28

155.

156.

157.
158.
159.
160.

MATERIALS FOR POLYMER NANOCOMPOSITES

Rong MZ, Zhang MQ, Ruan WH. Surface modification of nanoscale fillers for

improving properties of polymer nanocomposites: A review. Mater Sci Technol
2006;22(7):787-796.

Cassagnau P. Morphology and viscoelasticity of PP/TiO, nanocomposites prepared by
in situ sol-gel method. Polymer 2008;49:2183.

Zhu A-J, Sternstein SS. Macromolecules 2002;35(19):7262-7273.

Payne AR. J Appl Polym Sci 1962;6:57.

Mullins L. Rubber Chem Technol 1969;42:339.

Kalfus J, Jancar J. J Polym Sci Polym Phys Ed 2007;45:1380.



