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Preface

Today, much of our industrial progress is based on the use of organic materials such
as polymers as insulators of heat and electricity and on the use of metals as
conductors of both. However, our modern lifestyle increasingly demands more from
the polymers than their traditional role of insulators. With the rapid development of
electronics industry, the demand for electrically conductive materials, such as
electromagnetic wave interference shielding materials for personal computers and
home electronic devices, flooring and ceiling materials, de-electrifying cloths and
radar cross-section reducing protective fabrics for stealth technology has increased.
The indiscriminate use of microwave devices has thrown up fresh new challenges to
develop efficient microwave absorbers. Such a task has become imminent because of
stricter environmental regulations. Development of efficient microwave absorbers in
the form of emulsions/coatings can find aerospace applications in the form of stealth
coatings for aircrafts and other devices. This has led to the investigation and the
subsequent commercial exploitation of organic polymers as conductors of electricity.
Conducting polymers have been the subjects of study for many decades as possible

synthetic metals.

However, the practical uses of conducting polymers are not very likely because of
their poor mechanical properties and processability that rarely meet the industrial
requirements. Thus, a unique combination of electronic and mechanical properties of
blends/composites of conducting polymers with conventional polymers seems to
have great applications. Since the conducting polyblends are stable and retain the
mechanical properties of the host polymers, films, fibers and coatings can be
fabricated for use in antistatic applications, electromagnetic interference shielding

(EMI) and/or absorption. In such applications, conducting polymers or other



Preface

materials such as metals are compounded with other insulating polymers. The
electrical and mechanical properties of such blends/composites depend on the aspect
ratio of the additive. Fibers are characterized by high aspect ratios. Fibrous fillers are
the most common forms of reinforcement in reinforced thermoplastics and
elastomers. Also, conducting fibers can be more cost effective than metals or other
forms of conducting materials in most applications requiring electrical conduction.
They have design advantages over other types of conducting materials in superior
impact resistance, flexibility, and non-corrosiveness. They can be used as sensors due

to very high sensitivity to changes in the environment.

In the present venture, an attempt has been made to prepare conducting composites
by incorporating conducting polyaniline coated short Nylon fiber in insulating
elastomer matrices and to study its DC electrical conductivity, dielectric properties
and electromagnetic shielding characteristics, in addition to evaluating the
mechanical properties. Elastomers can provide a lossy dielectric platform, which is
the main criterion for a material to be classified as a microwave absorber. Polyaniline
coated short Nylon fiber provides necessary reinforcement while imparting
conductivity to the elastomeric matrix. Two different elastomers- nonpolar natural
rubber and polar chloroprene rubber- were selected due to their industrial importance

and attractive properties.

The dissertation consists of seven chapters.

Chapter 1 gives a brief introduction to polyaniline, its structure, charge storage,
mechanism of conduction and its synthesis. The state-of-art research on
polyaniline/polymer blends and composites are presented. The essentiality of
dielectric spectroscopy and an introduction to microwave technology are also given.

The specific objectives of the work are mentioned at the end of this chapter.

Chapter 2 describes the preparation and characterization of polyaniline coated
conducting short Nylon fibers. The conducting fibers have been prepared by in situ
polymerization technique after a chemical etching process of the Nylon fibers. The

surface characteristics of the fibers have been analyzed using scanning electron

II
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microscopy, X-ray photoelectron spectroscopy, infrared spectroscopy and X-ray
diffraction analysis. The thermal stability and electrical conductivity of the fibers

have also been examined.

Chapter 3 includes the preparation of conducting elastomer composites of natural
rubber, polyaniline and polyaniline coated short Nylon fibers by mechanical mixing.
The physicomechanical and morphological characteristics of the composites are
described. The DC electrical conductivity, thermal stability and thermal degradation

kinetics of the conducting elastomer composites are also discussed.

Chapter 4 explains the preparation, processability and mechanical properties of
chloroprene rubber/polyaniline/polyaniline coated short Nylon fiber conducting
polymer composites. The cure characteristics, cure kinetics, filler dispersion,
mechanical properties and morphological features of the composites are investigated.
The DC electrical conductivity and thermal analysis of the composites are also

included.

Chapter 5 investigates the dielectric behavior of the conducting elastomer
composites. The variation in dielectric permittivity and AC conductivity with
changes in frequency and temperature is investigated. The observed data has been

fitted to some theoretical models.

Chapter 6 examines the dielectric properties of the conducting polymer composites at
microwave frequencies. The dielectric permittivity, loss tangent, heating coefficient,
conductivity, absorption coefficient and skin depth of the composites is investigated.
The electromagnetic interference shielding efficiency of the composites is also

presented.

Chapter 7 is the concluding chapter briefing the major findings of the investigation.

III
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Intrinsically conducting polymers and conducting polymer composites
are finding growing acceptance in the academic world and in the
electronics industry. Polyaniline is a conducting polymer which has a
decent status among the so-called synthetic metals. The dielectric
properties of conducting polymers have in store, a handful of extremely
useful information on the specific interactions between the molecules and
about the structure of the material. Microwave technology has attained
new application potentials with the growth of conducting polymers. An
introduction to polyaniline and its composites, a peek into the technique
of dielectric spectroscopy and the applications concerned with the use of
microwave properties of conducting polymers/conducting polymer
composites are briefed here.

Chapter 1

General introduction

Polymer systems with special properties is a field of increasing scientific and
technical interest, offering the opportunity to polymer and synthetic organic chemists
to synthesize a broad variety of promising materials, with a wide range of electrical
and magnetic properties. This has led to the development of different routes in the
discovery of different conducting materials such as conducting films, conducting
fibers and conducting polymer composites. Polymers are generally insulators and the
low conductivity of polymers has been extensively used in the manufacture of
insulators and dielectric substances in electrical industry. However, some polymers
have been synthesized with remarkable ability to conduct electricity. An organic
polymer that possesses the electronic, magnetic, electrical and optical properties of a
metal is called an intrinsically conducting polymer (ICP). Among the large variety of
conducing polymers, polyaniline (PANI) has emerged as the most promising one
because of its diverse properties. During the past two decades, conductive polymers

and conductive polymer composites have been the subject of intensive research and



Chapter 1

development in the academic world and also in the chemicals and electronics
industry world-wide. Their use as new materials in value-added industrial and

consumer products is opening up entirely new domains of polymeric applications.

Conducting fibers is a new branch of polymers, which has a very high potential for
growth. One major application area is the preparation of conducting composites. The
present work aims to investigate the preparation and use of polyaniline coated short
Nylon conducting fibers to fabricate conducting polymer composites and to evaluate

its mechanical and dielectric properties.

In this chapter, a concise introduction to the subject is presented. Polyaniline, its
structure, charge storage, mechanism of conduction and synthesis are briefly
discussed. The state-of-art research in polyaniline/polymer blends and composites,
the adequacy of dielectric spectroscopy and the application of conducting polymers
in microwave technology are presented. An outline of the principal objectives of the

work is given at the end of this chapter.

1.1 Polyaniline

Technological uses of polymer systems depend crucially on the reproducible control
of the molecular and supramolecular architecture of the macromolecule via a simple
methodology of organic synthesis. Polyaniline is one such polymer whose synthesis
does not require any special equipment or precaution. Among the ICPs, PANI has
become one of the most technologically important one due to its unique
processability, together with relatively inexpensive monomer and high yield of
polymerization [1]. PANI is fast replacing the conventional materials because of its
fascinating electrical properties. This interest is caused by diverse, but also unique,
properties of PANI allowing its potential applications in various fields, such as
energy storage and transformation (alternative energy sources, erasable information
storage, non-linear optics, shielding of electromagnetic interference), as well as

catalysts, indicators, sensors, membranes of precisely controllable morphology, etc.
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1.1.1 The birth and growth

PANI is one of the oldest conductive polymers known. It is the oxidative polymeric
product of aniline under acidic conditions and has been known since 1862 as aniline
black. It was first prepared by Letheby in 1862 by anodic oxidation of aniline in
sulphuric acid [2]. At the beginning of the twentieth century, organic chemists started
investigating the constitution of aniline black and its intermediate products.
Willstatter and co-workers in 1907 and 1909 regarded aniline black as an eight-
nuclei chain compound having an ‘indamine’ structure [3, 4]. However, in 1910,
Green and Woodhead were able to report various constitutional aspects of aniline
polymerization [5]. They carried out oxidative polymerization studies using mineral
acids and oxidants such as persulfate, dichromate, and chlorate and determined the
oxidation state of each constituent by redox titration using TiCl;. During this period,
it did not occur to anyone to investigate its electrical and magnetic properties for the
obvious reasons that organic compounds are insulators, though in 1911, Mecoy and
Moore suggested electrical conduction in organic solids [6]. Almost 50 years later, in
1967, Jozefowicz et al. reported that the conductivity of PANI increases by several
orders of magnitude when doped with protonic acids with decreasing pH values [7].
They also recognized that polyaniline could serve as an electrode material for
rechargeable batteries. Surville et al., in 1968 reported proton exchange and redox
properties with the influence of water on the conductivity of polyaniline [8].
Unfortunately, all these early studies were fraught with problems such as uncertain

composition and were lost in literature.

A major breakthrough occurred in 1977 when Heeger, MacDiarmid and Shirakawa
discovered that polyacetylene could be made conducting almost like a metal [9]. This
was seminal to the development of contemporary studies on intrinsically conducting
polymers. In 1980, Diaz and Logan reactivated research on polyanilines [10] and
several other groups immediately followed up during the following decades [11-13].
Since then, the interest in ICPs, including polyaniline has developed through three
stages: (1) an initial interest motivated by their unique properties and practical
possibilities; (2) a decline in interest owing to difficulties in processing and poor

mechanical properties; (3) renewed interest following the discovery of solution and
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melt processability of PANI in the early 1990s [14-19]. Now polyaniline has become
the most extensively studied conducting polymer because of its ease of preparation
and processing, its richness in chemistry and physics, and its technological
applications. It has been commercialized on a relatively large scale owing to its
relatively good environmental stability. It is in fact, the first commercially available
conducting polymer. Fig. 1.1 shows a conductivity ladder locating the conductivity

of polyaniline with that of other conducting polymers and copper metal.
Conductivity
3 cord

10—

Copper metal
3 Polyacetylene
10— doped with AsF;
Polyacetylene doped with I,
10 Licuid mercury

Poly (p-phenylene)
doped with AsF,;

10 Eoly (pyrrole)
doped with I,

Polyaniline
(emeralding)

Fig. 1.1 The conductivity ladder
1.1.2 The structure

Polyaniline is a typical phenylene-based polymer having a chemically flexible -NH-
group flanked on either side by phenylene rings. The protonation and deprotonation
and various other physico-chemical properties of polyaniline can be related to the
presence of the -NH- group. Polyaniline can be considered as being derived from a

polymer, the base form of which has the generalized composition:

and which consists of alternating reduced:
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OO

and oxidized:

OO
repeat units [20-23]. The average oxidation state (/-y) can be varied continuously

from zero, to give the completely reduced polymer:

to 0.5, to give the “half-oxidized” polymer:

to one, to give the completely oxidized polymer:

K<<

The terms “leuco-emeraldine”, “emeraldine” and “pernigraniline” refer to the
different oxidation states of the polymer where (/-y) = 0, 0.5, and 1, respectively,
either in the base form e.g., emeraldine base, or in the protonated salt form, e.g.,
emeraldine hydrochloride [20-23]. In principle, the imine nitrogen atoms can be
protonated in whole or in part to give the corresponding salts, the degree of
protonation of the polymeric base depending on its oxidation state and on the pH of
the aqueous acid. Complete protonation of the imine nitrogen atoms in emeraldine
base by aqueous HCI, for example, results in the formation of a delocalized
polysemiquinone radical cation and is accompanied by an increase in conductivity of
~ 10" [20-24]. The partly protonated emeraldine hydrochloride salt can be
synthesized easily by either the chemical or the electrochemical oxidative

polymerization of aniline [22, 23, 25]. It can be deprotonated by aqueous ammonium

5
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hydroxide to give emeraldine base powder (a semiconductor). The protonated
emeraldine is green in color and conducting, emeraldine base is blue and non-
conducting, protonated pernigraniline is blue in color, pernigraniline base is violet
and non-conducting. The leuco-emeraldine is colorless and non-conducting. The
emeraldine base form of PANI is the most stable of the three states because, leuco-
emeraldine is easily oxidized when exposed to air and pernigraniline is easily

degraded.
1.1.3 Doping

Doping is the process by which polymers that are insulators or semi-conductors as
synthesized are exposed to charge transfer agents (dopants) in the gas or solution
phase or through appropriate electrochemical oxidation or reduction. This process
will increase the polymer’s ability to conduct electricity because of the increased
concentration of charge carriers [23]. Pure PANI, in the undoped state, is a poor
semiconductor with conductivity of about 10"® S/cm. However, once it is doped, its
conductivity could increase by a factor of 10 S/cm or more depending on the dopant
used. Polyaniline holds a special position amongst conducting polymers in that it’s
most highly conducting doped form can be reached by two completely different
process- protonic acid doping and oxidative doping. Protonic acid doping of
emeraldine base units with, for example, 1 M aqueous HCI results in complete
protonation of the imine nitrogen atoms to give the fully protonated emeraldine
hydrochloride salt [22, 23]. The protonation is accompanied by a 9-10 order of

magnitude increase in conductivity reaching a maximum with ~ 1 M aqueous HCL.

The same doped polymer can be obtained by chemical oxidation (p doping) of leuco-
emeraldine base [25]. This actually involves the oxidation of the o/7 system rather
than just the # system of the polymer as is usually the case in p-type doping. Its
reaction with a solution of chlorine in carbon tetrachloride proceeds to give

emeraldine hydrochloride:
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H H H H
OO0 =
&
H H H H
| | I U
KOO
Ccr Cldx

1.1.4 Charge storage and conduction

One early explanation of conduction in conducting polymers uses band theory as a
method of conduction. This says that a half filled valence band would be formed
from a continuous delocalized z system. This would be an ideal condition for
conduction of electricity. However, it turns out that the polymer can more efficiently
lower its energy by bond alteration (alternating short and long bonds), which
introduces a band width of 1.5 eV, making it a high energy gap semiconductor. The
polymer is transformed into a conductor by doping it with either an electron donor or
electron acceptor. This is reminiscent of doping of silicon based semiconductors
were silicon is doped with either arsenic or boron. However, while the doping of
silicon produces a donor energy level close to the conduction band or an acceptor
level close to the valence band, this is not the case with conducting polymers. The
evidence for this is that the resulting polymers do not have a high enough
concentration of free spins, as determined by electron spin resonance spectroscopy
(ESR). Initially, the free spins concentration increases with concentration of dopant.
At larger concentrations, however, the concentration of free spins levels off at a

maximum [26-30].

The polymer may store charge in two ways. In an oxidation process, it could either
lose an electron from one of the bands or it could localize the charge over a small
section of the chain. Localizing the charge causes a local distortion due to a change
in geometry, which costs the polymer some energy. However, the generation of this
local geometry decreases the ionization energy of the polymer chain and increases its
electron affinity making it more able to accommodate the newly formed charges.
This method increases the energy of the polymer less than it would if the charge was
delocalized and hence takes place in preference to charge delocalization. The two

Kekule structures derived from PANI structure is not equal in energy and hence they
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have a non-degenerate ground state. The oxidative doping of polyaniline proceeds in
the following way. Upon oxidation, an electron is removed from the 7 system of the
backbone producing a free radical and a positive charge. The radical and cation are
coupled to each other via local resonance of the charge and the radical. This cation
radical possesses a spin = %2 and a unit charge [31]. This combination of a charge site
and a radical is called a ‘polaron’. Thus, a polaron is either a positively charged hole
site (radical cation) or a negatively charged electron site (radical anion). This creates
new localized electronic states in the gap with the lower energy states being occupied
by single unpaired electrons. Up on further oxidation, the free radical of the polaron
is removed creating a new spinless defect called ‘bipolaron’, which is a dication or a
dianion, which accounts for spinless conductivity in polyaniline. Theoretical models
demonstrate that two radical ions i.e. polarons on the same chain react exothermically
to produce a bipolaron [32]. A bipolaron has a charge = 2e and spin = 0. The polaron

and bipolaron structures of polyaniline are shown in fig. 1.2.
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Fig. 1.2 Polaron and bipolaron lattice (a) Emeraldine salt in bipolar form
(b) Dissociation of the bipolaron into two polarons (c) Rearrangement of the

charges into a polaron lattice (Adapted from references [33, 34])

The energy increase due to coulombic repulsion (in the formation of a bipolaron) is
more than compensated for by the energy gained when the two charges share the
same lattice distortion. Quantum chemical calculations indicate that the formation of
a bipolaron requires 0.4 eV less energy than the formation of two polarons [35, 36].
However, bipolarons are not created directly, but must form by the coupling of pre-

existing polarons, or possibly by the addition of charge to pre-existing polaron. At
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higher doping levels, polarons are replaced by bipolarons. This, eventually with
continuing doping, forms into continuous bipolaron bands (fig. 1.3). Their band gap
also increases, as newly formed bipolarons are made at the expense of the band
edges. For a heavily doped polymer, it is conceivable that the upper and lower
bipolaron band will merge with the conduction and the valence bands, respectively,

to produce partially filled bands and metal-like conductivity.

Conduction band

1]

Valence band
e — L 1
Neutral polymer Polaron Bipolaron Bipolaron bands

Fig. 1.3 Schematic representation of the bipolaron bands

Although polarons and bipolarons are known to be the charge carriers, the precise
conduction mechanism is not fully understood. The problem lies in attempting to
trace the path of the charge carriers through the polymer. PANI is highly disordered,
containing a mixture of crystalline and amorphous regions. It is necessary to consider
the transport along and between the chains and also the complex boundaries
established by a number of phases. This has been studied by examining the effect of
doping, temperature, magnetism and the frequency of the current used. These show
that a variety of conduction mechanisms are present. The main mechanism used is by
movement of charge carriers between localized sites or between polaron and
bipolaron states. Frequency-dependent conductivity measurements of partly
protonated emeraldine were proposed to support the presence of interpolaron
hopping mechanisms [37, 38] such as variable range hopping (VRH) [39-41], the
quasi-1D VRH model [42] or the metallic rods model [43]. The effects of protonation
on the emeraldine base led to a proposal of the transformation of its electronic

structure to that of a granular polaron metal [44]. For intermediate protonation levels,
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magnetic and optical experiments supported the phase segregation between highly
conducting regions and the insulating background [45]. Where inhomogeneous
doping produces metallic islands dispersed in an insulating matrix, conduction is by
movement of charge carriers between highly conducting domains. It has been
proposed that the charge conduction is via charging energy-limited tunneling among

the small granular polymeric grains [46].

1.1.5 Synthesis

Polyaniline is prepared by either chemical or electrochemical oxidation of aniline
under acidic conditions. An aqueous medium is preferred. The synthesis of polymer
by either chemical or electrochemical methods depends upon the intended
application of the polymer. Whenever thin films and better-ordered polymers are
required, an electrochemical method is preferred. The acid dissociation constant
(pK,) is an important aspect of PANI synthesis, because in PANI, protonation
equilibria involves exclusively the quinone diamine segment, having two imine
nitrogens with pK,; = 1.05 and pK,, = 2.55 [47]. Therefore, any acid whose pK,
value falls within this range would be suitable as a dopant whereas the anilinium ion
has a pK, of 4.60 and the ammonium ion 9.24. Acids having pK, values around that
of an anilinium ion would be suitable as solvents if they are liquids and can also be

used to prevent over-oxidation of PANI.

A variety of oxidants have been used to effect chemical polymerization of aniline
under acidic conditions. The most preferred method for synthesis is to use either
hydrochloric or sulphuric acid with ammonium persulfate as an oxidant [22, 48-51].
A simple oxidizing agent like ammonium persulfate yields a polymer of better
quality than oxidizing agents containing metal ions. The principal function of the
oxidant is to withdraw a proton from an aniline molecule, without forming a strong
coordination bond with either substrate/intermediate or with the final product.
Oxidative polymerization is a two-electron change reaction and hence, the persulfate
requirement is one mole per mole of a monomer. However, a smaller quantity of the

oxidant is used to avoid oxidative degradation of the polymer formed. It has been
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noticed that better polymer formation occurs if the monomer solution in acid and the

oxidants are cooled separately before initiating polymerization.

Armes et al. studied the polymerization of aniline at 20 °C using ammonium
persulfate as oxidant [49]. In their study of the effect of the oxidant/monomer initial
mole ratio, they concluded that the conductivity, yield, elemental composition and
the degree of oxidation of the resulting PANI are essentially independent of this ratio
when its value is below 1.15. Elemental analysis showed that over-oxidation of PANI
occurs at higher oxidant/monomer ratios. Cao and co-workers established optimum
synthesis conditions for the polymerization of aniline by ammonium persulfate with
respect to viscosity, electrical conductivity and the reaction yield [51]. They found
that the reaction yield was not strongly sensitive to most synthesis variables, while
the viscosity, the molecular weight and the conductivity was found to be markedly

affective. It was reported that the polymerization process proceeds as follows [52]:

_ Ar-NH,
ArNH, —2NH2 o ArNH-Ar-NH, >
Ar-NH, e, -2H
Further oxidative
Ar-NH-Ar-NH-Ar-NH, » Polyaniline
coupling

1.2 Polyaniline/polymer blends and composites

One can find analyses of numerous attempts to apply high conductivity,
electrochromic, catalytic, sensor, redox and other properties of PANI to different
practical needs [53-57]. However, since 1984, efforts have shifted to its use as PANI
composites or blends with common polymers [54, 58-60]. This trend has been driven
by the need to replace traditional inorganic conducting fillers and to improve the
processability of PANI, along with its mechanical properties and stability. These
composite materials have introduced PANI to practical applications in different
fields, including electromagnetic shielding and microwave absorption [56, 61, 62],
static electricity dissipation [63, 64], conducting glues [65], paint coatings for

anticorrosion protection [66] and sensor materials [67]. Nevertheless, the choice of
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the best method to produce composites with specified characteristics remains an
unresolved problem, because the processing method may significantly determine the
properties of the manufactured composite materials. Known methods to produce
PANI containing composites [60] may be essentially reduced to two distinct groups:
(1) synthetic methods based on aniline polymerization in the presence of or inside a
matrix polymer, and (2) blending methods to mix a previously prepared PANI with a
matrix polymer. The synthetic direction is probably preferable if it is necessary to
produce inexpensive conducting composites, due to the use of inexpensive aniline
instead of more expensive PANI, or when there is a need to form composites which
have conductivity only in a thin surface layer. Conductive fibers are usually prepared
by this method. Good homogeneity and a low percolation threshold characterize
these composites. On the other hand, blending methods sometimes seem to be more
technologically desirable from the standpoint of large-scale production, particularly

in the case of melt processing techniques.

1.2.1 Conducting fibers

The term “intelligent and multifunctional fibrous materials” describes a class of
yarns or textiles that have active functions in addition to traditional textile properties.
The novel functions and properties are obtained by modifying the textile structures.
The textile industry has made considerable advances in the field of high valued
textiles, mainly in the sectors of high performance textiles, yarns, and fibers.
Electrically insulating nature of the synthetic polymer fibers for general purpose
applications brings about inevitable disadvantages such as electrical shock caused by
static charge accumulation and electromagnetic interference (EMI) caused by
transmission of detrimental electromagnetic waves. Therefore materials scientists all
over the world have made several attempts to prepare synthetic fibers with electrical
conductivity. The demand for the electrically conductive fibers and textiles is
growing rapidly not only in relation to industrial needs such as sensing, electrostatic
discharge, corrosion protection, dust- and germ-free clothing, monitoring, data
transfer in clothing, but also for military applications such as camouflage and stealth

technology [68-74].
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Conductive fibers have been mostly obtained either as pure conductive polymers or
as composites. The modification of fibers and yarns using conductive polymers
seems to be an interesting approach. Since polypyrrole-coated polyester textiles have
been developed by Milliken Research Corporation [18, 75, 76], many research
groups are active in this field. Clemenson, Furman and Ga. Tech. Laboratories have
begun to conduct research in chameleon fibers that change the substrate color upon
application of an electrical field. These intelligent textiles based on conductive
materials have been prepared by direct surface coating or by in situ polymerization
on textile substrates [77]. Polyamides, polyesters, carbon fibers and kevlar are
commonly used to produce conducting fibers. Commonly used conductive materials
are 7 electron conjugate polymers such as polythiophene, polyaniline or polypyrrole
[76, 78-80]. It has been reported that the electrically conducting polypyrrole coated
textiles can have excellent mechanical strength and flexibility, coupled with good
electrical and microwave properties [79-82]. Among the conducting polymers, PANI
is lightweight and a very thin coating is sufficient to give good results for EMI
shielding and electrostatic charge dissipation (ESD) [83, 84]. PANI, coated or in situ
polymerized on nonwoven fabric, Nylon 6, cotton, polyester fabric, and nomex fabric

have been reported [85-87].

Conducting polymers can be electrochemically produced in the fiber or film forms.
Carbon fibers have been coated electrochemically with PANI, producing a fiber
composite. The carbon fibers were used as a working electrode in a three-electrode-
one compartment cell [88]. In a more recent study, an electrochemical method was
developed to deposit uniform and continuous coatings of PANI on carbon fiber [89].
The authors studied the conduction mechanism by electrochemical impedance
spectroscopy and suggested that two types of doping are involved in the redox
process of PANI. The electrochemical grafting of PANI onto cotton, wool and silk
fibers was reported, provided by subjecting them to electrical treatment in the
electropolymerization solution in aqueous p-toluene sulfonic acid electrolyte [90].
During electrolysis, the weight of the fibers increased monotonically, and their

electrical conductivity decreased [90, 91]. Conductivity of the composite materials
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thus prepared was found to vary between 0.2 and 15 S/cm, depending on the nature

of the fibers and the coating procedure [92].

The electrochemically coated fibers show weak mechanical properties disabling their
application in traditional textile process. Considering this difficulty, thin coating
using conducting solutions or polymerizing on the surface of fibers should be a
reasonable method to prepare conductive textiles and fibers. Deposition of PANI on
glass-fiber fabric provided a method for the production of conductive fabrics [93].
The coating was achieved by several cycles of immersion of the fibers in an acid
aniline solution, followed by drying at 60 °C and immersion in an oxidant solution.
The mean growth rate of the deposit thickness was reported to be 150 nm per cycle.
The conductivity of the coated fabrics reached 0.23 S/cm. According to the authors,
the adhesion of polyaniline to the substrate seemed to be sufficient, since the
mechanical properties of composites did not change in comparison to those of

untreated fabric.

A comprehensive approach for preparing conductive yarns has been developed by
Kim et al. based on a sol-gel coating process [94]. PANI coating was carried out
during the impregnation of poly(ethylene terephthalate) (PET) yarns in a
PANI/solvent system. The solvent evaporation at the end led to the formation of
PANI-coated PET conductive yarns. The electrical resistance of PANI-coated yarns
decreased as the concentration of PANI solution increased. The concentration of
PANI solution had an important effect and they reported that the threshold
concentration was between 6 and 9 % of PANI. The yarns showed good

environmental stability with respect to conductivity.

Fibrils of PANI were prepared by the polymerization of aniline in a gel of
poly(acrylic acid) using FeCl; as oxidant [95]. Fibrils with a diameter of
approximately 50 nm and 1-5 pm long were observed by scanning electron
micrography. Colloidal suspensions of the fibrils in the poly(acrylic acid) solutions
could also be obtained by this method. Colloidal suspension showed optical spectrum

changes with pH similar to pure polyaniline.
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Heegers’s research group obtained monofilament conductive fibers from a blend of
PANI and poly(p-phenylene terephthalamide) (Kevlar from Du-Pont) by wet-
spinning [96]. The monofilament fibers, with different concentrations of PANI, were
wet-spun from a solution of the component polymers in sulfuric acid, into a 1 N
sulfuric acid solution. In the process, an extrusion speed of 0.12-0.30 m min" and a
draw ratio of 7:20 enabled the continuous production of bobbins. These were sprayed
with deionized water to prevent fiber collapse and to remove the excess of sulfuric
acid. The bobbins were immersed in HCI to protonate polyaniline and dried in a
vacuum oven. Pure PANI fibers were also wet-spun by the same method. The Kevlar
fibers became brittle with increasing concentration of PANI. In general, the
mechanical properties of the fibers changed proportionally to the concentration of
PANI. Enhancement of the strain at break occurred at the expense of electrical
conductivity. The most significant result from this work was the observation that
small amounts of polyamide improved the mechanical properties of PANI fibers

markedly, while retaining its conductivity.
1.2.2 Conducting elastomer composites

Elastomers are a class of polymers comprising of rubbers and latexes. Their main
characteristic is a glass transition temperature below -20 C, resilience and the
possibility of crosslinking. They are used by the polymer industry in the form of
rubber compounds, which are cross-linked rubbers containing in its formulation:
reinforcing fillers, vulcanization agents and accelerators, pigments and other
additives. In general, these polymers have unsaturated C=C bonds which promote the
crosslinking reactions, either with sulfur or with peroxides. Their range of
applications is very large and grows continuously. It spans from large-scale uses such

as tires to the small scale such as solid-state electrolytes.

Incorporation of conductive additives into a host elastomer matrix constitutes an
excellent approach for the development of special materials, which combine
electronic conductivity with elasticity and other important mechanical properties
imparted by the insulating rubber matrix [60]. The use of blends in rubber industry is

important because it allows tailoring of the characteristics of a material by using two
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or more polymers with different properties in the composition. Electrically
conductive vulcanized rubbers find applications in fuel hoses, spark plug cables and
high-voltage cable insulations. Typical metals such as copper or aluminum, which
have high conductivity and dielectric constant, have been employed for fabricating
such materials. While metals have good mechanical and conducting properties, they
have disadvantages such as heavy weight, easy corrosion and poor processability.
Several reports deal with the development of such conducting materials by
employing conducting carbon black as the conducting additive [97] and their
potential applications which include electromagnetic shielding [98], electrostatic
charge dissipation [99] and sensors [100-102]. In recent years, conducting polymers
with highly extended conjugated electron systems in their backbones have attracted
great interest due to their electrical, electrochemical and optical properties [103]. The
electrically conducting polymers like polypyrrole (PPy), polythiophene (PTh) and
polyaniline have been examined for possible electronic and chemical applications.
There are several studies in the literature describing the preparation of blends and

composites of elastomers and conducting polymers.
1.2.2.1 State- of- art research

Zoppi and De Paoli prepared blends of polypyrrole and ethylene-propylene-diene
monomer rubber (EPDM) by the sorption of pyrrole in vapor phase in an EPDM
matrix containing CuCl, [104]. Elastomeric blends with conductivity of the order of
107 S/cm were obtained. In another work, the same authors prepared semi-
interpenetrating networks (SIPNs) by swelling the vulcanized EPDM rubber with a
tetrahydrofuran solution of FeCls, followed by exposure to pyrrole vapors [105]. The
highest conductivity obtained by this method was 10” S/em. Yigit et al. presented the
electrochemical synthesis and characterization of conducting composites of
polythiophene with a synthetic rubber (cis-1,4-polyisoprene) and natural rubber
[106].

Conducting elastomer blends based on polyaniline and unsaturated rubbers have
several potential applications, especially as pressure sensors. These

blends/composites have been prepared by different techniques such as
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electropolymerization, solution mixing, mechanical mixing and in sifu
polymerization. A blend of PANI and nitrile rubber (NBR) has been prepared by
coating a platinum working electrode with a thin film of nitrile rubber (29 %
acrylonitrile) and polymerizing aniline by the potentiodynamic method. The
electrochemical properties of the blend were very similar to pure PANI in cyclic
voltammetry measurements [107]. The good miscibility of the components of this
blend was demonstrated by differential scanning calorimetry (DSC) and scanning
electron microscopy (SEM) [108]. In this work, the feasibility of preparing this blend
by galvanostatic or potentiostatic methods was also demonstrated. In a subsequent
study, the cyclic voltammetry, complex impedance spectroscopy, electrochromism
and mechanical properties of this material have been reported [109]. Stress-strain
tests indicated a behavior typical of crosslinked rubbers, with a strain at break of
2700 %. These results contrasted with those obtained by other authors [110], who
observed a toughening of poly(vinyl chloride) and poly(ethylene acetate-co-vinyl
chloride) upon electrochemical blending with polypyrrole. The optical properties of
this blend enabled its use in a device as an anodic electrochromic material in
combination with WO;, a cathodic electrochromic material [111]. Due to its
mechanical properties, this material could be used as an antistatic coating in

industrial installations.

Nitrile rubber and polyaniline were also blended by cold mixing in a type of roll mill
called ‘calender’. Calendaring is routinely used in the rubber industry to produce
rubber compounds prior to vulcanization. PANI was synthesized by chemical
polymerization using ammonium persulfate as oxidizing agent and with different
acids as dopant: dodecylbenzenesulfonic acid (ADBS), tetrapropylbenzenesulfonic
acid (ATBS), p-toluenesulfonic acid (APTS) and hydrochloric acid. All samples
were electroactive and presented similar conductivities [112]. The blends were
characterized by stress-strain measurements, dynamic mechanical analysis,
conductivity measurements and scanning electron microscopy. The NBR
composition affected the mechanical properties of the blends. The tenacity decreased
with increasing PANI concentration for all dopants studied. The increase in PANI

concentration caused phase segregation, as indicated by two glass transition
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temperatures for the blend containing PANI/ADBS and for that containing
PANI/ATBS. From these results, it was concluded that two parameters determine the
phase behavior of these blends: NBR composition and PANI dopant. The surface and
volume conductivities of the blend exhibited the same dependence on the
concentration of the conductive polymer component, and were directly proportional
to the concentration of PANI. Blends based on PANI/ATBS showed higher
conductivity (volume conductivity for the blend containing 100 phr was 6.0 x 10” S/cm)

in comparison with other blends [113, 114].

Leyya et al. demonstrated an interesting and surprising difference between rubbery
blends of styrene-butadiene-styrene (SBS) triblock copolymer and PANI doped with
dodecyl benzene sulfonic acid (PANI-DBSA) produced by solution blending under
magnetic stirring and ultrasonic vibration [115]. Specifically, they found that blends
prepared in solution by magnetic stirring displayed a higher conductivity than those
obtained by sonication. Basing on optical microscopy data, the authors deduced that
the difference is connected with the fact that sonication led to the formation of very
small, conducting particles well distributed inside the matrix, while the magnetic
stirring method gave larger PANI-DBSA particles. As a result, the sonicated system
gave blends with higher percolation threshold (3.8 wt %) than that for the magnetic
stirred system (2.2 wt %). This explanation contradicts the usual guideline that at the
same loadings, the higher the dispersion of the conducting particles, the better the
formation of conducting pathways. However, we may consider the results as an
important indication on the necessity to control stirring conditions to obtain

reproducible results for PANI blends obtained by solution blending.

Koul et al. have shown enhanced electrical and optical properties, along with higher
solubility in all common organic solvents, for PANI doped with a mixture of
DBSA/TSA (toluene sulfonic acid) (1:1) [67]. Using this double doped PANI, they
prepared composite films with acrylonitrile-butadiene-styrene (ABS) by casting from
the chloroform solution. The surface resistance of these composites changed from
300 MQ/cm to 1.3 MQ/cm dependent on the doped PANI content and the method of

mixing the system components.
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Melt mixing has been used to disperse conductive polymers in SBS matrix. A strong
dependence of conductivity of PANI blend properties on the composition and
processing conditions has been demonstrated for melt mixed PANI-DBSA complex
with SBS rubber. PANI-DBSA was mixed with SBS rubber in a Brabender mixer
[116]. A conductivity of 2 S/cm was achieved with a loading of 50 % of the
conductive polymer. According to the authors, this blend could be extruded.
However, no supplementary data supporting this conclusion were provided. Leyya et
al. showed that the conductivity was enhanced for blending at a higher temperature,
130 'C in a Haake internal mixer compared to the blend compression-molded at 100 C
[117]. However, a highly cross-linked material was obtained at higher temperature. It
should be emphasized that the mechanical performance of the PANI-DBSA/SBS
blends was not good in comparison with pure SBS. Thus, the ultimate tensile
strength and elongation at break of the compression-molded samples decreased from
21.0 MPa and 5200 % to 9.5 MPa and 3900 % for pure SBS and its blend with 17 wt %
PANI-DBSA loading, respectively.

A thermoplastic elastomer, poly(styrene-ethylene/butylene-styrene) was melt
blended with PANI-DBSA at 160 ‘C and subsequently injection-molded to test bars
or compression-molded into films [19]. Stress-strain curves revealed an elastomeric
behavior. A very low threshold for the electrical conductivity in relation to pure
PANI content was observed (0.1 S/cm for 2 %). An interesting effect was observed
on the conductivity upon stretching of the films: at 100 % elongation, the
conductivity reached a maximum; between 100 and 400, it decreased; and at 400 %,
it remained almost at the original value. This suggests that low elongations align the
conductive pathways and a long elongation disrupts the conductive network. The

authors do not comment on the possible hysteresis of this effect.

Koul, Chandra and Dhawan reported blends of conventional thermoplastic ABS
copolymer with PANI doped with a specific ratio of mixed dopants, consisting of
DBSA and TSA [118]. Specifically, conductivities for PANI-DBSA-TSA (1:1)/ABS
composites were 7.6 x 10’8, 8.0 x 10'7, 1.3 x 10° and 0.1 S/cm for 20, 30, 40 and
50 wt % of PANI-DBSA-TSA, respectively. Styrene-butadiene rubber (SBR) with
PANI doped with DBSA [119], and NBR with PANI doped with different acids were
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prepared by mechanical mixing [119, 120]. Pinho and co-workers prepared
composites of polychloroprene with PANI doped with chloridric acid by mechanical
mixing [121]. The preparation of EPDM rubber composites by mechanical mixing

with PANI doped with different sulfonic acids has been reported [119, 122-126].

Chemical polymerization of aniline-swollen vulcanized polychloroprene sheets was
reported [127]. Electrically conductive elastomeric blends based on NBR/PANI-DBSA
prepared by polymerization of aniline in the presence of NBR, using a direct, one
step in situ emulsion polymerization method in which DBSA played both the roles of
surfactant and dopant was prepared by Soares er al. [128]. They also prepared
NBR/PANI-DBSA blends by mechanical mixing and found that the in situ
polymerized blends showed higher conductivity values. Moreover, it has been
reported that polyanilines showed high efficiency as an antioxidant and anitrad

material for SBR vulcanizates [129].

1.3 Conduction processes

Electrical conduction in a conducting polymer or conducting polymer composite can
take place by several mechanisms such as tunneling conduction, impurity level
conduction including hopping of charge carriers from one impurity level to another
in the impurity band, space charge limited process due to the impediment of carriers
at the interfaces under an external electric field and ionic conduction under high
electric fields by the migration of cations and anions in opposite directions. However,
all the processes may not be present in all cases and even when present, one of these

may be significant under certain conditions while the others may not be so.
Tunneling

Tunneling is a quantum mechanical phenomenon in which an electron passes through
a potential energy barrier without acquiring enough energy to pass over the top of the
barrier. The penetration probability of an electron from one electrode to the other
through the insulator is much dependent on the applied electric field. The effects of
image forces, temperature, dielectric constant, shape of the potential barrier and

effective mass of electron in the conduction band must be taken into account in
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determining the tunnel currents. If the barrier is thin enough, electrons can flow
through the barrier between the conducting regions by quantum mechanical
tunneling. Direct tunneling involves the transfer of electrons directly from one
metallic island to the other through their Fermi surface levels. For a thin film under a
high applied electric field, tunneling can be direct and according to Fowler-Nordheim

expression, the current density; J, is given by
J=F? exp(—0.689¢%Fj w1

where F=V/d is the applied field, V is the applied voltage, d is the thickness of the
film and @ is the metal-insulator work function. These equations predict that the

current density; J, should be independent of temperature.
Space charge limited conduction

Carriers can be injected from the metal electrode into the conduction band of the
polymer under an applied electric field. If the amount of injected carriers is more
than that which can be transported across the film, a space charge will be built up at
the interface. Electrons flowing through the system under an electric field will be
impeded and controlled by the space charge collected at the interface and this gives
rise to the phenomenon known as space charge limited conduction (SCLC). SCLC
currents are important because the injected current is independent of the mechanism
of carrier generation and depends only on the transport and trapping of the carriers
within the sample. SCLC shows three to four distinct regions in the current-voltage
plots. The first region corresponds to the low field conduction region where the
variation of current density with voltage is ohmic. As the voltage is increased, the
injected carriers outnumber the thermally generated ones and SCLC starts. The
current density under SCLC conduction; J, is directly proportional to V2 and inversely
to d’. The region close to the ohmic one is the square law region where J varies as Ve,
The transition from ohmic to square law shows the onset of SCLC conduction. The
presence of traps in the material will reduce the SCLC current considerably because
the empty traps remove the injected carriers. If the voltage is further increased, at

some higher voltage, all the traps become filled and then the current increases rapidly
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to the trap free case. Beyond this, any slight change in voltage will increase the

current sharply.
Hopping conduction

Conduction via localized electrons implies discrete jumps across an energy barrier
from one site to the next. In other words, if two molecules are separated by a
potential barrier, a carrier on one side can move to the other side either by tunneling
through the barrier or by moving over the barrier via an activated state. The latter
process is called hopping. The relative importance of these two mechanisms depends
on the shape of the barrier and on the availability of thermal energy. This thermally
activated type of mobility will increase with temperature, of course, in contrast to
that in band conduction. It is apparent that we learn a lot about the conduction
process by determination of carrier mobility e.g., its temperature dependence
provides a good criterion by which we can distinguish band and hopping types of
mechanisms. Though polymers are amorphous materials, a short-range order prevails
in most of these materials. Hence the theory that is used to explain the electronic
band structure in crystalline phase can also be applied in amorphous polymers. If the
spatial fluctuations in the interatomic distances are large, the correspondingly large
and random fluctuations in the height or depth of the potential wells may lead to the
localization of states below a certain critical and well-defined energy. When the
carrier mobility is low and the mean free path is comparable with interatomic
distance, the conduction can be expected to take place by a hopping process in the
localized states. In a hopping mechanism, only those carriers with an energy k7T,
where k is the Boltzman constant and T is the temperature, below the Fermi level
have a significant probability of hopping. Mott showed that for strongly localized

states, the conductivity at low temperatures must follow a relationship of the form,

J (1.2)

-B
4

o= exp( 7
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where o is the conductivity and B is a constant related to the hopping mechanism. At
high temperatures, deviations from T occur which can be understood in terms of
interchain hopping [130]. A carrier trapped in a chain, after detrapping may drift
along the same chain or may hop into an adjacent chain. In amorphous polymers, the
conduction occurs due to two distinct processes; a temperature dependent trap

hopping and a comparatively less dependent interchain hopping.
1.4 Dielectric spectroscopy

Dielectric spectroscopy is an informative technique to determine the molecular
motions and structural relaxations present in polymeric materials possessing
permanent dipole moments [131, 132]. The measurements can be used to find
dielectric relaxation times and distribution parameters. The relaxation time depends
on the molecular size, shape, intramolecular and intermolecular forces, and can be
used to investigate molecular and intramolecular motions and their relation to
molecular structure. These studies can be used to evaluate the barrier height
hindering internal rotation, problems of complex formation, dipole-dipole
interactions and other short-range intermolecular forces. Dielectric relaxation
measurements have great potential for studying weak molecular interactions. An
extensive study of dielectric behavior of polar solutes at low concentration in non-
polar solvents has led to valuable information regarding hydrogen bonding and
solute-solvent interactions. A systematic study on the dielectric properties provides
valuable information on the behavior of localized electric charge carriers within the
system. The dielectric properties of a substance can be used as a source for deriving
information about specific interactions between the molecules and about the structure
of the material. Hence, a thorough and in-depth study of the dielectric behavior of the
composites is inevitable. Dielectric spectroscopy has proven highly useful for
studying the structure and dynamics of polymeric materials. Studies of various polar
polymers [131, 133-136], polymer blends [137, 138], copolymers [139] and
composite materials [140-142] by means of dielectric analysis have shown that it is
one of the most efficient techniques for defining characteristic structural features.
More recently, dielectric test methods were used to study polymer crystallization due

to their high sensitivity to morphological changes [133, 143-146].
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In dielectric measurements, the material is exposed to an alternating electric field,
which is generated by applying a sinusoidal voltage; this process causes alignment of
dipoles in the material, which results in polarization. The polarization will cause the
output current to lag behind the applied electric field by a phase shift angle, 6. The
magnitude of the phase shift angle is determined via measuring the resulting current.
The capacitance and conductance of the material over a range of temperature and
frequency are then calculated from the relationship between the applied voltage,
measured current and phase shift angle and are related to dielectric permittivity; €,
and the dielectric loss factor; g”, respectively [131, 132, 147]. The dielectric
permittivity; €, represent the amount of dipole alignment (both induced and
permanent) and the loss factor; ¢, measures the energy required to align the dipoles
or move ions. The ability of an insulator to resist the passage of alternating current or
serve as a capacitor is determined by the permittivity or dielectric constant and the
dissipation factor. These properties are measured using low voltage so that bound
charges are displaced but not ruptured. Dielectric permittivity is a measure of the
energy stored in a material subjected to electrical stress. It is defined as the ratio of
the field strength in vacuum to that in the material for the same distribution of
charges. A number of parameters like temperature, grain size and orientation,
molecular structure of the material and frequency of the applied field affect the
dielectric permittivity of the materials. The dielectric permittivity and loss factor are

the real and imaginary components of the complex permittivity; e, given by e =¢c-¢.
1.4.1 Polarization

The difference between the dielectric constant of a polymer and that of free space is
due to the restricted movements of charges within the polymer. Under the influence
of the applied field, positive charges move with the electric field and an equal
number of negative charges move against it, resulting in no net charge anywhere
within the polymer. However, there is a net positive charge at the surface where the
positive direction of the field emerges and a negative charge at the surface where the
field enters. Thus the field within the polymer is produced by a larger field outside it,
and the normal components have the ratio given by the dielectric constant. This

general process is called polarization. The charges are bound in the dielectric. They
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cannot move throughout it; otherwise they would produce conduction, not
polarization. In a dielectric material, several types of polarization mechanisms can
occur under the influence of an applied AC field. The dielectric permittivity is a
consequence of these polarization mechanisms such as electronic, ionic, dipole and

interfacial polarizations.
Electronic polarization

An electric field will cause a slight displacement of the electron cloud of any atom in
the polymer molecule relative to its positive nucleus. As a result of this relative
movement, the nuclei are no longer at the centers of the electron “orbits”. This
condition is called electronic polarization. However, the displacement resulting from
this polarization is quite small, because the applied electric field is usually very weak
compared with the intra-atomic field at an electron, which is caused by the nucleus.
Electronic polarization is observed in all materials irrespective of whether other types
of polarization mechanisms are present or not, and is responsible for the refraction of
light [148]. This is a very rapid process. Typically, the time required for the process
is around 10 s and is predominant at optical frequencies. At these frequencies,
dielectrics possessing electronic polarization satisfy the relation ¢ = n°, where n is the
high frequency refractive index of the material and ¢, the relative permittivity of the

material.
Ionic or atomic polarization

An electric field can also distort the arrangement of atomic nuclei in a polymer
molecule, a process called atomic polarization. This is due to the displacement of
negative ions and positive ions in opposite directions under the action of the external
applied field. It generally arises in ionic solids. The movement of heavy nuclei is
more sluggish than that of electrons, so atomic polarization cannot occur at as high
frequencies as electronic polarization, and occurs in the infrared region and in such
cases, ¢ > n’. The time required for atomic polarization is around 107 s. A major

contribution of atomic polarization comes from bending and twisting motions.
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Usually, the magnitude of atomic polarization for ordinary polymers is only one-

tenth that of electronic polarization.

Both electronic and atomic polarizations are displacements of positive and negative
charge centers within the molecule, or alternatively, molecular deformation or
molecular distortion. Thus, these processes may also be called displacement
deformation or distortion polarization, and the dipole moment so produced is called

an induced dipole moment.
Dipolar or orientation polarization

If the polymer molecules already possess a permanent dipole moment, such as polar
molecules, the moment will tend to be aligned by the applied field to give a net
polarization in that direction. This orientation polarization typically requires 107 s. In
visualizing this process, we think of dipoles pointing in all directions and continually
jumping from one orientation to another as a result of thermal agitation. When the
field is applied, the polarization that develops is a relatively small average of
orientations favoring the direction of the applied field. The tendency to revert to
random orientation opposes the tendency of the field to align the dipoles and thus
allows for polarization to vary in proportion to the applied field. The orientation
polarization produced by a field as high as 10° V/mm, nearly the highest used in
engineering practice, results only in less than one-hundredth of the calculated

polarization if all the dipoles were aligned.
Interfacial polarization

Interfacial polarization is due to the space charge accumulation at the structural
interfaces of an inhomogeneous dielectric material. Electronic, atomic and
orientation polarization are all due to charges that are locally bound in atoms,
molecules, or the structures of solids and liquids. But in addition, charge carriers
usually exist that can migrate for some distance through the dielectric. When the
charge carriers are impeded in their motion, either because they become trapped in
the material or at an interface or because they cannot be freely discharged or replaced

at the electrodes, space charges and a macroscopic field distortion result. Grain/phase
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boundaries and free surfaces are common barriers. The effect of this will be the
creation of a localized accumulation of charge that will induce its image charge on an
electrode and give rise to a dipole moment. This type of polarization occurs
particularly in heterogeneous systems where a relatively conductive component is
mixed in an insulator. This phenomenon has been first recognized by Maxwell in
1892. He examined the effect of a field applied across a specimen consisting of
layers of two different materials with dielectric constants; &, ', 8,2 and conductivities;
o), 02, respectively. His results showed that charges will accumulate in time at the
interfaces between the layers, whenever 8,1 oy F* 8‘2 o;. Wagner, in 1914 gave an
approximate treatment of the important practical case where a very highly insulating
dielectric suffers from inclusions of conductive impurities. Taking the model where
the impurity exists as a sparse distribution of small spheres in the dielectric matrix of
negligible conductivity, he derived equations for the components of the complex
dielectric constant of the composite. Sillars, in 1937 developed the subject further

and demonstrated the importance of the shape of the conductive inclusions.

Generally, interfacial polarization may be detected in polymers having structural
inhomogeneities even when there is no orientation polarization of the polar
inclusions, or even if the inclusions are non-polar. In any case, when structural
inhomogeneities between materials of different dielectric constants and
conductivities are present, interfacial polarization is expected to occur. This
principally influences the low-frequency (107 to 10° Hz) dielectric properties,
because the interfacial polarization usually decreases with increasing frequency.
Since even pure polymers are never homogeneous, the very low-frequency dielectric
constants are expected, and found to be much higher than the dielectric constants

obtained from extrapolation of values measured at intermediate and high frequencies.
1.5 Microwave technology

The microwave constitutes only a small portion of the electromagnetic
spectrum (300 MHz to 300 GHz), but their uses have become increasingly important
in investigations of material properties. Material characterization is essential for the

proper selection and implementation of a substance when used in industrial, scientific
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and medical applications. The dielectric parameters over a wide range of temperature
are needed to asses their suitability for use in telecommunications, dielectric wave-
guides, lenses, radomes, dielectric resonators and microwave-integrated circuits
(MICs), and on lossy materials for estimating their heating response in microwave
heating applications. Microwave heating is a very efficient method of heating
dielectric materials and is extensively used in industrial as well as household heating
applications. For design of microwave absorbers and food packages, dielectric data
for lossy materials are required. The knowledge of the dielectric parameters of
biological tissues is essential for the proper application of microwave diathermy. The
measurement of dielectric parameters will serve as a tool for investigating the
intermolecular and intramolecular mechanisms of compounds. Hence, an in-depth

study of the microwave characteristics of a material assumes significance.

Determination of dielectric properties and the use of dielectric heating for polymer
synthesis attribute microwaves an important status in polymer chemistry. Polar
starting materials and very often products, allow rapid and controllable synthesis, the
dielectric properties themselves being an excellent indicator of reaction progress. The
ability to control synthesis with high accuracy and with direct heating of the reactants
has the advantage of large potential savings in energy. Economic analyses suggest
that the costs of curing polymers may be reduced from 4-11 MIJ/Kg to 0.3-0.5
MJ/kg by switching to the one of microwaves [149]. The synthesis of polyamides
and polyurethane films suggests that energy transfer is more efficient with the use of
pulsed microwaves than by continuous power [150, 151]. Conductive polymers are
causing a great interest due to their wide variety of properties. In particular, from the
evolution of their conductivity with frequency, many ideas have been attempted to
adapt these phenomena to microwave applications. Inherently conducting polymers
are excellent microwave absorbers and make ideal materials for effecting welding of
plastics [103]. The two important applications concerned with the use of microwave

properties are EMI shielding and radar absorbing materials.
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1.5.1 Electromagnetic shielding

Electromagnetic interference (EMI) is one of the unfortunate byproducts of the rapid
proliferation of electronic devices such as cell phones, wireless internet, LAN system
or Bluetooth devices [152, 153]. Electromagnetic interference of radio frequency
radiation is a serious concern in society. EMI can be defined as spurious voltages and
currents induced in electronic circuitry by external sources. In simple words, EMI is
unwanted electrical and magnetic energy that causes a disturbance in a receiving
device. Such interferences have been considered as a form of pollution. EMI has
become a major problem, as it reduces the lifetime and efficiency of the instrument.
Cardiac pacemakers have been known to stop working, classical computer
information has been lost and vital air traffic control instructions have been

misinterpreted due to this invisible form of pollution.

Lightweight EMI shielding is needed to protect the workspace and environment from
radiation emanating from computers and telecommunication equipments as well as
for protection of sensitive circuits. Radiation shielding materials are essential for
high operational reliability and long life of electronic equipment since they reduce or
suppress the electromagnetic noise [152, 153]. The term “shield” usually refers to a
metallic enclosure that completely encloses an electronic product or a portion of a
product. There are, in general, two purposes of a shield viz., to prevent the emissions
of the electronics of the product from radiating outside the boundaries of the product,
and to prevent radiated emissions external to the product’s electronics, which may
cause EMI in the product. This latter purpose is particularly important in military
applications, where vital equipment may be exposed to very high-power external
sources of electromagnetic radiation such as from radars and possibly even nuclear
explosions. A shield is, conceptually, a barrier to the transmission of electromagnetic
fields. In order to achieve large values of shielding effectiveness, the shield must
completely enclose the electronics and must have no penetrations such as holes,
seams, slots or cables. Any penetration in a shield, unless properly treated, may
drastically reduce the effectiveness of the shield. The main motivation behind the
proper design of shield is to make a product that can comply to

National/International Electromagnetic Interference Regulatory Standards. Owing to
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their aesthetic appeal, plastics have replaced metal cabinets of electronic housings.
However, plastics are transparent to electromagnetic radiations and cannot be earthed
to provide electrostatic control. Investigation of new effective materials applicable as
microwave absorbers for EMI shielding of various electronic devices ranks among
important present-day activities [154-157]. Extensive studies have been carried out to
develop new microwave absorbing materials with high magnetic and electric loss
[158-161]. Conducting polymers and composites are excellent candidates as

shielding materials [162, 163].

1.5.2 Radar absorbing materials

Dissimulation and camouflage has ever been present in the human mind. Since the
beginnings of aeronautics, many attempts have been made to build less visible
aircraft. Until 1940, the observation telescope was the only way to observe the
enemy’s movements. Since then, the entry of radar and the use of different
wavelengths have upset the observation techniques. The change in wavelength from
visible to microwaves obliged observers to take into account the object shape as well
as the physical and chemical nature of the coating materials. The echo, that is to say,
the reflected wave indicates the presence of an object in the radar field observation.
The military aircraft industry has really taken into account the necessity of reducing
the echo (called Radar Cross Section, RCS) of their engines since the sixties [164].
The absorption or dispersion of the electromagnetic energy in the medium between
the radar and a protected target by the use of radar absorbing materials to cover the
metallic surface of ships/aircrafts is one method of reducing the radar signature of
targets. In order to reduce the vulnerability of their aircraft, they looked for a more
discrete shape, and used materials intended to absorb radar emitted energy, for
example, the ‘ironball paint’ - a magnetic coating - was the first radar absorbing
material described in literature and applied to Lockheed U 2 and SR 71 planes [165,
166]. The metallic aircraft surface is a reflector from the electromagnetic waves point
of view. That is why much work has been devoted in France and all over the world,
particularly in the USA and in ex-USSR, to the conception of radar absorbing

materials (RAM) associated with the former optimized shape.
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A number of materials have been developed as RAMs. Conducting polymers present
very promising properties because of the chemical nature of the macromolecular
chains in which electronic conduction occurs at long range. They have some specific
characteristics that make them far more interesting than traditional dielectric
materials [167-169]. The insertion of conductivity into various materials such as
insulating polymer matrices, reinforcing fabrics, honey-comb structure is now
possible and leads to complex structures. They absorb radar waves and can match
new environmental constraints, mechanical properties for example. The driving idea
is based on the growing process at molecular scale of the conducting entity leading to
a uniform macroscopic network in the material. Polyaniline, polypyrrole and

polythiophene possess this property.
1.6 Objectives of the current work

The current research has been undertaken to explore the potential of polyaniline
coated short Nylon fiber as conductive filler and a reinforcement material in a
regionally important elastomer, natural rubber and a polar elastomer, chloroprene

rubber. The specific objectives of the present work are:

v’ Preparation of polyaniline coated conducting short Nylon fibers

v' Exploration of chromic acid etching treatment as a means to improve the

conductivity of the fibers

v Investigation of the surface characteristics, thermal stability and mechanical

strength of the conducting fibers

v’ Fabrication of conducting polymer composites of polyaniline/polyaniline
coated short Nylon fiber and the elastomers- natural rubber and chloroprene

rubber

v Evaluation of the physico-mechanical properties of the conducting polymer

composites

v' Dielectric studies of the conducting polymer composites in the frequency

range 0.1-8 MHz at different temperatures
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v

v

Study of the microwave -characteristics of the conducting polymer

composites in the X and S band frequencies

Estimation of the electromagnetic shielding effectiveness of the composites
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Conducting Nylon fibers were prepared by in situ polymerization of
aniline on to the fiber surface, after providing a chemical etching
treatment to the fibers using chromic acid. The properties of the etched
and polyaniline coated fibers were evaluated using scanning electron
microscopy, X-ray photoelectron spectroscopy, infrared spectroscopy,
X-ray diffraction, thermogravimetry and differential scanning
calorimetry. Though the etching process caused a marginal decline in the
mechanical properties of the fiber, it provided a reasonably rough surface
for PANI adhesion and enhanced the conductivity of the fiber. The
conductivity increased from 4.22 x 1 07 S/em to 3.72 x 107 S/em at an etching
time of 4 h.

Chapter 2

Polyaniline coated short Nylon fiber”

2.1 Introduction

Conductive polyaniline (PANI)/polymer fibers can be produced either by inclusion
of PANI or by in situ oxidative polymerization of aniline monomer. Owing to low
thermal stability and insolubility of PANI, the former method is hardly acceptable for
producing conductive composite fabrics. Therefore, most studies have focused on in
situ polymerization route to produce conductive fabrics. This method does not

require destruction of the substrate and provides reasonably good conductivity and

* A part of the work described in this chapter has been presented at:

v’ International Conference POLYCHAR-16, World Forum of Advanced
Materials, Feb 17-21, 2008, World Unity Convention Center, Lucknow, India

v 17" AGM of Materials Research Society of India, AGM-MRSI, Feb 13-15,
2006, University of Lucknow, India

v National Conference on Frontiers in Polymer Science and Technology,
POLYMER 2006, Feb 10-12, 2006, Indian Association for the Cultivation of

Science, Kolkata, India
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produces modified polymer matrices with a PANI layer at their surface. The
thickness and conductivity of the layers depend on the method of modification and
on the time of contact of the solid matrix with the reaction medium. The surface
conductivity obtained may range, from semiconductor level up to the conductivity of
pure PANI. Even a simple dipping method resulted in conductivity of 1-5 S/cm and
transmittance of 80 % at 450-650 nm for a 0.5 pm PANI layer [1]. Apparently, this
method is not technically suitable for sheet materials, because it requires the use of
polymer matrixes with a good adhesion to PANI. Moreover, it produces pure PANI
deposits having poor mechanical properties. At the same time, for fibers and textile
materials with a well-developed reactive surface, it may lead to the production of

conducting fibers and fabrics with PANI grafted on the surface and inside the pores.

Genies et al. have reported the impregnation of PANI onto glass textiles [2].
Chemical polymerization of polypyrrole on poly(ethylene terephthalate) fabric was
reported by Kim et al. [3]. Aniline can be polymerised on the fabrics from the
aqueous solution [4-6] or the vapor phase [7] using appropriate oxidizing agents. The
use of peroxosalts as oxidants causes a graft copolymerization of aniline and its
derivatives onto a polymer matrix [8]. Anbarasan and co-workers investigated the
kinetics of this grafting onto rayon [9], wool [10] and PET [11] fibers and proposed a
possible mechanism of graft and homo polymerization of aniline. Specifically, they
carried out oxidative chemical polymerization of aniline using peroxydisulfate and
peroxomonosulfate as the sole initiator in an aqueous acidic medium in the presence
of the fibers. This resulted in the chemical grafting of PANI onto the fibers,
confirmed by Fourier Transform Infrared spectroscopy (FTIR), cyclic voltammetry,
weight loss study, and conductivity measurements. The authors proposed a probable
mechanism involving graft polymerization of aniline through interaction of the
oxidant with the fiber surface, inducing the formation of radical sites at the fiber
surface, followed by grafting aniline with its subsequent participation in a typical
aniline oxidative polymerization. The conductivity of such fabrics depended on
deposition of conductive polymer on the surface or in the interstices of the fabric [4, 12].

A PANI layer bonded strongly to the fiber surface is required for better conductivity
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and durability. This can be achieved by improving the adhesion of PANI on the fiber

surface.

Two methods to obtain electrically conductive fabrics by in situ polymerization of
aniline were compared by Oh and coworkers [13]. These materials were prepared by
immersing the Nylon fabrics in pure aniline or an aqueous hydrochloride solution of
aniline followed by initiating the successive direct polymerization in a separate bath
(DPSB) or in a mixed bath (DPMB) of oxidant and dopant solution with aniline.
They showed that the DPMB process produced higher conductivity in the composite
fabrics, reaching 0.6 X 10" S/em. Moreover, this process induced a smaller decrease
in the degree of crystallinity than the DPSB process. The PANI/Nylon composite
fabrics displayed a good serviceability. Thus, no important changes in the
conductivity were observed after abrasion of the composite fabrics over 50 cycles
and multiple acid and alkali treatment. The stability of the conductivity decreased by
less than one order after exposure to light for 100 h, but it was significantly

decreased after washing with a detergent.

In another work, the same authors attempted plasma treatment of the fabrics to
improve the surface adhesion between PANI and Nylon fabric and hence the
serviceability, conductivity and durability [14]. But this is an expensive method. An
alternate, less expensive method is chemical etching of the fiber surface. The
monomer and the oxidant are adsorbed on the surface of the fiber instead of diffusing
into the fiber. Therefore, it is expected that the fabric conductivity and adhesion of
the polymer on the fiber surface can be improved with an increase in the surface
energy and surface area. This can be achieved by the chemical etching process. In
this work, we have explored the possibility of using chromic acid for improving the
adhesion properties and conductivity of Nylon fibers. Optimization of chromic acid
concentration and etching time and the electrical properties of the PANI deposited
etched Nylon fiber are presented. Surface characteristics of the etched fibers were
analyzed using scanning electron microscopy, X-ray photoelectron spectroscopy,
infrared spectroscopy and X-ray diffraction analysis. The thermal characterization of

the coated fibers is also presented.
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2.2 Experimental
2.2.1 Materials

Nylon-6 fibers (1680/2D) were obtained from Sri Ram Fibers Ltd., Chennai, India.
Aniline, ammonium peroxydisulfate, hydrochloric acid and chromium trioxide were

supplied by S. D. Fine Chemicals Ltd., Mumbai, India.
2.2.2 Preparation of polyaniline

An aqueous solution of ammonium peroxydisulfate (1.62 M) was added drop wise to
a solution of 0.0219 M aniline in 50 ml, 1 N hydrochloric acid at ambient
temperature. After complete addition, the reaction was left to proceed for 4 h. The
precipitate formed was then filtered, washed with acetone till the filtrate became
colorless, followed by a wash with dilute hydrochloric acid and finally with water.

The PANI formed was then dried in an air oven at 60 C.
2.2.3 Etching treatment

1 g of the chopped Nylon fibers (5 mm) were immersed in 250 ml of aqueous
chromic acid solution of a specified concentration at 60-65 'C with continuous
stirring for a specified time. The etched fibers were subsequently filtered and washed
with distilled water till the washings were free from coloration and then dried at

60 'C in an air oven.
2.2.4 In situ polymerization

0.5 g of the etched fiber was soaked in 10 ml of aniline for 24 h at room temperature.
The excess aniline was then drained off and the fibers were blotted with tissue paper.
The weight of the fiber before and after soaking was noted. The percentage of aniline
absorption was determined to be 23.8 %. The soaked fibers were then added to a
solution of 0.0219 moles of aniline in 50 ml, 1 N hydrochloric acid. The
polymerization was carried out for 4 h at room temperature using an aqueous
solution of ammonium peroxydisulfate (1.62 M). These were then filtered, washed

with water till the washings became colorless and further dried.
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2.2.5 Characterization
2.2.5.1 Tensile strength

The mechanical properties of the fibers were studied using a Shimadzu Universal
Testing Machine (UTM model AG I) with a load cell capacity of 10 kN. The gauge
length between the grips at the start of each test was adjusted to 50 mm. The fibers of
254 mm length were held between the two grips and a uniform rate of grip separation
(cross-head speed) of 20 mm/min was applied. The strength was evaluated after each
measurement automatically by the microprocessor and presented on a visual display.

Average of atleast six sample measurements were taken to represent each data point.
2.2.5.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is a very useful tool to gather information about
topography, morphology, composition and micro structural information of materials.
In a typical SEM, electrons are thermionically emitted from a tungsten or lanthanum
hexaboride (LaBg) cathode and are accelerated towards an anode; alternatively,
electrons can be emitted via field emission. The electron beam, which typically has
an energy ranging from a few hundred eV to 100 keV, is focused by one or two
condenser lenses into a beam. Characteristic X-rays are emitted when the primary
beam causes the ejection of inner shell electrons from the sample and are used to tell
the elemental composition of the sample. The back-scattered electrons emitted from
the sample may be used alone to form an image or in conjunction with the
characteristic X-rays. These signals are monitored by detectors (photo multiplier
tubes) and magnified. An image of the investigated microscopic region of the

specimen is thus observed in cathode ray tube and is photographed.

The SEM images of the short fibers were obtained using a Cambridge Instruments
S 360 stereo scanner (version V02-01). The fibers were mounted on a metallic stub
and an ultrathin coating of electrically conducting material (gold) is deposited by low
vacuum sputter coating. This is done to prevent the accumulation of static electric

fields at the specimen due to the electron irradiation during imaging. Another reason
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for coating, is to improve contrast. The SEM is capable of producing high-resolution

images of a sample surface.

2.2.5.3 X- ray photoelectron spectroscopy (XPS)

For each and every element, there will be a characteristic binding energy associated
with each core atomic orbital i.e. each element will give rise to a characteristic set of
peaks in the photoelectron spectrum at kinetic energies determined by the photon
energy and the respective binding energies. The presence of peaks at particular
energies therefore indicates the presence of a specific element in the sample under
study. Furthermore, the intensity of the peaks is related to the concentration of the
element within the sampled region. The shape of each peak and the binding energy
can be slightly altered by the chemical state of the emitting atom. Hence XPS can
provide chemical bonding information as well. XPS is not sensitive to hydrogen or
helium, but can detect all other elements. Thus, X-ray photoelectron spectroscopy is
a quantitative spectroscopic technique that measures the elemental composition,
empirical formula, chemical state and electronic state of the elements that exist
within a material. XPS is also known as ESCA, an abbreviation for Electron

Spectroscopy for Chemical Analysis.

The phenomenon is based on the photoelectric effect. XPS spectra are obtained by
irradiating a material with a beam of aluminum or magnesium X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape
from the top 1 to 10 nm of the material being analyzed. XPS requires ultra-high
vacuum conditions. Commercial XPS instruments use either a highly focused 20 to
200 pum beam of monochromatic aluminum K-alpha X-rays or a broad 10-30 mm

beam of non-monochromatic Mg X-rays.

The surface of the fibers was analyzed using an X-ray induced photoelectron
VG Scientific ESCA-3000 spectrometer using a non-monochromatic Mg K,
radiation (1253.6 eV). First a general scan was recorded from 0-1000 eV at steps of
1 eV to confirm the presence of C, N and O in the sample. Then, narrow scans were

done for Cy,, Ny and Oy, at steps of 0.1 eV. To correct for possible deviations caused
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by electric charge of the samples, the C;; line at 285 eV was taken as internal

standard.
2.2.5.4 Infrared spectroscopy (IR)

Infrared spectroscopy is the absorption measurement of different IR frequencies
(400-4000 cm™) by a sample positioned in the path of an IR beam. Infrared
spectroscopy exploits the fact that molecules have specific frequencies at which they
rotate or vibrate corresponding to discrete energy levels. These resonant frequencies
are determined by the shape of the molecular potential energy surfaces, the masses of
the atoms and, by the associated vibronic coupling. In order for a vibrational mode in
a molecule to be IR active, it must be associated with changes in the permanent

dipole. The frequency of the vibrations can be associated with a particular bond type.

The infrared spectrum of a sample is collected by passing a beam of infrared light
through the sample. Examination of the transmitted light reveals how much energy
was absorbed at each wavelength. This can be done with a monochromatic beam,
which changes in wavelength over time, or by using a Fourier Transform instrument
to measure all wavelengths at once. From this, a transmittance or absorbance
spectrum can be produced, showing at which IR wavelengths the sample absorbs.
Analysis of these absorption characteristics reveals details about the molecular
structure of the sample. This technique works almost exclusively on samples with

covalent bonds.

Infrared spectra of the fibers were recorded on a Bruker FTIR spectrophotometer
model Tensor 27 (spectral range of 7500 ecm’ to 370 cm” with standard KBr
beamsplitter) in attenuated total reflectance (ATR) mode. It uses zinc selenide as the

crystal material with high sensitivity DLATGS detector with KBr window.
2.2.5.5 X- ray diffraction (XRD)

X-rays are electromagnetic radiation of wavelength about 1 A’, which is about the
same size as an atom. X-ray diffraction has been in use in two main areas, for the

fingerprint characterization of crystalline materials and the determination of their
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structure. Each crystalline solid has its unique characteristic X-ray powder pattern
which may be used as a "fingerprint” for its identification. Once the material has
been identified, X-ray crystallography may be used to determine its structure, i.e.
how the atoms pack together in the crystalline state and what the interatomic distance
and angle are, etc. X-ray diffraction is one of the most powerful characterization
tools used in solid state chemistry and materials science. We can determine the size
and the shape of the unit cell for any compound most easily using the diffraction of

X-rays.

X-ray diffractograms of the fibers were recorded using a Bruker AXS D8 Advance
Diffractometer using CuK, radiation (A = 1.54 AO) at 35 kV and 25 mA with a
smallest addressable increment of 0.001 . XRD results were obtained in the range

20=3 "to 80 at a scan rate of 4 /min.
2.2.5.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a type of testing that is performed on samples to
determine changes in weight in relation to change in temperature. Such analysis
relies on a high degree of precision in three measurements: weight, temperature, and
temperature change. TGA is commonly employed in research and testing to
determine characteristics of polymers, to determine degradation temperatures,
absorbed moisture content of materials, the level of inorganic and organic
components in materials, decomposition points of explosives, solvent residues and
composition of blends and composites. The analyzer usually consists of a high-
precision balance with a pan loaded with the sample. The sample is placed in a small
electrically heated oven with a thermocouple to accurately measure the temperature.
The atmosphere may be purged with an inert gas to prevent oxidation or other
undesired reactions. A computer is used to control the instrument. Analysis is carried

out by raising the temperature gradually and plotting weight against temperature.

Thermogravimetric studies lend a hand in determining the thermal stability of the
fibers. The TGA instrument produces a continuous record of weight as a function of

temperature. TGA studies were carried out on a Q-50, TA Instruments
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thermogravimetric analyzer (TGA) with a programmed heating of 20 "C/min from
ambient to 800 'C. The chamber was continuously swept with nitrogen at a rate of
90 ml/min. The onset temperature of degradation was recorded and temperature at
maximum degradation was taken as the peak degradation temperature. The weight

percentage of the samples remaining at 800 'C was recorded as the residue.
2.2.5.7 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a technique for measuring the energy necessary
to establish a nearly zero temperature difference between a substance and an inert
reference material, as the two specimens are subjected to identical temperature
regimes in an environment heated or cooled at a controlled rate. Both the sample and
reference are maintained at nearly the same temperature throughout the experiment.
The basic principle underlying this technique is that, when the sample undergoes a
physical transformation such as phase transitions, more (or less) heat will need to
flow to it than the reference to maintain both at the same temperature. Whether more
or less heat must flow to the sample depends on whether the process is exothermic or
endothermic. By observing the difference in heat flow between the sample and
reference, differential scanning calorimeters are able to measure the amount of heat

absorbed or released during such transitions.

Differential scanning calorimetry was employed to determine the degree of
crystallinity, heat of fusion and melting temperature of the fibers. The measurements
were conducted using a DSC Q-100, TA Instruments calorimeter having a
temperature accuracy of + 0.1 C. Analyses were done in nitrogen atmosphere using
standard aluminum pans. The samples were exposed to a heating rate of 10 "C/min
from ambient to 300 ‘C. The peak temperature of the melting endotherm was taken as
the melting temperature; 7,,, and the heat of fusion; AH, was determined from the
area of the melting endotherm. The degree of crystallinity; y., was determined by
normalizing the observed heat of fusion of the sample to that of a 100 % crystalline

sample of Nylon, which is available from literature [15, 16].
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2.2.5.8 DC electrical conductivity

The DC electrical conductivity of the fibers was measured by a two-probe method
using a Keithley 2400 source-measure unit, which is a fully programmable
instrument capable of sourcing and measuring voltage or current simultaneously with
accuracy. A constant current source was used to pass a steady current through one of
the probes and the voltage across the other was measured. The measurements were
done at room temperature. The conductivity of the sample was calculated by the

following formula:

o(S/em)=(I1V)x(l] A) Q2.1

where, o is the electrical conductivity, [ is the current through the probe in amperes,
V is the voltage across the probe in volts, [ is the spacing between the probes in
centimeters and A is the area of contact of the probes with the sample in centimeter

square.

2.3 Results and discussion

2.3.1 Characterization of polyaniline

2.3.1.1 Scanning electron microscopy

The SEM micrograph of pristine PANI can be seen in fig. 2.1. It shows aggregated
granular form and lacks macroscopic molecular orientation. Several reports on such a
granular morphology of PANI are available in the literature [17]. Especially, such
morphology is obtained in the absence of a surfactant [18]. The shape of the
chemically polymerized polyaniline particles is generally difficult to be controlled in
a bulk polymerization process. PANI aggregates are made of small grains comprised
of a collection of small spheres, which in turn, is comprised of smaller spheres built
from still smaller primary particles. These primary particles have a metallic core
surrounded by an amorphous non-metallic shell. Haba and coworkers calculated the
average size of the DBSA doped primary PANI particles to be 18.7 nm using Small
angle X-ray scattering (SAXS) [19]. These primary particles generate aggregates,
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which further cluster into agglomerates. These agglomerates, about 50 um in size, are
located within gel-like units, which are structured due to the formation of hydrogen
bonds between free DBSA molecules. The granular morphology obtained for PANI
is presumed to be due to the characteristic feature of the hydrochloric acid dopant
used in the preparation. There are reports which state that the dopant size and its
nature affect the surface morphology of the composite. Oh et al. synthesized PANI
with various acidic dopants with an electrochemical method and found that the

dopants had a great influence on the morphology of PANI [20].

4857 20K0 X19,088  lem WD 7

Fig. 2.1 Scanning electron micrograph of pristine PANI
2.3.1.2 Infrared spectroscopy

Fig. 2.2 presents the IR spectrum of pristine PANI. The absorption at 3235 cm™ is
assigned to the NH* group and indicates the protonated PANI salt. There were no
features in the spectra between 2800 cm’! and 1650 cm'l, because no functional
groups of PANI showed vibration absorption peaks in this region. The peaks at 1569 cm™
and 1492 cm™ are due to the C=C stretching in the quinoid ring and benzenoid ring,
respectively [21-23]. The peak at 1299 em’ is due to the C-N stretching of the
secondary amine of the PANI backbone. A strong band characteristically appears at
1146 cm™ which has been explained as an electronic band or a vibrational band of
nitrogen quinone, an in-plane bending vibration of imino-1,4-phenylene, and has

been reported to be associated with the electrical conductivity of PANI [22-25].
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The -C-H aromatic out of plane bending mode is a key to identify the type of
substituted benzene. For PANI, this mode is observed as a single band at 817 cm'l,
which falls in the range 800-860 cm’ and is reported for 1, 4 disubstituted benzene

[26-28].
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Fig. 2.2 IR spectrum of pristine PANI

2.3.1.3 X-ray diffraction analysis

The XRD pattern of pristine PANI was obtained as shown in fig. 2.3.

Intensity counts

Two-theta-scale

Fig. 2.3 XRD spectrum of pristine PANI

Pristine PANI gives diffraction peaks at 20 = 11 O, 15 O, 17.5 O, 21 O, 26 " and 30 .
Poughet ef al. also have reported similar diffraction peaks for PANI [29]. Ram and
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coworkers reported sharp peaks at 26 ~ 9 ,20°,25°,30 and 35 [26]. Moon e al.
reported that the peak at 20 = 10 " arises from scattering with momentum transfer

approximately parallel to the polyaniline chains [30].
2.3.1.4 Thermal analysis

The TGA trace of pristine PANI is presented in fig. 2.4. PANI shows three
degradations. The first one is due to the loss of moisture, which ends at 139 'C. The
second degradation, which starts at 153 OC, ends at 295 ‘'C and corresponds to a
weight loss of 7.4 % is due to the dopant evolution. The final one in the range
342-689 'C is due to degradation of the PANI chain [31]. About 70 % weight loss
occurs during this degradation. This is the general thermal behavior of PANI [32].
PANI doped with DBSA too exhibited similar degradations [33]. The possibility of
stable carbonaceous char formation is greater in the case of aromatic compounds and

hence PANI leaves a residue of 5.19 %.

Weight (%)
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Fig. 2.4 TGA trace of pristine PANI

The DSC curve of PANI is shown in fig. 2.5. The PANI powder shows two
endotherms; the first one between 100 °C and 190 C due to deprotonation and the

second one due to the PANI backbone degradation starting at about 200 C.
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Fig. 2.5 DSC curve of PANI
2.3.2 Etching of Nylon fiber

Chemical etching treatment using chromic acid can be an effective method to
increase aniline deposition and polymerization on Nylon fiber. The etching
conditions were optimized with reference to concentration of chromic acid and time
of etching. Nylon fibers were treated with chromic acid of differing concentrations

and to different time durations.
2.3.2.1 Strength of the fiber

Effect of etching conditions on the strength of the fiber was determined as a function
of acid concentration and time of etching. Fig. 2.6 shows the strength of the fiber
etched with different concentrations of chromic acid for a period of 6 h. There is a
regular decrease in the strength of the fiber on etching. This may be attributed to the
possible degradation of the Nylon fibers. Higher concentrations drastically reduce the
strength of the fiber. Hence the concentration of chromic acid was optimized at

0.012 N for further studies.
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Fig. 2.6 Variation of the strength of Nylon fiber with chromic acid concentration

The strengths of the fiber etched to different extents of time are depicted in fig. 2.7.
There is a major drop in the strength of the fiber during the initial one hour, after
which the fall slows down and, stabilizes at 4 h. Beyond this, the strength further

drops. Hence the optimum time of etching is found to be 4 h.
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Fig. 2.7 Variation of strength of Nylon fiber with etching time

2.3.2.2 Surface characteristics

The morphology changes in the Nylon fiber surface on etching with chromic acid
were observed with SEM. Fig. 2.8 shows the scanning electron micrographs of virgin

fiber and fiber etched with 0.012 N chromic acid for 4 h. Clean and smooth surface is

55



Chapter 2

observed for virgin Nylon fiber. The etched fiber shows an irregular surface with
minor cracks, probably arising from the hydrolysis of the fiber surfaces in the acidic
medium. Such irregularity in the fiber surface is expected to help in the physical

anchoring and to improve adhesion of PANI on the fiber.

20kVv  X5,000 5um 10 36 SEI 20kV  X5,000 5pum 11 36 SEI

Fig. 2.8 Scanning electron micrographs of (a) virgin fiber and (b) etched fiber

The general scan in the XPS spectra of the virgin and etched fibers show the
presence of C, N and O. Individual scans were done for C, N and O. The peak in the
XPS spectrum of the virgin fiber is at 406.2 eV and that of the etched fiber is at
399.4 eV (fig. 2.9). This change in the peak position might be due to the difference in
the environment of the N-H bonds. The peak at 406.2 eV in the virgin fiber may be
due to that of N-H bond and the peak at 399.4 eV is due to the H-N-H bond. This
means that as a result of etching, hydrolysis of the amide linkage has taken place
changing the amide NH to primary amine. The intensity of the N-H peak is decreased
in the case of etched fibers as the amide group hydrolyses to yield NH, groups.
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Fig. 2.9 XPS spectra of (a) virgin fiber and (b) etched fiber

The infrared spectra of the virgin and etched fibers are presented in fig. 2.10.

0.07
b

0.06 -

<«—— 1634 cm -1
. «——1538 cm -1

0.05 -

15 cm -1
%

0.04 -

ATR units

0.03 -
0.02 -

001 f N N -

0.00

T T T T T
3300 2750 2200 1650 1100 550
Wavenumber (cm”)

Fig. 2.10 IR spectra of (a) virgin fiber and (b) etched fiber

The absorption at 3297 cm’' is due to the N-H stretching; peak at 2928 cm’ is due to
the C-H stretching; peaks at 1634 cm’ and 1538 cm™ can be assigned to C=0
stretching in the amide and N-H bending in secondary amide (-N-H), respectively,
and the peak at 1415 cm™ is assigned to the C-N stretching of amide group in Nylon
[32, 34]. The ratio of intensities of absorption corresponding to N-H and C-H
vibrations (N-H/C-H intensity ratio) of the etched fiber increased to 1.625 from 1.109
of the virgin fiber, indicating that hydrolysis of the amide linkage has taken place
during etching. The N-H bonds change to NH, during hydrolysis. Since there are
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more number of H atoms per N atom in the NH, bonds, the intensity of the N-H
peaks will be higher. This indicates that the etching process induces hydrolysis of the

amide linkages in the Nylon fiber.

Fig. 2.11 presents the XRD patterns of the virgin and etched fibers. The virgin fiber
shows maxima at 20 =~ 20.2 ~ and 23.5 o, which are reasonably close to the values
assigned by previous researchers for the a; and a; peaks, respectively [13, 35]. The
etched fibers showed maxima at 20 ~20.3 ~and 23.6 . Upon etching, the intensity of
the o, peak reduces slightly due to the slight decrement in the percentage crystallinity
as confirmed by the DSC measurements. Oh er al. have also reported such a

decrement in intensity owing to a decrease in the percentage crystallinity [13].

Intensity counts

Two-theta-scale
Fig. 2.11 X-ray diffraction patterns of (a) virgin fiber and (b) etched fiber
2.3.2.3 Thermal characteristics

The TGA traces of the virgin and etched fibers are given in fig. 2.12 and the thermal
degradation characteristics are presented in table 2.1. The thermograms show only
one major weight loss attributed to the structural decomposition [25] starting at
~ 340 'C for the virgin fiber and ~ 330 'C for the etched fiber. The onset temperature
of degradation, the peak degradation temperature and the temperature at 50 % weight
loss decrease on etching pointing to the decreased thermal stability of the etched
fiber. But the etched fiber gives a lesser weight loss during the degradation and

higher amount remains at the peak degradation temperature.
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Fig. 2.12 TGA traces of (a) virgin fiber and (b) etched fiber

Table 2.1 Thermal decomposition data of the virgin and etched fibers

Virgin  Etched
fiber fiber

Onset temperature ( C) 342.9 331.9

Peak degradation temperature ('C) 461.1 4529

Weight loss (%) 94.9 924

Weight remaining at Peak degradation temperature (%) 334 37.7
Temperature at 50 % weight loss ('C) 453.5 447.1

The melting temperature, heat of fusion and degree of crystallinity of the fibers were

determined by differential scanning calorimetry and are presented in table 2.2.

Fig. 2.13 shows the DSC curves of the virgin and etched fibers. All these parameters

decrease upon etching, as expected. This decrease may be attributed to the

degradation of the fiber surface during the etching process.
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Fig. 2.13 DSC curves of (a) virgin fiber and (b) etched fiber

Table 2.2 Melting temperature, heat of fusion and degree of crystallinity
of the virgin and etched fibers

Melting temperature, ~ Heat of fusion, =~ Degree of crystallinity,

Fiber .
Tn (C) AH; (J/g) X (%)
Virgin 2194 64.5 28.0
Etched 215.8 57.8 25.1

2.3.3 PANI coated Nylon fiber
2.3.3.1 Strength of the fiber

The effect of etching time on the strength of PANI coated fiber was evaluated by
etching the fiber to different time durations at 60-65 ‘C with 0.012 N chromic acid,
and subsequently effecting in sifu polymerization as explained in section 2.2.4. The
breaking load of the PANI coated fibers was plotted against the time of etching as
shown in fig. 2.14. Generally, PANI is known as a very rigid material, and the tensile
strength of most PANI blends or composites has a decreasing tendency as the
concentration of PANI increase [36, 37]. This trend is seen in our case also. An
increase in etching time leads to better surface etching, enhancing the physical

adsorption of aniline molecules on the fiber surface. This result in the formation of
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more amount of PANI on the fiber surface leading to a better coating of PANI layer
strongly bonded to the surface. There is a sudden fall in the strength of the fiber
during the first hour, after which there is a gradual decrease and it stabilizes at an
etching time of 4 h. Beyond 4 h, again, the strength shows a drastic decrease.
Comprehending fig. 2.7 and fig. 2.14, it can be inferred that the PANI coating does
not affect the fiber strength significantly up to an etching time of 4 h, beyond which
there is a rapid fall.
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Fig. 2.14 Variation of breaking load of PANI coated fiber with etching time
2.3.3.2 DC electrical conductivity

Fig. 2.15 presents the variation of conductivity of PANI coated fibers with time of
etching. The conductivity of the PANI coated virgin Nylon fiber is 4.22 x 107 S/em
(log conductivity of -1.37 S/cm). An etching time of 1 h itself increases the
conductivity to 1.73 x 10" S/em. ie. A four-times increase in conductivity is
observed for the fibers that have been given etching treatment for 1 h compared to
the unetched ones. The conductivity increases almost steadily to 3.72 x 10™ S/cm at
4 h. As the etching time is again increased, there is a further increase in conductivity.
Obviously, the conductivity should increase on increasing the etching time as the
amount of PANI formed on the surface increases. Since the strength of the fiber
decreases beyond 4 h, and a reasonable conductivity is obtained at 4 h, the optimum

time of etching is deduced to be 4 h. At an etching time of 4 h, the fiber conductivity
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is 3.72 x 10" S/em (log conductivity of -0.42 S/cm), approximately 8 times than that
of the unetched fibers. Genies and co-workers prepared conducting materials made
with polyaniline and glass textiles [2]. The glass textiles were given a chemical
treatment with 20 % sulphuric acid solution for 6 h before giving the PANI coating,
to wash off the glass of any surface agents. They could achieve only a conductivity in
the range of 1.5 x 10710 5.2 x 10” S/cm. By plasma treatment, Oh et al. reports only
a fabric log conductivity of —2.2 to —1.6 S/cm [14]. Thus, chemical etching is
effective in giving improved surface adhesion and better coating of PANI, resulting

in improved conductivity than the expensive plasma treatment method.
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Fig. 2.15 Variation of conductivity of the PANI coated fibers with time of etching
2.3.3.3 Scanning electron microscopy

Figs. 2.16(a) and (b) show the micrographs of PANI coated etched fibers and PANI
coated virgin fibers, respectively. PANI particles grown on the fiber surface are
visible. Such globular deposits have been observed in several reports on PANI and
polypyrrole films produced on fibers or micro particles [14, 38-41]. Pud et al. also
reported the morphology of PET/PANI composites with atomic force microscopy
(AFM), and they observed that PET and the undoped form of the PET/PANI
composite exhibited comparatively flat surfaces, whereas doping led to the
emergence of mountainous features [42]. With etched fibers, better deposition of
PANI on the fiber surface is obtained. Thus, etching is effective in increasing the

deposition of PANI.
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Fig. 2.16 Scanning electron micrographs of (a) PANI coated etched fibers and
(b) PANI coated virgin fibers

2.3.3.4 Infrared spectroscopy

The spectra of PANI coated etched fiber and PANI coated virgin fiber are presented
in figs. 2.17(a) and (b), respectively.
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Fig. 2.17 Infrared spectra of (a) PANI coated etched fiber and
(b) PANI coated virgin fiber

The N-H/C-H intensity ratio reduced from 1.63 to 0.388 for PANI coated etched
fiber, which can be attributed to the shielding of the Nylon fibers as a result of the
PANI coating on the fiber surface. We expect the ratio to be higher for PANI coated
etched fiber since more N-H bonds are formed during etching. On the contrary, the

PANI coated virgin fiber gives a value of 0.802, which is higher than that of the
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PANI coated etched fiber. The increase is due to the lesser shielding of the Nylon
fibers as compared to the latter, as there is a lesser amount of PANI coating on the

unetched fibers.
2.3.3.5 X-ray diffraction analysis

The X-ray diffraction patterns of the PANI coated fibers (fig. 2.18) differ from the
uncoated Nylon fibers (fig. 2.11) suggesting that PANI coating affects the crystal
structure of Nylon fiber. In the XRD spectrum of the PANI coated fibers, in addition
to the peaks of the fiber, diffraction peaks of PANI at 20 ~ 17.5 o, 27 and 30 " can be
seen. The intensity of the a; and a, peaks of the uncoated Nylon fibers (fig. 2.11)
reduces upon PANI coating (fig. 2.18) due to a decrease in the percentage
crystallinity of the fiber. Oh et al. too have reported such a decrease in the intensity
of the peaks after PANI coating [13]. The a; and a, peaks can be seen at 20 =~ 20.1 ’
and 23.6  for the PANI coated etched fiber. These are seen at 20 ~ 20.5 “and 24.1 °
for the PANI coated virgin fiber. The o, values slightly shifted to higher side after

PANI coating, in comparison to the virgin and etched fibers.
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Fig. 2.18 X-ray diffraction patterns of (a) PANI coated etched and
(b) PANI coated virgin fiber

2.3.3.6 Thermal stability

The thermal degradation characteristics of PANI and PANI coated fibers as extracted

from TGA data is given in table 2.3. The TG curves are presented in fig. 2.19. The
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PANI coated fibers exhibit a lower onset decomposition temperature than the virgin
fiber, but the slope of the decomposition curve is more gentle [25]. The peak
degradation temperatures of the etched and PANI coated etched fibers are 453.4 C
and 4525 C, respectively, and that of the virgin fiber and PANI coated virgin fiber
are 460.9 'C and 460.5 C, respectively (tables 2.1 and 2.3). This indicates that the
PANI deposition does not affect the thermal stability of the fiber. The onset
temperature, weight loss during degradation, weight remaining at peak degradation
temperature and the temperature at 50 % weight loss of the PANI coated, etched and
virgin fibers does not show variation. Even though etching causes a reduction in the
thermal stability of the fibers, PANI coated fibers does not show much variation in
the thermal characteristics. The thermal characteristics of the PANI coated fibers do
not show the significant improvement in thermal stability that has been reported for
other conductive polymer composite systems [43, 44]. Similar results in the case of
PANI/Nylon composite systems have been reported elsewhere [32]. Abraham and
coworkers reported poor thermal stability of PANI/Nylon composite films when
compared to pristine Nylon film [45]. PANI coated etched fibers leave slightly more
residue than the PANI coated virgin fibers showing that PANI deposition is higher

on the former.

Table 2.3 Thermal decomposition data of the PANI coated fibers

Fiber PANI coated etched  PANI coated virgin
Onset temperature (C) 293.5 291.5
Peak degradation temperature e 4529 460.0
Weight loss (%) 92.3 932

Weight remaining

at Peak degradation temperature (%) 34 339
Temperature at 50 % weight loss (0O 4448 4522
Residue (%) 2.57 2.43
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Fig. 2.19 TG curves of (a) PANI coated etched fiber and
(b) PANI coated virgin fiber

Fig. 2.20 presents the DSC curves of the PANI coated fibers.
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Fig. 2.20 DSC curves of (a) PANI coated etched fiber and
(b) PANI coated virgin fiber

The melting temperature, heat of fusion and degree of crystallinity are presented in
table 2.4. PANI coating on the Nylon fiber reduces the degree of crystallinity and
heat of fusion. The melting temperature also shifts to a slightly lower value. This can
be visualized in the DCS curves too. This means that the crystalline regions are
partly destroyed by the formation of PANI on the fiber surface. Similar observations

have been reported by Oh et al. [13, 14] and Byun et al. [25]. Diffusion of aniline
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into the Nylon fiber presumably disturbs the crystalline regions and decreases its
thermal properties. The aniline diffused into the Nylon fibers localizes in the
amorphous regions and acts a plasticizer, disturbing the orientation and arrangement

of Nylon macromolecular segments [46].

Table 2.4 Melting temperature, heat of fusion and degree of crystallinity

of PANI coated fibers
Melting Heat of Degree of
Fiber temperature, fusion, crystallinity,
T (C) AH; (J/g) Ye (%)
PANI coated
218.0 61.5 26.7
etched
PANI coated virgin 211.8 58.7 25.5

2.4 Conclusions

Electrically conducting fibers were prepared by in situ polymerization of aniline on
Nylon fibers. Chemical etching of Nylon fibers using chromic acid prior to in sifu
polymerization is found to be effective in improving the adhesion of PANI to the
fiber surface and conductivity. The etching process involves hydrolysis of the amide
linkages. The crystallinity and thermal stability of the fiber reduces upon etching.
The etching process roughens the fiber surface and slightly reduces the strength of
the fiber. PANI deposition on the etched fibers does not further lower its strength and
thermal stability. Better deposition of PANI on the fiber and improved conductivity
is attained by the etching treatment of the fibers. By giving an etching treatment for
4 h, 8 times increase in conductivity is attained. The crystallinity of the fiber reduces

on PANI coating.
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Natural rubber/polyaniline (PANI)/polyaniline coated short Nylon fiber
(PANI-N) conducting polymer composites (CPCs) were prepared by
mechanical mixing and its cure characteristics, filler dispersion,
mechanical properties, conductivity and thermal stability were evaluated.
The amount of fiber was varied from 40 to 120 phr and the amount of
PANI used was in the range 40-140 phr. PANI and PANI-N increased the
rate of cure reaction. The PANI-N CPCs showed higher tensile strength,
tear strength and modulus values and lower elongation at break.
Characterization of the CPCs using scanning electron microscopy
showed that there were changes in the morphology of the fracture surface
with filler loading. The DC electrical conductivity and the thermal
stability of the CPCs increased with PANI and PANI-N concentration.
The highest conductivity obtained was 1.99 x 10° S/cm. The kinetic
parameters of thermal degradation of the composites were estimated by
different methods.

Chapter 3

PANI coated short fiber reinforced natural rubber

conducting composites
Fabrication and characterization

3.1 Natural Rubber

Natural rubber (NR) is an elastic hydrocarbon polymer that naturally occurs as a
milky colloidal suspension, or latex, in the sap of some plants and is the oldest
known rubber and the most versatile one for fabrication into rubber products [1]. The
major commercial source of natural rubber latex is the Para rubber tree, Hevea
Brasiliensis. Natural rubber is a high molecular weight polymer of isoprene (2-
methyl 1,3-butadiene) with a molecular weight of 1,00,000 to 10,00,000 (fig. 3.1).
Typically, a few percent of other materials, such as proteins, fatty acids, resins and

inorganic materials are found in high quality natural rubber. Of the several isomeric
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forms that polyisoprene can adopt, NR consists almost exclusively of the cis-1,4

polymer, the structure of which is shown below:

1

4
CH CH —CH CH —

2 2 3 / 2 2 / 2

\\C —C 4 R \C —C

/ AN / N

CH H CH H

3 3

n
isoprene cis -1,4 - polyisoprene

Fig. 3.1 Structure of natural rubber (molecular weight of repeat unit: 68.12 g/mol)

Despite the availability of petroleum-based synthetics, natural rubber is highly
valued because no synthetic substitute has comparable elasticity, resilience and
resistance to high temperature [2]. The uniqueness of NR lies in its remarkable
extensibility and toughness, as evidenced by its ability to be stretched repeatedly to
seven or eight times its original length. Natural rubber is a unique biopolymer of
strategic importance that, in many of its most significant applications, cannot be

replaced by synthetic alternatives.

The high and reversible deformability of natural rubber is of great industrial
importance. However, its initial modulus and durability are low and an additional
reinforcing phase is required for practical use [3-7]. Carbon black and silica particles
have been extensively used for this purpose [8-12]. In addition, CaCOs, ZnO, MgO,
talc, mica etc. have also been used [13-19]. Influence of these particulate fillers on
the deformability of the polymer was earlier considered to be purely hydrodynamic.
However, later it was proven that specific interactions between the filler and matrix
are very important in imparting the reinforcement [20-22]. Fibrous fillers are yet

another type of reinforcement.

As described in chapter 1 (section 1.2.2), composites of PANI with many elastomers
have been reported. Even though all these PANI/elastomer composites exhibit
excellent conducting and shielding properties, the main concern with them is the lack

of good mechanical properties. In order to couple these two properties, special
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materials have to be developed. The electrical and mechanical properties of the
elastomer composites depend on the aspect ratio of the filler. Fibers are characterized
by high aspect ratios. It is well established that the mechanical properties of rubber
composites can be greatly improved by adding short fibers [23]. The development of
fiber reinforced composites has made available materials lighter than aluminum and
stiffer than steel. Generally, short fiber reinforced rubber composites are popular in
industrial fields because of their processing advantages, low cost and their greatly
improved technical properties such as strength, stiffness, modulus and damping [23-
25]. Normally a rubber-fiber composite can offer a set of properties that may give it
the potential of entering application areas not possible with either of the components
in the composite [26]. These composites combine the elastic behavior of rubber with
the strength and stiffness of fiber. Hence, the drawback of poor mechanical
properties of the PANI/rubber conducting composites can be overcome by using
short fibers grafted/coated with PANI. This will impart the elastomer, the high

conductivity of PANI and good reinforcement of short fibers.

Works on PANI composites based on many synthetic rubbers have been reported,
however, reports on natural rubber in this field are quite rare [27]. This part of the
work describes the preparation of conducting polymer composites (CPCs) of NR,
PANI and PANI coated short Nylon fiber. PANI coated short Nylon fiber is expected
to enhance the mechanical properties, simultaneously providing sufficient
conductivity. The cure characteristics and cure kinetics, filler dispersion, mechanical
properties and morphological characterization of the composites are described. The
DC electrical conductivity and thermal analysis of the composites are presented. The

thermal degradation kinetics is also discussed.
3.2 Conducting natural rubber composites
3.2.1 Materials

Natural rubber was obtained from Rubber Research Institute of India, Kottayam,

Kerala, India. The sample had a Mooney viscosity ML1+4 (@100 C) of 85.3.
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Dicumyl peroxide (DCP) was supplied by S. D. Fine Chemicals Ltd., Mumbai, India.

Rest of the chemicals used were of commercial grade.

3.2.2 Preparation of conducting polymer composites

PANI was prepared by the chemical oxidative polymerization of aniline in presence
of hydrochloric acid (section 2.2.2 of the thesis). PANI coated Nylon fiber was
prepared after giving an etching treatment to the fibers using chromic acid (see
section 2.2.3 and 2.2.4). The PANI coated etched fiber thus obtained is hereafter
referred to as PANI-N. The formulation for the preparation of the CPCs is given in
table 3.1.

Table 3.1 Formulation for the preparation of CPCs

Ingredients P series F series

Ilr*
(Phr)  Np, NP, NP, NP, NF, NF, NF;
NR 100 100 100 100 100 100 100

PANI 0 40 90 140 90 90 90
PANI-N* 0 0 0 0 40 80 120

: parts per hundred rubber
# PANI coated etched fiber
All the mixes contain Stearic acid- 1 phr and DCP- 3 phr

Two series of CPCs were prepared- first series with varying amounts of PANI (P
series) and the second with 90 phr PANI and varying amounts of PANI-N (F series).
The CPCs were prepared in a laboratory size (15 X 33 cm) two-roll mill (Santosh,
SMX lab 613) at a friction ratio of 1:1.25 as per ASTM D 3184 (1980). During the
final sheeting at low nip gap, the fibers were oriented along the mill direction. The
mixes were kept for 24 h for maturation. The optimum cure time at 150 C was
determined using a Rubber Process Analyzer (RPA 2000, Alpha Technologies). The
compounds were compression molded at 150 Cin an electrically heated hydraulic
press (Santosh, SMP-50) having 30 x 30 cm platens at a pressure of 200 kg/cm2 into

sheets using standard mould (15 X 15 x 2 cm). The samples were cured to their
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respective optimum cure times. After curing, the pressure was released and the sheets

were suddenly cooled in water. These sheets were used for subsequent tests.
3.2.3 Cure characteristics and kinetics

The processing characteristics of the vulcanizates were monitored using a Rubber
Process Analyzer. The die type used was biconical and the die gap was 0.487 mm. The
cure time; Ty, scorch time; 7,9, maximum torque; D,,,, and minimum torque; D,;,

values were determined at 150 C at a frequency of 50.0 cpm and a strain of 0.20 deg.

The cure rate index (CRI) [28, 29], which is a direct measure of the quickness of the
curing reaction and the kinetic rate constant of cure reaction, were determined from
the rheometric data.

CRI =100/(T,, —T,,) 3.1)

The vulcanization kinetics was studied by the method given below [30-32]. The

general equation for the kinetics of a first order chemical reaction is

In(a—x)=—kt+1Ina (3.2)

where, a is the initial reactant concentration, x is the reacted quantity of reactant at
time ¢t and k is the first order rate constant. The kinetic principle of rubber
crosslinking is based on the kinetic theory of elasticity. It assumes a direct relation
between the calculated shearing modulus and the crosslinking density. In the
rheometer, the shearing strain is constant, the shear stress or torque value is
proportional to the crosslinking density. Thus, for the vulcanization of rubber,
measuring the torque developed during vulcanization monitors the rate of
crosslinking formation. The torque obtained is proportional to the modulus of rubber.
If one assumes that the crosslinking reaction follows a first order kinetics, the

following substitutions can be made.

(a-x)=D,, —D, (3.3)
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a=D - D, (3.4)

where D; is the torque at time; ¢. Therefore, the equation can be written as

In(D,,, - D,) =—kt +In(D,, —D,,) (3.5)

max max

Therefore, if a plot of In (D,,.,, — D;) against time ¢ is a straight line, then the cure
reaction follows first order kinetics. The cure reaction rate constant (k) can be

obtained from the slope of the corresponding straight lines [33].
3.2.4 Filler dispersion

Lee has studied the filler dispersion and formation of filler agglomerates in polymer
matrices in detail [34]. According to his report, even well dispersed filler-rubber
systems show differences in degree of filler agglomeration in the cured and uncured
state. Lee assumed that #, > M, where 5, and M, are the relative viscosity (ratio of the
viscosities due to loaded and unloaded elastomer) and the relative modulus (ratio of
the modulus for loaded and unloaded elastomer), respectively. The paper also
proposed that #, and M, could be determined from rheometric data by using the

expressions:
nr =Dfmin /Domin and Mrszmax/Domax (36)

where D denotes the torque and the superscripts f and O are related to the loaded and
unloaded polymer, respectively. Lee introduced a new parameter L defined as:

L=n—-M, (3.7)

For ideal dispersions, #, = M,. This happens when the individual particles are well
dispersed in the matrix. In the case of non-ideal dispersions, the value of L changes
slowly at low filler loadings, but above a certain limit, it increases sharply. The
abrupt rise of the index L at high filler loadings may be ascribed to the predominance

of agglomerates remaining relatively undispersed in the rubber. In such a situation, it
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is assumed that the filler concentration has now reached the point where there is not

enough rubber to fill the available voids in the filler.

Another mathematical expression has been proposed by Wolf in terms of rheometric
data to characterize the filler structure present in rubber vulcanizates [35, 36]. When
a filler is incorporated into a compound, the maximum torque variation,
AD' = Dfmax- Dfm,v,, observed during vulcanization increases. The ratio between AD'
and AD’ ie. the torque variations for the loaded and unloaded compounds,
respectively, is directly proportional to filler loading. By plotting the relative torque
as a function of filler loading, a straight line is obtained whose slope was defined by

Wolf as a, [37-40].
(D ax =D in) (D max = D’win) 1=, (1, I m,) (3.8)

where m,, is the mass of polymer in the compound and my is the mass of filler in the
compound and oy is a specific constant for the filler, which is independent of the cure
system and closely related to the morphology of the filler. The parameter o
represents the final structure of the filler as it exists in the vulcanizates after all
possible structure breakdowns that occurred during mixing and vulcanization. The
reinforcement build-up and crosslinking reaction both take place during curing
without affecting each other. The application of equation (3.8) allows the definition
of a filler specific constant, related to the filler structure, and also predicts whether or
not crosslink density is unaffected by the presence of the filler, in which case, a
straight line is obtained. The equation also shows that based on a single test, a;can be
calculated from the changes in the torque which occur during vulcanization of two

compounds, the unloaded and loaded composition.
3.2.5 Mechanical properties

The mechanical properties of the CPCs were determined using a Shimadzu Universal
Testing Machine (model AG1) with a load cell of 10 kN capacity at a cross-head
speed of 500 mm/min at a gauge length of 40 mm. The measurements were carried

out as per ASTM D 412-98a (2002). Dumbbell shaped samples were punched out
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from the compression-molded sheets along the mill grain direction using a standard
die (Type D). Tear strength of the samples were measured as per ASTM D 624-2000
using standard test specimens with 90" angle on one side and tab ends (Type C die).

Average of at least six sample measurements were taken to represent each data point.
3.2.6 Morphological characterization

Scanning electron microscopic images (SEM) of tensile fracture surface of the CPCs
were obtained using a Cambridge Instruments S 360 Stereo scanner (version V02-01).
The fractured surfaces have been sputtered with gold before they were observed in

SEM.
3.2.7 DC electrical conductivity

The DC electrical conductivity of the CPCs (rectangular strips of dimensions 4 X 2 X
2 mm) was measured by a standard two-probe electrode configuration using a
Keithley Nanovoltmeter (model 2182) in dry air at ambient temperature. The
sample was placed between two electrodes through which current was passed and
the resistance was measured directly from the instrument. The conductivity of the

samples was calculated using the formula:

o(S/em)={U/V)XIIA 3.9

where o is the electrical conductivity, I is the current through the electrode in
amperes, V is the voltage in volts, [ is the thickness of the sample in centimeters and

A is the area of contact of the electrodes with the sample in centimeter square.
3.2.8 Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the CPCs were performed as described in chapter 2,
section 2.2.5.6 on a TGA Q-50, TA Instruments thermogravimetric analyzer (TGA)

with a programmed heating of 20 "C/min from ambient to 800 C.
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3.2.8.1 Evaluation of kinetic parameters

The TGA data can also be used in studying the kinetics of decomposition, which
provide an insight into the thermal stability of polymeric materials. There are many
proposed methods to calculate the kinetic parameters of decomposition and the
reported values depend not only on the experimental conditions, but also on the

mathematical treatment of data.
Formulation of the rate equation

For many kinetic processes, rate of reaction may be expressed as a product of a
temperature dependent function; k(7), and a composition- or conversion-dependent

term; f{X):

r=dX /dt=k(T)f(X) (3.10)

where T is absolute temperature in Kelvins; X is conversion i.e. weight of polymer
volatilized/initial weight of polymer and r is the rate of change of conversion or
composition per unit time; ¢. The temperature dependent term in equation (3.10) is

the reaction rate constant, which is assumed to obey the usual Arrhenius relationship:

k(T)= Aexp(—E,/RT) (3.11)

where E, is the activation energy of the kinetic process, A is the pre-exponential
factor and R is the universal gas constant. The conversion-dependent function; f{X),
is generally very complicated. A particular term is usually valid only for a limited
range of experimental conditions. If it is assumed that a simple n™ order kinetic

relationship holds for the conversion-dependent term such that:

f(X)=(1-x)" (3.12)

and that the quantity (/-x) can be replaced by W, the weight fraction remaining in a

TGA run, then:
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r=dW /dt = AW " exp(—-E,/RT) (3.13)
Inr=In(-dW /dt)=InA+nlnW - E_ /RT (3.14)

Published methods of deriving the kinetic parameters from TGA data center about
equation (3.14). They may be either differential i.e. involving the derivative term;
-dW/dt or integral i.e. based upon an integration of equation (3.14). The emphasis in
these methods is on finding a way of plotting the data to provide a rapid visual

assessment of the order of the reaction and its activation energy.
Differential methods for determining rate equation parameters

The difference form of equation (3.14) at different temperatures is:
Alnr=AIn(-dW /dt)=nAInW —(E_,/R)AQ1/T) (3.15)
Dividing (3.15) by A (1/T) gives
[Alnr/AQ1/T)|=n[AlnW/AQ/T)]-(E, I R) (3.16)

A plot of [A In v/A(1/T)] against [A In W/A(1/T)] should be a straight line with slope

equal to the order of reaction; n, and an intercept of —E,/R.

Dividing (3.15) by A In W gives
Alnr/AlW =n+E,[-A(1/T)/ RAInW ] (3.17)

A plot of [A In r /A In W] versus [-A(1/T)/RAln W] should also be a straight line of
slope E, and an intercept n. These two methods are generally attributed to Freeman
and Carroll [41]. In spite of its limited precision, it is quite convenient for processing
the acquired TGA data. This method may be used to obtain a rapid but rough

estimate of the kinetic parameters when a limited number of data points are available.
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Chan and Balke [42] have proposed a kinetic treatment assuming that the order of

reaction; n is constant. Then the equation (3.14) may be rearranged as follows:

[lnr—nlnW]=E, (-1/RT)+In A (3.18)

If n=1, then equation (3.18) becomes:

In(r/W)=E_ (-1/RT)+InA (3.19)

If it is assumed that the activation energy E, is constant over a specific temperature
range, then the slope over this range of a plot of /n (/W) against (-1/RT) should be
equal to the activation energy; E,. Non-linearity in this plot caused by a change in
mechanism may be accommodated by retaining the pseudo first order hypothesis and

attributing the non-linearity to a change in the activation energy.
Integral methods

The integral methods involve the integration of equation (3.10) by separation of
variables. By substituting equation (3.11) into this expression and defining

p = (dT/dt) as the heating rate, the following is obtained:

F(X)= jdX/f(X)z I(A/ﬁ)exp(—Ea / RT)dT (3.20)

0

where T} is the initial temperature in the TGA analysis and 7 is the final temperature.

For a constant heating rate £ and if 7T; = 0, equation (3.20) becomes:

F(X)=(AlB)[exp(~E, | RT )dT (3.21)

The different integral methods involve an approximation to the right-hand integral

term in equation (3.21).
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Among the integral methods, the Coats and Redfern approach [43] seems to be the
most suitable from a practical point of view and is preferred over others and is
applied here. The activation energy and the order of reaction were evaluated utilizing
this equation for reaction order n # I, which when linearized for a correctly chosen n

yields the activation energy from the slope.
logl—(—a)™ /T>(1-n)|=log[AR / BE]- E 12.303 RT (3.22)

where o is the fraction decomposed, T is the temperature (K), n is the order of
reaction, A is the Arrhenius constant, R is the universal gas constant, E, is the
activation energy and £ is the heating rate. The plot of the left hand side of the
equation (Y) against I/T should be a straight line with slope = -E,/(2.303R) for the

correct value of n.
3.3 Results and discussion
3.3.1 Cure characteristics of the CPCs

The use of rubber products always involves vulcanized materials because crosslinked
elastomers present better mechanical properties. Thus, to prepare NR/PANI CPCs, it
is necessary to study the effect of the conducting polymer on the crosslinking process
of the rubber. Figures 3.1 and 3.2 show the rheographs which characterize the
crosslinking process of P series (CPCs with PANI) and F series (CPCs with PANI
and PANI-N), respectively. Addition of PANI decreases the torque initially. Higher
loadings increase the torque. For the F series, the torque values increase steadily with
fiber loading. The observed increase in torque at a given time is directly related to the

stiffness of the material.
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Table 3.2 presents the cure time; Ty, and scorch time; 7, values for the P series and

F series CPCs.

Table 3.2 Cure time and scorch time values of the CPCs

CPC  Tg(dNm) Ty (dNm)

NPy 234 2.0
NP, 21.8 2.6
NP, 15.7 1.7
NP; 19.1 2.7
NF, 12.8 22
NF, 15.2 22
NF; 7.9 04

Cure time represents the time corresponding to the development of 90 % of the

maximum torque which is given as

T,,=(D,, —D

max min

)X0'9+Dmin (323)

where D,,,, is the maximum torque and D,,;, is the minimum torque. For the P series,

cure time reduces with loading up to 90 phr, which then shows an increase. This
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means that PANI accelerates the cure reaction up to 90 phr loading. Addition of
PANI-N to the CPC with 90 phr PANI (NP,) further reduces the cure time. This
indicates that the PANI-N can accelerate the peroxide cure reaction of the natural
rubber matrix. This is supported by the cure kinetic studies and cure rate index
values, which will be discussed in the following sections. Among the P and F series,
F series show lower cure time values; this means that the PANI-N has a much
stronger influence on the cure reaction than PANI and that the CPCs of F series is
very fast curing than that of P series. Similar results in the case of NR/Nylon fiber

elastomer composites have been reported [44, 45].

Scorch time is the time required for the torque value to reach 10 % of maximum
torque. It is a measure of the processing safety- the time available for safe processing
before the onset of vulcanization reaction. Scorch time shows an increasing trend
with loading for P series indicating better processing safety. For the F series, it
increases on PANI-N loading, stabilizes and then decreases drastically at higher
loadings. Such a decrease at higher PANI-N content is attributable to the premature
cure that might happen due to the high heat generated during mill mixing of highly

fiber-loaded samples.

The variation of maximum torque; D,,,,, with filler loading is presented in fig. 3.3.
The maximum torque is an index of the extent of crosslinking reactions and
represents the elastic modulus of the fully vulcanized rubber. It is also a measure of
the filler-polymer interaction. PANI has an intrinsic acid content and increasing the
mass fraction of PANI in the composite induces degradation processes of the
crosslinking agent by heterolytic decomposition, inhibiting the formation of the free
radicals necessary for the vulcanization reaction [46, 47]. Thus, PANI inhibits the
crosslinking process of the elastomer; hence we expect a decrease in the D,,,, values.
But this effect can be partially counterbalanced by using a higher concentration of
the crosslinking agent [48]. Introduction of PANI causes a slight decrease in the D,,,,
value initially, after which, there is a steady increase. The D,,,, is increased by 27.7 %
at 140 phr PANI loading. The F series CPCs show a steady increase in the maximum

torque values with PANI-N loading, as expected. This means that with the addition
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of PANI and PANI-N, some sort of interaction between them and the matrix

develops. This effect is higher for the PANI-N-loaded samples.

The minimum torque; D,,;,, represents the effective viscosity of the mixtures before
vulcanization. It is found to increase with filler loading for both the series (fig. 3.4).
In the case of polymer composites filled with various particulate fillers [49], the
minimum torque in rheographs is considered to be a direct measure of the filler
content. D,,;, can be considered as a measure of stiffness of the unvulcanized
compound. The increase in viscosity with the addition of filler suggests a reduced
mobility of the rubber chains caused by the incorporation of these fillers.
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3.3.2 Cure kinetics

The plot of In (D,,,. — D,) against time ¢ of the P series and F series CPCs at 150 Cis
presented in figures 3.5 and 3.6. The plots are found to be linear which proves that

the cure reactions proceed according to first order kinetics.
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The cure rate constants (k) were computed from their slope and the cure rate index

(CRI) values were determined according to equation (3.1) for both series. The

variation of these with filler loading for the P and F series is presented in figs. 3.7

and 3.8, respectively. For the P series, both CRI and the kinetic rate constants

increase with loading up to 90 phr, after which, both decreases. In the case of F

series, both parameters increase with loading. The increase in CRI and cure reaction

constant with loading indicates the activation of cure reaction [50-52]. These results

are in perfect accordance with the results of rheometric data (section 3.3.1).
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3.3.3 Filler dispersion in the CPCs

Table 3.3 presents the computed #,, M, and L values. n, > M, for both series
indicating that the filler is not well dispersed in the matrix. Both #, and M, values
increase with loading indicating an increase in the relative viscosity and relative
modulus of the elastomer. The index L increases with filler loading pointing to the
agglomeration of the filler in the elastomer. The value of L is found to be higher for
PANI loaded samples compared to PANI-N loaded ones. This indicates poor
dispersion of PANI particles compared to PANI-N in the NR matrix.

Table 3.3 n,and M, values of the CPCs

CPCs M M, L
NP, 125 0.63 0.62
NP, 546 082 4.64
NP3 250 1.27 1.23
NF, 227 173 054
NF, 201 219 -0.18
NF; 539 345 1.94

In fig. 3.9, Wolf equation is applied for the PANI loaded and PANI-N-loaded CPCs.
The linear correlations shown in fig. 3.9 imply that a,is independent of filler loading
and that the PANI and PANI-N structures remain constant over the loading range
investigated. The absolute value of o for each composite was calculated using
equation (3.8) and is plotted in fig. 3.10. The value of oy increases with filler loading
for PANI-loaded compounds indicating that PANI particles form agglomerates in the
elastomer. But for the PANI-N-loaded compounds, o, does not show much variation.

These observations are in agreement with those obtained from Lee’s approach.
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3.3.4 Mechanical properties of the CPCs

The variation of tensile strength of the CPCs with loading is shown in fig. 3.11 and
fig. 3.12 presents the variation of tear strength with loading. The tensile strength
shows a sharp decrease (55 % reduction) on addition of 40 phr of PANI. Further
additions do not have much effect on the tensile strength. PANI is not effective in
improving the tensile strength due to dilution effect at these high loading levels.
Generally, PANI is known as a very rigid material and the tensile strength of most
PANI blends or composites has a decreasing tendency as the concentration of PANI
increases [53, 54]. At loadings less than 30 % (w/w), however, there have been

reports of improvement in tensile strength [46, 55]. The tensile strength of F series
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increases with loading due to the reinforcement effect of the fiber. The presence of
fiber in the matrix along the longitudinal direction of the application of force requires
that greater force be applied to pull out the fiber from the fiber/rubber interface. On
incorporation of 120 phr PANI-N, the tensile strength of the CPC with 90 phr PANI
(NP,) increases by ~ 100 %. The decrease in tensile strength of the composites due to

PANI incorporation is thus counter-balanced by the addition of PANI-N.

In the case of CPCs of the P series, tear strength decreases slightly on 40 phr PANI
loading (NP;), beyond which it shows a slight increase. For the F series, it sharply
increases with PANI-N loading and reaches saturation at 80 phr PANI-N loading
(NF,). PANI-N oriented perpendicular to the direction of propagation of crack front
deviates or arrests the crack more effectively. Hence the PANI-N CPCs show higher
tear strength than the PANI CPCs.
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Figs. 3.13 and 3.14 present the elongation at break and modulus at 25 % elongation
of the CPCs, respectively. Both the series give an initial sharp decrease in elongation
at break. This means that both PANI and PANI-N lack the ability to elongate to high
strains. The decrease in elongation at break with filler loading is due to the lower
molecular mobility arising from the formation of physical bonds between the filler

particles and the polymer chains, apart from the dilution effect.
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P series does not show any variation in the modulus whereas F series shows a sharp
increase with increasing loading. This effect is assigned to the reinforcing nature of
the PANI-N, changing the viscoelastic behavior of the rubber to a rigid material. The
increase is less pronounced for the P series. This is assigned to the low viscosity of
these composites, as seen in the torque curves (section 3.3.1) and fig. 3.4. As the
fibers restrain the rubber matrix more effectively, the modulus of the PANI-N

composites is higher.
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3.3.5 Morphology

Fig. 3.15 presents the SEM micrographs of the CPCs. There is no change in the
lamellar structure of the rubber at low loadings of PANI. By increasing the PANI
concentration, there is a change in the morphology of the fracture surface. Formation
of microductile type of fracture or slip lines with formation of small microcraters or
pits are observed in the CPC NP;. Detachment of PANI agglomerates and formation
of grooves are clearly visible. Crevices are seen from where PANI particles were
peeled off. These justify the poor tensile and tear strength of this CPC. As discussed
in chapter 2 (section 2.3.1.1), pure PANI exist as agglomerates. At 40 phr loading
(CPC NP,), the PANI particles with different size and shape are discreetly distributed
in the rubber matrix with little interaction between them (fig. 3.15b). Such a
composite is insulating. For higher concentration, i.e. for 90 phr PANI-loaded

sample, (NP,) (fig. 3.15¢), an even distribution is observed. Faez et al. observed by
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SEM that the morphology of PANI-DBSA/EPDM blends prepared by reactive
processing undergoes significant changes during mixing [55, 56]. Initially very
compact and hard agglomerates of PANI-DBSA decrease in size and acquire a
sponge structure with increasing mixing time. For higher concentration (fig. 3.15c),
an even distribution is observed suggesting a better compatibilization of the blend
components. The PANI-N loaded CPCs (fig. 3.15d and 3.15e) show good orientation
of fiber in one direction, resulting in improved mechanical properties. The uniform
distribution of PANI and PANI-N in the matrix results in the formation of a close-

knit network enhancing the conductivity.
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Fig. 3.15 SEM micrographs of (a) NPy, (b) NP; (c) NP, (d) NF;and (e) NF; CPCs
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3.3.6 DC electrical conductivity of the CPCs

The variation of DC electrical conductivity of the composites with loading is given in
fig. 3.16. Even a concentration of 40 phr PANI could not exert much influence on the
conductivity of the composite. This might be due to the lesser interaction between the
components in the composite, which causes agglomeration of the PANI particles in
the matrix, resulting in a non-uniform distribution and hence poor conductivity. It
was established by Zilberman et al. that the blend morphology and the level of
interaction between components of the blends strongly affect the electrical
conductivity of the blend [57, 58]. High fracturing level of the PANI particles occurs
due to their high interaction with a compatible matrix. Interaction of the matrix
polymer with the conducting polymer effects dispersion of the conducting phase in
the matrix, and higher PANI fracturing is observed for matrices interacting more
strongly with PANI due to better interphase shear stress transfer [57, 59]. Smaller
PANI particles thus formed, lead to an increase in the conductivity by dispersing
themselves uniformly in the matrix. The dispersed PANI particles partially
reaggregate during processing and molding due to PANI incompatibility with the

matrix polymer.

It is necessary to recall here that PANI aggregates are made of small grains
comprised of a collection of small spheres, which in turn, is comprised of smaller
spheres built from still smaller primary particles (section 2.3.1.1). These primary
particles have a metallic core surrounded by an amorphous non-metallic shell.
Lennartz et al. showed that these primary particles agglomerate to around 50 nm
aggregates in a poly(methyl methacrylate) (PMMA) matrix [60]. These particles are
considered to be the hyperstructure, which formed secondary particles of ~ 100 nm in
the polymer matrices [60, 61]. Hence the poor conductivity exhibited by the 40 phr
PANI-loaded CPC can be attributed to the lesser interaction of the conducting
polymer with the NR matrix and its higher extent of agglomeration. Higher
concentrations of PANI increase the conductivity. Percolation is observed at 90 phr
PANI loading. Introduction of 40 phr PANI-N decreases the conductivity, but higher
loadings give conductivity higher than that of the P series. A conductivity of

~2x 107 S/cm is obtained for 120 phr PANI-N loading (CPC NF;).
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Fig. 3.16 DC electrical conductivity of the CPCs

3.3.7 Thermal stability

The TG curves of the P series CPCs are shown in fig. 3.17. The thermal
characteristics as estimated by TGA are presented in table 3.4. The degradation
behavior can be better understood by the Differential thermogravimetry (DTG)
curves in fig. 3.18. Pure NR (NP;) gives a single degradation between 296 and
491 'C and peak maximum at 388.2 'C. The NR-PANI CPC, NP, shows an additional
degradation starting at 225 ‘C. This degradation can be seen for all NR-PANI
composites and its intensity increases with PANI concentration. This can be assigned
to the evolution of PANI dopant. Pure PANI gives a weight loss between 153 'Cand
295 'C (section 2.3.1.4 of this thesis). In the composites, this weight loss occurs at a
slightly higher temperature range, 201-320 C. The onset of degradation slightly
shifts to lower temperature with increasing PANI concentration, but the temperature

of maximum degradation remains unaffected.
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Fig. 3.17 TGA traces of the CPCs Fig. 3.18 DTG curves of CPCs
of P series of P series

Table 3.4 Thermal characteristics of P series CPCs

Degradation NP, NP, NP, NP3

Onset temperature First - 2259 201.7 2169
(O Second 2965 3157 3197 3359

Peak degradation First - 2979 297.0 2985
temperature (0 Second 388.2 385.1 387.2 3853

Weight loss (%) First - 558 11.03 14.88

Second 50.8 581 603 62.1

Temperature at 50 % weight loss

. 392.1 400.6 406.9
(O

With increasing PANI concentration, weight loss due to the NR degradation is still
observed, but the relative intensity decreases. The onset of this degradation shows a
slight shift to higher temperatures with increasing PANI concentration, though the
temperature of maximum degradation remains the same. With increasing PANI
concentration, another degradation starting at ~ 415 'C and ending at 581 'C can be
discerned overlapping with the NR degradation. NR degrades completely by around
491 "C. Hence, this weight loss is not connected with NR degradation. This process

can be assigned to the dedoped PANI degradation. Pure PANI gives this degradation
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at 342-689 C (see section 2.3.1.4). It is to be noted that this degradation does not
manifest itself as a separate process; it is seen as a continuation of the NR
degradation. This probably means that there is no phase separation between the
components [62]. As can be understood from table 3.4, the thermal stability increases

with PANI concentration.

Figs. 3.19 and 3.20 represent the TGA traces and corresponding DTG curves of the F
series. The data obtained from the TGA is presented in table 3.5.
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Fig. 3.19 TGA traces of F series CPCs  Fig. 3.20 DTG curves of F series CPCs

Table 3.5 Thermal degradation data of F series CPCs

Degradation NP, NF,; NF, NF;

Onset temperature First 201.7 212.8 2169 220.8

(o) Second 319.7 3157 3219 3168

Peak degradation First 297.0 297.3 299.6 298.8

temperature (0 Second 387.2 388.4 39377 3923
First 110 7.8 7.6 6.9

Weight loss (%)
Second 656 679 68.1 69.6

Temperature at 50 % weight loss

. 400.6 403.3 409.0 4129
(O
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As in the case of P series, three degradations are seen in F series also. The onset
temperature of the first degradation due to the PANI dopant evolution increases on
increasing the PANI-N concentration. There is no change in the degradation pattern
on increasing the PANI-N concentration. The peak degradation temperature and the
weight loss remain almost constant because of the fixed concentration of PANI in
these composites. The second degradation is much more complex than in the case of
P series due to the additional PANI-N degradation, overlapping in the same
temperature range. The PANI-N degrades in the temperature range 293-523 C
(section 2.3.3.6). The second degradation of the CPCs starts at around 315 ‘C. The
maximum temperature of this degradation shifts slightly to higher temperatures with
increasing PANI-N content but the intensity of this degradation is unaltered. It is
rather difficult to distinguish the PANI chain degradation and the PANI-N
degradation. To conclude, the thermal stability of the composites increases with

PANI-N concentration.
3.3.7.1 Thermal degradation kinetics

The kinetics of the thermal degradation reaction was followed using TGA. The Coats
and Redfern (CR) equation (equation 3.22) for different values of n were applied for
each CPC in the P and F series. Best fit is obtained for n = 1. Representative plots of
one CPC from each series for n = 1, 2 and 3 are given in figs. 3.21 and 3.22. The

activation energies obtained from the corresponding plots are presented in table 3.6.
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Fig. 3.21 Representative plot of Coats Fig. 3.22 Representative plot of Coats
and Redfern equation for the CPC NP, and Redfern equation for the CPC NF;
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The Freeman and Carroll (FC) method (equation (3.17)) and the Chan and Balke
(CB) method (equation (3.19)) were also applied and the corresponding activation
energies are given in table 3.6. Representative graphs of the two methods are shown
in figs. 3.23 and 3.24. Application of the Chan and Balke equation (equation 3.19)
gives a perfect straight line and no deviation from linearity is observed. Hence it can
be said that the degradation reaction follows first order kinetics. As shown in table
3.6, the estimates of activation energy vary widely amongst the three methods. There
are several obvious sources of error that can be responsible for this variation. For the
integral methods, i.e. CR equation, the different approximations to the integral of the
Arrhenius equation lead to systematic errors in the values of the activation energy
[63]. The precision of the quantities plotted according to the Freeman and Carroll
equation can be poor because of the error-propagation effects resulting when two
experimentally determined values are ratioed [64]. The CB equation treats the data as
a pseudo first order reaction and any deviation from the first order kinetics results in
a non-linear plot. Hence it can be presumed that this method is a reliable one. In
summary, all the methods indicate the order of the degradation reaction to be one. No

trend for the change in activation energy can be derived from table 3.6.
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Fig. 3.23 Representative plot of Freeman Fig. 3.24 Representative plot of Chan
and Carroll equation for NP, and NF; and Balke equation for NP, and NF;
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Table 3.6 Kinetic parameters obtained from various methods

CR equation FC equation CB equation

CPC
E, (kJ/mol) n E,(kJ/mol) E, (kJ/mol)

NP, 167.0 0.96 190.2 209.1
NP, 83.2 1.0 194.3 194.7
NP, 62.9 0.97 160.7 170.0
NP; 439 1.0 170.3 163.7
NF,; 64.3 1.0 156.8 159.1
NF, 67.0 1.0 123.7 145.8
NF; 62.0 0.97 143.1 147.5

3.4 Conclusions

Conducting natural rubber/polyaniline/polyaniline coated short Nylon fiber
composites (NR/PANI/PANI-N CPCs) with sufficient mechanical properties can be
prepared by mechanical mixing. Addition of pristine PANI to NR improves its cure
characteristics. The cure reaction follows first order kinetics. Fine dispersion of
PANI particles in the NR matrix is not achieved by mill mixing. Thermal stability
and electrical conductivity increases with PANI concentration. The tensile strength
decreases drastically with increase in PANI concentration. The tensile strength of the
NR/PANI system can be improved by adding PANI coated short Nylon fibers. The
addition of PANI coated short Nylon fiber not only brings about a significant
improvement in the mechanical properties, but increases the cure rate, shear
modulus, viscosity and thermal stability as well. The DC electrical conductivity of
the composites decreases on addition of polyaniline coated short Nylon fiber. Higher
conductivity values are obtained at higher loadings. A conductivity of ~ 2 X 10° S/cm
is obtained for 120 phr PANI-coated short Nylon fiber loaded composite. The

thermal degradation process follows first order kinetics.
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Chloroprene rubber/polyaniline/polyaniline coated short Nylon fiber
conducting composites were prepared and its cure characteristics, filler
dispersion, mechanical properties, conductivity and thermal stability
were evaluated. PANI and PANI-N increased the rate of cure reaction.
The composite showed higher tensile strength, tear strength and modulus
values and lower elongation. Characterization of the composites using
scanning electron microscopy showed that there were changes in the
morphology of the fracture surface with filler loading. The DC electrical
conductivity and the thermal stability of the composites increased with
PANI and PANI-N concentration. The kinetic parameters of thermal
degradation were estimated by different methods.

Chapter 4:

PANI coated short fiber reinforced chloroprene rubber

conducting composites
Preparation and characterization®

4.1 Chloroprene rubber

Chloroprene rubber (CR) or polychloroprene was the first mass-produced synthetic
rubber. Its common name is Neoprene. (fig. 4.1). Among the speciality elastomers,

chloroprene rubber is one of the most important with an annual consumption of
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2008;44(7):2418-2429.
A part of the work described in this chapter has been presented at

v International ~ Conference on Materials Science Research and
Nanotechnology, ICMSRN - 2008, Feb 27-29, 2008, Mother Teresa
Women’s University, Kodaikanal,India

v International ~ Symposium,  Polymers-Prospects — and  Challenges,
POLYMSYM’08, April 4-5, 2008, National Institute of Technology, Calicut,
India

103



Chapter 4

nearly 300,000 tons worldwide. First production was in 1932 by DuPont. Since then,
CR has an outstanding position due to its favourable combination of technical
properties. From the beginning until the 1960s, chloroprene was produced by the
older “acetylene process”. This process has the disadvantages of being very energy-
intensive and having high investment costs. The modern chloroprene process, which
is now used by nearly all manufacturers, is based on butadiene, which is readily

available. Butadiene is converted into the monomer chloroprene (2-chloro-1,3

H
CH, CH
:CZCHE—J- oed
HC=C, e’ H
n

Cl

chloroprene polychloroprene

butadiene).

Fig. 4.1 Structure of chloroprene rubber

CR is used in different technical areas, mainly in the rubber industry (~ 61%), but is
also important as a raw material for adhesives (both solvent based and water based,
~ 33%) and has different latex applications (~ 6%) such as dipped articles (e.g.
gloves) and molded foam. Application areas in the elastomer field are widely spread,

such as molded goods, cables, transmission belts, conveyor belts, profiles etc.

CR is not characterized by one outstanding property, but its balance of properties is
unique among the synthetic elastomers. It is a polar rubber with good mechanical
strength, high ozone and weather resistance, good ageing resistance, low
flammability, good resistance toward chemicals, moderate oil and fuel resistance and

adhesion to many substrates.

Incorporation of the conducting polymer modifies the properties of the elastomer
enhancing its potential for many applications. An appropriate selection of the
conducting polymer and the matrix can result in CPCs with desired properties for
different applications. The processability and properties of the CPCs depend on the

nature of the elastomer viz., polar/non polar and the type of elastomer viz.,
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natural/synthetic. It also depends on the properties of the conducting polymer
incorporated into it. The processability studies are indispensable for the evaluation of
the physical and mechanical properties of the CPCs or in fact, any composites. In this
chapter, the preparation, processability and mechanical properties of CR based
polyaniline/polyaniline coated short Nylon fiber CPCs are discussed. The cure
characteristics and cure kinetics, filler dispersion, mechanical properties and
morphological characterization of the composites are described. The DC electrical
conductivity and thermal analysis of the composites are presented. The thermal

degradation kinetics of the CPCs is also discussed.

4.2 Conducting chloroprene rubber composites

4.2.1 Composite preparation

Table 4.1 Formulation for the preparation of CPCs

Ingredients P series F series

(Phr) cp, cP, CP, CP, CF, CF, CF,

CR 100 100 100 100 100 100 100

PANI 0 50 100 150 100 100 100
PANI-N* 0 0 0 0 40 80 120

: parts per hundred rubber

* PANI coated etched fiber

All the mixes contain Stearic acid- 1 phr and DCP- 3 phr
Chloroprene rubber was supplied by Toyo Soda Manufacturing Co. Ltd., Tokyo. The
sample had a Mooney viscosity ML1+4 (@100 ‘C) 50. The prepared polyaniline
(PANI) and PANI coated short Nylon fiber (PANI-N) (sections 2.2.2, 2.2.3 and
2.2.4) were incorporated into chloroprene rubber according to the formulation given
in table 4.1. Two series of CPCs were prepared, first series with PANI alone (P
series) and the second with PANI and PANI-N (F series). The composites were
prepared in a laboratory size (15 x 33 cm) two-roll mill at a friction ratio of 1:1.25 as
per ASTM D 3184 (1980) and compression molded at 150 C. They were vulcanized

to their respective optimum cure times (section 3.2.2).
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4.2.2 Characterization

The cure characteristics of the vulcanizates were monitored using a Rubber Process
Analyzer as explained in section 3.2.3. The cure time; Ty, scorch time; T}y,
maximum torque; D,,,, and minimum torque; D,,;, values were determined at 150 C.
The cure rate index (CRI) [1, 2] and the kinetic rate constant of cure reaction, were
determined from the rheometric data. The vulcanization kinetics was studied by the
method [3-5] described in section 3.2.3 of this thesis. The filler dispersion and
formation of filler agglomerates in polymer matrices were studied by the methods
proposed by Lee [6, 7] and Wolf [7-12] as described in section 3.2.4 of this thesis.
The mechanical properties of the CPCs were determined using a Shimadzu Universal
Testing Machine (model AG1) (see section 3.2.5). Average of atleast six sample
measurements were taken to represent each data point. Scanning electron
microscopic images (SEM) of tensile fracture surfaces and the DC electrical
conductivity of the CPCs were measured as explained in sections 3.2.6 and 3.2.7,
respectively. Thermogravimetric studies and the evaluation of the kinetic parameters
of thermal degradation were also done (section 3.2.8). The thermal degradation
parameters like activation energy and order of the degradation reaction was
determined by various methods viz., Freeman Carroll method [13], Chan and Balke
method [14] and using Coats Redfern equation [15]. These different methods are

described in detail in section 3.2.8.1.
4.3 Results and discussion
4.3.1 Cure characteristics

Figures 4.1 and 4.2 show the cure curves of P series (CPCs with PANI) and F series
(CPCs with PANI and PANI-N), respectively. The nature of the cure curves is
different for both series, which indicates that in the matrix PANI and PANI-N react

differently.
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Figures 4.3 and 4.4 presents the variation of cure time; Ty, and scorch time; T;g,
respectively with PANI loading (P series) and PANI-N loading (F series). Cure time
represents the time corresponding to the development of 90 % of the maximum
torque. Initially, cure time is found to increase with the incorporation of PANI, which
then stabilizes upon further addition; whereas it decreases on PANI-N loading
initially but further additions do not affect the cure time significantly. This means
that incorporation of PANI to the elastomer retards the cure reaction slightly whereas
addition of PANI-N accelerates the cure reaction. This is supported by the cure
kinetic studies and cure rate index values, which will be discussed in the following
sections. Similar results in the case of natural rubber/short Nylon fiber composites
have been reported earlier [16]. The initial increase in cure time for the P series may
be due to the adsorption of the curatives on the surface of PANI, which results in a
decrease in the effective concentration of the curatives. Hence, the time required for
optimum cure increases. Again, between the P and F series, F series show lower cure
time values. This means that the PANI-N has a much stronger influence on the cure

reaction than PANI.

Scorch time is the time required for the torque value to reach 10 % of maximum
torque. It is a measure of the scorch safety of the rubber compound. For P series,

scorch time increases with filler loading; this indicates better processing safety. For
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the F series, scorch time decreases with loading. Such a decrease is attributed to the

heat of mixing resulting in the premature curing of the compounds.
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Fig. 4.3 Variation of cure time Fig. 4.4 Variation of scorch time
with loading with loading

The maximum torque is an index of the extent of crosslinking reactions and
represents the shear modulus of the fully vulcanized rubber at the vulcanization
temperature. It is also a measure of the filler-polymer interaction. The variation of
maximum torque with filler loading is presented in fig. 4.5. The value is found to
increase for both the series, indicating that the final matrix stiffness has a
contribution from the filler-matrix interaction as well, apart from the crosslink
density. The higher values of maximum torque for the F series compared to the P
series indicate that the fiber-matrix interaction is stronger than the interaction of the

matrix with PANI.

The minimum torque; D,,;,, a measure of the viscosity of the compound, is found to
increase with filler loading for both the series (fig. 4.6). D,,;, can be considered as a
measure of stiffness of the unvulcanized compound. The increase in viscosity with
the addition of filler suggests a reduced mobility of the rubber chains in the presence

of these fillers.
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4.3.2 Cure kinetics
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The plot of In (D,,,. — D,) against time ¢ of the P series and F series at 150 Cis

presented in figures 4.7 and 4.8. The plots are found to be linear which proves that

the cure reactions proceed according to first order kinetics.

max " D)

In (D

\ [ cpz
\ —e—CF
\ \. 20 \ —o— CF;
— T —=—CF,
14 \'\ \D\ _ \ 3
O\ -\.\D o s \‘\
¢ i
° a x \_
o{—o—CP, \O £ 104 b
—— CP‘ \ o
—o—CP, 0\ 0s
P CP3 ) =
1 2 3 2 5 1 2 3 2 5
Time (min) Time (min)

Fig. 4.7 Plot of In (D0x — D) vs.

time for the P series

Fig. 4.8 Plot of In (D0 — Dy) vs.

time for the F series

109



Chapter 4

The cure rate constants were computed from their slope and the cure rate index (CRI)
values were determined according to equation (3.1) for both series. The variation of

these with filler loading is presented in fig. 4.9 and 4.10.
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CRI vs. loading for the P series CRI vs. loading for the F series

For the P series, both rate constant and CRI decrease with PANI incorporation
initially, and then levels off. Similar trend was seen for cure time (fig. 4.3). The rate
constant and CRI increases with PANI-N loading for the F series, again, according to
the trend seen in the variation of cure time. The increase in CRI and cure rate

constant with PANI-N loading indicates the activation of cure reaction [17-19].

4.3.3 Filler dispersion

The 7, and M, values of both the series were computed and are given in table 4.2. For
the vulcanizates with PANI i.e. for P series, it was observed that 7, > M, which
means that PANI is not well dispersed in the matrix. Figure 4.11 shows the variation
of the index L with filler loading. The figure shows sharp increase in the value of L
with PANI loading for the P series indicating predominance of agglomerates in the
matrix. But for the F series, L changes less rapidly. The value of L is found to be
higher for PANI-loaded samples compared to PANI-N-loaded ones. This indicates
poor dispersion of PANI particles compared to PANI-N in the CR matrix.
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Table 4.2 n,and M, values of the CPCs

CPC N M,

CP, 2.16 1.35
Cp, 1415 259
Cp; 2775 4.04
CF, 0.651 1.367
CF, 1385 1.629
CF;, 2767 2521

254 —O— P series
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o
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- o

T T T T T T
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Loading (phr)
Fig. 4.11 Variation of index L with loading

In fig. 4.12, Wolf equation is applied for the PANI-loaded and PANI-N-loaded
compounds. Since ay is a measure of the structure of the fillers in the matrix, the
higher ay value found for the PANI-loaded compounds (o = 1.16) would be an
evidence for this filler to be more viable to agglomeration in the vulcanizates when
compared to the PANI-N-loaded compounds (a;= 1.13). The absolute value of o, for
each composite was calculated using equation (3.8) and is plotted in fig. 4.13. The
value of o increases with PANI loading for the CPCs of P series, indicating that
PANI particles form agglomerates in the elastomer. But for the F series CPCs, oy
decreases first and then increases. This means, PANI-N do not form agglomerates in
the matrix up to 80 phr loading. With further additions, there is a tendency for
agglomeration. These observations are in agreement with those obtained from Lee’s

approach.
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Fig. 4.12 Plot of relative torque as a function of filler loading
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4.3.4 Mechanical properties

The variation of tensile strength of PANI-loaded and PANI-N-loaded CPCs are
shown in fig. 4.14. For the P series, tensile strength decrease initially with loading
and after 50 phr, it increases whereas for F series, it increases sharply at lower
loadings and at higher loadings, it decreases and reaches almost the same value as
that of the composite without PANI-N. As discussed in chapter 3, the tensile strength
of most PANI composites shows a decreasing trend, especially at low loadings. The
increase in tensile strength beyond this can be attributed to probable interaction of
PANI-N with the matrix. At very high loadings, the relative proportion of the matrix
is low and the reinforcement becomes ineffective. With EPDM/PANI-DBSA
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composite, Faez et al. [20] could achieve a tensile strength of approximately 7.2 MPa
with a 30 % (w/w) PANI-DBSA loading. Beyond this, the tensile strength decreased
to ~ 4.8 MPa at 40 % (w/w) loading. This decreasing trend was attributed to the
mixture being more susceptible to imperfections due to the large PANI-DBSA
agglomerates and poor interfacial adhesion. The increase in tensile strength of the
CPCs denotes the reinforcing nature of the fillers. As the filler loading is increased,
more surface area is available for interaction between filler particles and the rubber
matrix; hence reinforcement increases with an increase in filler loading. Eventually a
maximum reinforcement level is reached; at 40 phr of PANI-N (CPC CF)) for F
series; after which dilution effect predominates, which tends to decrease the tensile
strength. The presence of PANI-N in the matrix along the longitudinal direction of
the application of force requires that greater force be applied to pull out the fiber
from the fiber/rubber interface. This is the reason for the higher tensile strength
values for the F series even though PANI particle possess more surface area than
PANI-N. With the addition of 100 phr PANI (CPC CP,), there is ~ 12 % increase in
tensile strength and on addition of 40 phr PANI-N (CPC CF,), almost 60 % increase
is attained. For PANI composites, the maximum value obtained is 7.8 MPa for the
composite CP; and for PANI-N composites, the maximum value of 10.6 MPa is
obtained for composite CF;. Hence the percolation limit for the PANI-N CPCs is
assumed to be 40 phr.

Tensile strength (MPa)
2
[ ]
o

—o— P series
—e— F series

0 T T T T T T T T T
-20 0 20 40 60 80 100 120 140 160

Loading (phr)

Fig. 4.14 Variation of tensile strength with loading
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Fig. 4.15 shows the variation in tear strength of the composites with loading. For the
P series, tear strength increases sharply up to 50 phr loading, which then shows a
marginal decrease. For the F series, tear strength shows a sharp increase initially,
after which, the increase slows down. PANI-N oriented perpendicular to the direction
of propagation of the crack front deviates or arrests the crack more effectively. The

result is that the PANI-N CPCs show higher tear strength than the PANI CPCs.
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Fig. 4.15 Variation of tear strength with loading

Elongation at break for both sets of CPCs was estimated and is shown in figure 4.16.
For the P series, there is a sharp decrease on addition of 50 phr of PANI. Further
additions again lower elongation at break, but to a lesser extent. In the case of
PANI-N-loaded compounds too, there is a rapid fall in the value initially, which then
levels off. This means that both the fillers lack the ability to elongate to high strains.
The decrease in elongation at break with filler loading is due to the decrease in the
stress bearing capacity of the filler-matrix interface. In the PANI-N CPCs, the total
loading of the filler ranges from 100 to 220 phr. Hence, the dilution effect outweighs
the reinforcing effect of PANI-N and it shows lower elongation at break values.
Tensile strength and elongation are properties that depend on the interfacial phase
adhesion. If the adhesion is not perfect, the fissure that causes the rupture can
originate in the interfacial region. The absence of interface adhesion makes this
region weak and at higher loadings, the sample becomes weaker due to large

agglomerates.
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Fig. 4.16 Variation of elongation at break with loading

Variation of modulus at 25 % elongation with loading is plotted in fig. 4.17. It shows
a slight increasing trend in the case of P series. This effect is assigned to the rigidity
of PANI, acting as a reinforcing filler and changing the viscoelastic behavior of the
rubber to a rigid material. Whereas for the F series, it increases sharply at 40 phr
PANI-N loading, which then shows a decreasing trend and finally reaches almost the
same value as that of the compound without PANI-N as seen in the variation of

tensile strength.
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Fig. 4.17 Variation of modulus with loading
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4.3.5 Morphology

The SEM micrographs of the tensile fracture surfaces of the CPCs are shown in fig.
4.18. In the gum compound (4.18a), minor cracks are seen. The rubber particles are
found to peel of leaving flakes on the surface. A change in morphology of the
fracture surface from regular to rough is observed on PANI loading. Even though
there seems to be some aggregates of PANI particles in the composite with 100 phr
PANI (fig. 4.18b) (CPC CP,), it is found that PANI has good dispersibility in the CR
matrix. The PANI particles link with each other to form conductive chains or
network in the matrix. Hence the conductivity is also expected to increase with PANI
loading. The 40 phr PANI-N-loaded CPC (4.18c) shows better adhesion between the
filler and the matrix resulting in better tensile strength. Detachment of the PANI-N
from the fractured surface and the formation of grooves are observed in the
micrographs of the composite CF; (4.18d). This results in poor tensile strength values
for this composite. The increasing fiber-fiber contact with increasing loading, helps
in forming a closed network of PANI and PANI-N leading to better conduction.

Thus, conductivity increases with PANI-N loading.

Fig. 4.18 SEM micrographs of (a) CPy, (b) CP», (c) C F;and (d) CF; CPCs
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4.3.6 DC electrical conductivity

The room temperature DC electrical conductivity of the CPCs is presented in fig.
4.19. As expected, there is an increase in conductivity of the composites on PANI
addition, though the increase is not significant upto 50 phr loading. Afterwards,
conductivity increases sharply and reaches percolation at 100 phr loading (CPC CP,).
Addition of PANI-N decreases the conductivity initially, which then shows a steady
increase. A conductivity of 1.44 x 107 S/cm is obtained at a loading of 120 phr
PANI-N. As discussed earlier, the increasing fiber-fiber contact with increasing
loading helps in forming a closed network of PANI and PANI-N leading to better

conduction.
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Fig. 4.19 Variation of DC electrical conductivity of the CPCs with loading
4.3.7 Thermal analysis

The TG curves of the PANI-loaded samples can be seen in fig. 4.20 and the data are
presented in table 4.3. CPCs with higher contents of PANI present complex thermal
decomposition processes and several weight losses are observed, which could be
related to the degradation of the elastomer and the conducting polymer. The onset of
thermal degradation shifts to higher temperatures with increasing PANI content. The
temperature at maximum degradation does not show any regular trend. The weight

loss during the degradation decreases with PANI loading pointing to the improved
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thermal stability of the CPCs. The temperature at which 50 % weight loss is recorded

increases with PANI loading. All these results ascertain that the thermal stability of

the CPCs increase steadily with PANI loading.
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Fig. 4.20 TG curves of CPCs of P series

Table 4.3 Thermal degradation data of the CPCs of P series

Degradation  CP, CP, CP, CP;
First 182.5 1835 180.5 203.7
Onset temperature
o) Second 304.6 3147 322.8 320.8
Third 413.6 405.5 415.6 4035
First - 295.9 303.1 300.1
Peak degradation
o Second 3644 3529 369.6 357.5
temperature ( C)
Third 45177 458.8 4572 424.1
First 745 13.03 136 14.88
Weight loss (%) Second 50.8 581 603 62.1
Third 295 241 202 7.1
Temperature at 50 % weight loss
4163 424.1 4421 4526

(0

Dependence of degradation of the CPCs on PANI loading is better visualized in the
DTG curves (fig. 4.21). Pure CR presents its maximum weight losses at 364 'C and
452 °C. The composite CP;, with 50 phr PANI shows the same weight loss process,
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but at lower temperature. This means that, for this composite, the conducting
polymer acts as pro-degrading for the elastomer. Presumably, free radicals formed in
the PANI, accelerate the formation of volatile oligomers in the CR chains. On
increasing the PANI content, other processes are observed. The weight losses at
364 'C and 452 'C are still observed, but their relative intensities reduce with PANI
content. By increasing the PANI content, other weight losses are observed at 303 C
and 424 'C. These can be assigned to the removal of PANI dopant and the chain
degradation of PANI.

e,

%) 3
o
2 c,
s cp
1
3
CP,

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4.21 DTG curves of the P series CPCs

Fig. 4.22 presents the thermograms of the PANI-N-loaded composites (F series) and
table 4.4 presents the data. Three degradations are seen in the PANI-N composites
with peak maximum at 303 'C, 376 Cand 451 C. The peak degradation temperature
shifts to higher values on PANI-N loading pointing to the increased thermal stability
of these composites. The PANI-N shows maximum degradation at 451 'C (chapter 2,
section 2.3.3.6). The intensity of the peak at 369 — 381 'C increases with PANI-N
loading as evident from the DTG curves (fig. 4.23). This leads to the possibility that
the third degradation with peak maximum at 451 'C is due to the overlapping of the
degradations of PANI-N and CR. The presence of the PANI-N in the composite

helps in enhancing the thermal stability of the composites.
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Fig. 4.22 TGA traces of the F series CPCs

Table 4.4 Thermal characteristics of the CPCs of F series

Degradation CP, CF, CF, CF;
First 180.5 3148 2179 2199
Onset temperature
o) Second 322.8 3147 313.7 3147
Third 415.6 42277 4257 42738
First 303.1 3014 3032 303.8
Peak degradation
. Second 369.6 3764 377.5 3815
temperature ( C)
Third 4572 45177 4508 4513
First 13.6  10.6 9.6 8.8
Weight loss (%) Second 60.3 355 408 45.7
Third 20.2 168  14.6 14.7
Temperature at 50 % weight loss
442.1 4084 3979 395.1

(0
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Fig. 4.23 DTG curves of the CPCs of F series

4.3.7.1 Thermal degradation kinetics

The kinetics of the thermal degradation reaction was followed using TGA. The Coats
and Redfern (CR) equation (equation (3.22)) for different values of n were applied
for each CPC in the P and F series. Best fit is obtained for n = 1. Representative plots
of CPCs from each series for n = 1, 2 and 3 are given in figs. 4.24 and 4.25. The

activation energies obtained from the corresponding plots are presented in table 4.5.
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Fig. 4.24 Representative plot of Coats and Redfern equation for the CPC CP,
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Fig. 4.25 Representative plot of Coats and Redfern equation for the CPC CF,

The Freeman and Carroll (FC) method (equation (3.17)) and the Chan and Balke
(CB) method (equation (3.19)) were also applied and the corresponding order of
reaction and activation energies are given in table 4.5. Representative graphs of the

two methods are shown in figs. 4.26 and 4.27.

Table 4.5 Thermal degradation kinetic parameters of the CPCs

CR equation FC equation CB equation

CPC
E, (kJ/mol) n E,(kJ/mol) E, (kJ/mol)

CP, 73.00 1.04 132.35 133.8
CP, 60.73 0.99 173.54 166.7
CP, 54.27 1.04 129.57 132.6
CP; 44.34 0.96 118.86 134.7
CF, 49.35 1.02 100.09 99.59
CF, 48.64 1.00 97.90 96.10
CF; 48.64 0.99 143.94 143.43
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Fig. 4.27 Representative plot of Chan and Balke equation for CP; and CF;

The estimates of both E and n vary amongst the three methods. This variation is
caused by several obvious sources of error: the finite difference approximation to the
rate will depend on the increment and can be very inaccurate; and the precision of the
quantities plotted according to Freeman and Carroll equation can be poor because of
the error-propagation effects resulting when two experimentally determined
quantities are ratioed [21]- the error in the intercept of equation (3.17) and hence in
the determined value of n from this equation is very large because the experimental
data points are remote from the intercept. These differential methods in general, tend
to produce ‘scattered’ results because of the inherent noise in the dW/dt term.
However, all the three methods point to an order, n =1. The method of Chan and

Balke (equation (3.19)) seems to be more accurate than these two methods. In this
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method, a non-linearity in the plot indicates that the reaction deviates from first order
kinetics. No such non-linearity is observed in our results and the data conformed to a

first-order fit.
4.4 Conclusions

The cure characteristics, cure kinetics, filler dispersion and mechanical properties of
Chloroprene rubber-polyaniline-polyaniline coated short Nylon fiber CPCs prepared
by mechanical mixing were investigated. Cure rate index and cure rate constants
indicate that incorporation of PANI to CR retards the cure reaction slightly whereas
addition of PANI-N accelerates the cure reaction. The shear modulus and viscosity of
the CPCs is found to increase with filler loading for both series. The cure reaction
follows first order kinetics. Higher loadings of the filler causes agglomeration, which
is predominant for PANI-loaded composites. The tensile strength, tear strength and
modulus of the CPCs increase marginally with PANI loading for the PANI
composites. As was the aim of this work, better mechanical properties could be
obtained by the addition of fiber. There is a good distribution of PANI particles in the
composites. The PANI particles link with each other to form conductive chains or
network in the matrix, increasing the conductivity. The percolation limit of the PANI
composites is at 100 phr loading. Addition of PANI-N decreases the conductivity
initially, but it increases with further additions. There is an enhancement in the
thermal stability of the composites on filler addition. The activation energy of the
thermal degradation reaction was estimated by various methods and the results show
variations due to the different approximations made in the derivations. Degradation

reactions followed first order kinetics.
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The dielectric properties of PANI, and NR and CR based CPCs were
measured in the frequency range 0.1 to 8 MHz and in the temperature
range 303 to 393 K. Both NR and CR based CPCs showed Maxwell-
Wagner type of polarization. The conduction mechanism in the
composites was primarily hopping. CR based composites exhibited better
dielectric properties due to its polar nature. At 303 K and 0.1 MHz, a
dielectric permittivity as high as 177 was obtained for the composite CP3,
which was almost double the value obtained for NR-PANI composite. The
F series CPC of CR, CF; had a permittivity of 70 at the same frequency
and temperature. At 303 K, a maximum conductivity of 6.2 x 107 S/m at
5 MHz was obtained for CR based CPC, CP;. The composite CF; of the F
series gave a conductivity of 1.01 x 107 S/m. The dielectric dispersion
could be fitted well with well known empirical equations.

Chapter 5

Dielectric properties of conducting

elastomer composites
5.1 Introduction

Development of electronic devices working at high operating frequencies, such as
fast computers, cellular phones, etc. requires new high-dielectric constant materials
that combine good dielectric properties with sufficient mechanical strength and ease
of processing. In particular, high dielectric constant materials are required for making
embedded capacitors for integrated electronic devices [1, 2]. The unique combination
of dielectric and mechanical properties is hard to achieve in a one-component
material. Pure polymers are easy to process into mechanically robust components but
generally suffer from low dielectric constants [3]. On the other hand, typical high
dielectric constant materials, such as ferroelectric ceramics, are brittle and require
high-temperature processing, which is often not compatible with current circuits
integration technologies [4]. The ideal solution for developing such a one-component

material would be designing a high dielectric constant material that is mechanically
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robust and processable at ambient temperatures. This has raised a great interest in
hybrid materials, such as polymer/ceramic composites and conducting

polymer/polymer composites, which combine desired properties of the components.

Polymer/ceramics composites have been of great interest as embedded capacitor
material because they combine the processability of polymers with the high dielectric
constant of ceramics [5-7]. Some novel nanostructure composites made of epoxy and
lead magnesium niobate-lead titanate (PMN-PT)/BaTiO; were reported to have very
high dielectric constant (¢ =110) [5]. A similar epoxy-based composite with an ultra
high dielectric constant (¢ = 1000) has been developed by the same group, which
was claimed by these researchers to be the highest ¢ value of the polymer based
composite ever reported, while no experimental details were disclosed except the
volume fraction of ceramics [7]. The high dielectric constant ceramics employed in
the polymer composites generally belongs to the categories of niobates, titanates,
zirconia (ZrO,), tantalum oxide (Ta,Os) and aluminum oxide (Al,O3), etc. The
adhesion between these ceramics and polymer matrix is poor, especially when
ceramics loading is high [8]. Conducting polymer systems constituted by a
conducing polymer dispersed inside an insulating polymer matrix have been
extensively investigated in the last decades in the electronics industry. The good
mechanical properties and intriguing electronic properties and high dielectric
constants of these materials indicate that they can be used in many device

applications.

Some studies observed that PANI and some PANI/polymer blends are capable of
obtaining a high dielectric constant. As a consequence, its conducting composites are
very close to applications on a large scale in electromagnetic shielding and
microwave absorption [9-12] and many studies are going on the dielectric behavior
of PANI and PANI composites. For instance, a dielectric constant > 10* can be
observed in a partially crystalline PANI sample system [13]. An inhomogeneous
disorder model was proposed for this system, in which ordered (crystalline) region,
described by three-dimensional metallic states, is connected through amorphous
region of polymer chains where one-dimensional disorder-induced localization is

dominant. High dielectric constant values ranging between 200-1000 have been
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reported for a PANI/polyvinyl alcohol (PVA) composite by Dutta and co-workers
[14]. The frequency range investigated was 1 kHz - 5 kHz from room temperature to
80 K. This report gave no structural analysis results for the composite, but just stated
that the dispersed submicronic PANI particles are suspended in the insulating PVA
matrix. They reported that the temperature dependence of DC conductivity followed
variable range hopping (VRH) and that the hopping transport occurred between the
superlocalised states of polymer. The frequency dependence of conductivity satisfied
the »' law and the AC conduction was reported to be due to correlated barrier
hopping (CBH). High dielectric constant PANI/polyurethane (PU) blends were
synthesized by using the technique of in situ polymerization of aniline in an aqueous
dispersion of PU (ISP blends) by Chwang et al. [15]. A dielectric constant of ~ 1120
was obtained for the PANI/PU blend containing 17 wt % of PANI, which surpassed
the highest value of ¢ ever reported for the high dielectric constant polymer
composites. A parallel study was carried out with a similar PANI/PU blend prepared
by simple mixing of PANI dispersed solution with an aqueous solution of PU. The
totally different microstructures exhibited by these two types of blends could
adequately explain their discrete dielectric behavior. Based on the results of
morphological study as well as the existence of a percolation threshold for the
conductivity of the ISP blends, the enhancement of dielectric constant in the ISP

blends was established to be chiefly due to electrode polarization.

Tabellout er al. studied the dielectric properties of conducting polymer composite
films based on doped and dedoped PANI located in a thin layer in the vicinity of the
surface of some insulating polymer matrices like polyamide and poly(ethylene
terephthalate), using dielectric relaxation spectroscopy over a wide temperature and
frequency range [16]. Several relaxation processes related to the film surface
conductivity and influenced by the nature of the polymer matrix were found in these
composites. At low temperature, in addition to sub-glass relaxation processes
occurring in the polymer matrix and in the non-doped composite as well, three
relaxation processes were observed in the doped one related to its conductive
properties. In the low frequency region, interfacial polarization relaxations were

observed arising due to the layered and clustered structure. At higher frequency,
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conductivity relaxation was connected to the conductivity in the PANI clusters. They
found that the nature of the polymer matrix, especially matrix crystallinity,
influenced the relaxations by frequency shift, change in relaxation strength and

activation energy.

The dielectric properties of the styrene-butadiene-styrene (SBS) triblock copolymer
matrix loaded with different amounts of PANI in the protonated conducting form and
in non-protonated, non-conducting form, emeraldine base, prepared by mechanical
mixing, were studied by Leyya and co-workers [17]. They reported that the dielectric
constant and loss factor increased with increase in PANI-DBSA concentration. The
dielectric loss factor data of SBS and their blends with PANI-DBSA revealed a sharp
increase at temperatures above the glass transition because of interfacial polarization
and ionic conductivity contributions. These phenomena were important at low
frequency measurements. The electrical properties of polyaniline/polyimide blends
[18], polyaniline/polychloroprene composite [19], polyaniline/polyvinyl chloride

blends [20] were also reported by different authors.

The dielectric behavior of conducting composites depends mainly on the method of
preparation, conductivity, molecular structure, particle size and crystal structure. It
also depends on external factors such as frequency of the applied voltage,
temperature, pressure and humidity [21]. Since the properties of the conducting
polymers and CPCs are very much dependent on the microstructure, nature of dopant
used, type of matrix and the processing variables, study of dielectric properties of
these materials assume significance. Dielectric properties of polymers and polymer
composites, like those of other dielectric materials are usually expressed in terms of
its resistivity, conductivity and complex permittivity. These quantities are functions
of temperature and the type i.e. AC/DC and magnitude of the voltage applied.
Frequency and temperature dependence of dielectric properties of the CPCs throw
light on the dielectric polarization and on the conduction mechanisms. The frequency
and temperature dependence of dielectric properties of PANI, as well as CR and NR
based PANI/PANI coated short Nylon fiber composites are presented in this chapter.
Different theoretical equations and mixture equations are applied to fit the observed

dielectric data of the CPCs.
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5.2 Dielectric measurements
5.2.1 Method of measurements

The dielectric constant or permittivity is defined as the ratio of the field strength in
vacuum to that in the material for the same distribution of charges. Dielectric
constant is dependent on parameters like temperature, orientation, molecular
structure of the material and frequency of the applied field. An electrical conductor
charged with a quantity of electricity ¢ at a potential V is said to have a capacity

C=¢q/V. The capacity of a sample parallel plate capacitor is given by:

C=eAld (CRY)

where A is the area of the parallel plates, d is the separation between the plates and ¢
is the ratio of dielectric constant of the medium between the plates to that of free
space. When a parallel plate capacitor with a dielectric in between is charged, then

the capacitance, C is given by:

C=¢,Ald (5.2)

where A is the area of the sample, d is the separation between the plates, & is the
permittivity of free space and ¢, is the dielectric constant of the material between the
plates. Dielectric constant of the samples can thus be calculated if the capacitance,

area and thickness of the samples are known. Thus, dielectric constant,

e =Cdle,A (5.3)

The AC electrical conductivity can be calculated utilizing the dielectric parameters

using the formula:

G, =27 tan 8¢ ¢, (5.4)
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where f'is the frequency of the applied field and tan J is the loss factor. The principle
and theory underlying the evaluation of o4¢ from dielectric measurements is based on

a treatment dealt by Goswamy [22].
5.2.2 Cell for the measurements

The schematic design of the cell employed for the electrical measurements is given
in fig. 5.1. All the necessary facilities like temperature sensing facility, high vacuum
facility, facility for measuring the pressure inside the cell and facility to carry out
optical and electrical studies have been incorporated. The cell is made up of mild
steel with a cylindrical stem having provisions for fixing various attachments such as
electrical connections and vacuum gauges. The cell is connected to a rotary pump to
maintain a pressure of 10 Torr inside the chamber. The inner diameter of the cell is
about 18 cm and the length of the cell is 30 cm. The sample holder assembly consists
of a mild steel stem of diameter 5 cm with mild steel flange and O-rings. The sample
holder is fixed at the bottom of a one-end closed metallic tube to be embedded to the
top flange. It consists of two copper disc electrodes. For high temperature
measurements, a solderon heater is kept at the back side of the sample holder. An
Fe-K thermocouple is placed on the sample to sense the temperature and is controlled

by a digital temperature controller.
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Fig. 5.1 Schematic of the cell for dielectric and conductivity measurements

The dielectric properties of the CPCs were studied using the dielectric cell and an
impedance analyzer, Hewlett Packard 4192A. The cell was standardized using Teflon
pellets and lead. The fringe capacitance was eliminated by employing a procedure
suggested by Ramasasthry et al. [23]. The samples, in the form of pellets of diameter
12 mm and ~ 2 mm thickness were mounted in between two copper disc electrodes.
The capacitance of the samples was measured in the frequency range 0.1 to 8 MHz
and in the temperature range 303 to 393 K. The data acquisition was automated by
interfacing the impedance analyzer with a computer. For this, a virtual
instrumentation package, based on a graphical programme was employed. This

package is called LabVIEW (Laboratory Virtual Instrument Engineering
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Workbench), a base software package for implementing virtual instrumentation and
G programming. LabVIEW is a programming language for data acquisition, analysis,
simulation or computer control of instruments and techniques or processes.
Appropriate modifications were incorporated in the software so as to enable the data
acquisition automatic and visual observation of the graphs on the computer screen.
The characteristic feature of this automatic data acquisition is that it is possible to
acquire 20,000 data points or more in a matter of 5 to 10 minutes. By using the
modified package, the data can be plotted and analyzed. After obtaining capacitance
and dielectric loss from the instrument, the LabVIEW software first calculates the

dielectric constant and then evaluates the AC conductivity of the samples.
5.3 Results and discussion

5.3.1 Dielectric permittivity

5.3.1.1 Frequency dependence of pristine PANI

Fig. 5.2 presents the variation of dielectric permittivity; ¢, i.e. the real part of
complex permittivity, of pristine PANI with frequency. The permittivity decreases
with increase in frequency at all temperatures. This is more pronounced at low
frequencies. Finally, it reaches a constant value at all temperatures. The decrement in
permittivity with increase of frequency reveals that the systems exhibit strong
interfacial polarization at low frequencies. As reported by other authors, the strong
low frequency dispersion of permittivity is a characteristic of charged carrier systems
[24]. This is the normal behavior found in the case of PANI [25]. This kind of
behavior can be explained on the basis of Maxwell-Wagner theory for interfacial

polarization.
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Fig. 5.2 Variation of dielectric permittivity of PANI with frequency
5.3.1.2 Temperature dependence of pristine PANI

Fig. 5.3 shows the variation of dielectric permittivity of pristine PANI with
temperature at different frequencies. Generally, at any particular frequency, the
dielectric permittivity decreases with temperature up to 333 K and then increases

with increasing temperature. This behavior is more pronounced at lower frequencies.
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Fig. 5.3 Variation of dielectric permittivity of PANI with temperature

Dielectric behavior of conducting polymers depends on their structure. PANI
aggregates are made up of small grains, which are formed from still smaller primary

particles. These primary particles have a metallic core surrounded by an amorphous
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non-metallic shell. This forms a heterogeneous structure as put forward by Maxwell-
Wagner. In the Maxwell-Wagner model, well conducting grains are separated by
poorly conducting grain boundaries. The increasing permittivity value with
increasing temperature is in accordance with Maxwell-Wagner theory, which means
that at higher temperatures, Maxwell-Wagner type of polarization is predominant. It
can be seen from fig. 5.3 that at 303 K, PANI has a permittivity of 76 and at 393 K,
the value is 712 at 0.1 MHz. The high values of dielectric permittivity at lower
frequencies can be accounted for by employing Koop’s theory, which is based on

Maxwell-Wagner model for heterogeneous double layer dielectric structures [26-28].
5.3.1.3 Frequency dependence of dielectric loss factor of pristine PANI

The variation of dielectric loss factor; ¢, i.e. the imaginary part of complex
permittivity with frequency is presented in fig. 5.4. It decreases with frequency at all
temperatures as in the case of dielectric permittivity and reaches a constant value.
The decrease is more pronounced at lower frequencies. It is interesting to observe
that the dependence of loss factor of PANI with frequency appears as straight lines at
lower frequencies, at low temperatures. Beyond 353 K, deviation from straight line is

observed.

—0— 303K

3.0 K —e— 313K
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log (dielectric loss factor, €
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Fig. 5.4 Variation of dielectric loss factor with frequency
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The loss factor; 8,,0[”, must be regarded as the sum of contributions of three distinct

effects as [29]:

Ews =Epc+Euw +Ep (5.5)

where ¢ pc is due to DC conductance, ¢ yy is due to interfacial polarization and ¢ p

is the usual dipole orientation or Debye loss factor.

Different mathematical equations have been developed to distinguish between loss
arising from a DC conductivity process and from other sources of different
processes. These equations were developed by considering the sample as parallel
resistor-capacitor circuit [29-31]. The loss factor due to DC conductance; S”DC, is
given by the equation [30]:

. 1.8x10"2[G . |
£pc =—— T (5.6)

f
where Gy, is the specific conductivity (S/cm) of the sample. The loss factor due to

the Maxwell-Wagner or interfacial polarization; & yw, is given by [32]:

K

eww =€ [+ ———
1+ w’t?

] 5.7
where €., and K are calculated considering two different dielectric permittivity of the
sample at the interfaces and 7 is the relaxation time of the interfacial polarization. By
expressing the above two equations in logarithm form and making the plot of
log ¢ pc and log € uw Vvs. logarithm of frequency, two different curves will be
obtained. The log € pe vs. log f represents a straight line and the log € yw VS. log f

represents a sigmoidal curve.

Fig. 5.4 shows that at lower frequencies and temperatures, the loss factor; 8”01,5,
decrease linearly with increasing frequency. These results suggest that DC
conductivity process is more significant than interfacial polarization at these

frequencies and temperatures. Similar results have been reported elsewhere [25].
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Generally it is believed in dielectric analysis that the high frequency permittivity
(dielectric constant) is mainly associated with dipolar relaxation, whereas at lower
frequency and higher temperature, the contributions of interfacial polarization
(Maxwell-Wagner type of polarization) and DC conductivity become more
significant in both ¢ and ¢ . Interfacial polarization arises mainly from the existence
of polar and conductive regions dispersed in relatively less polar and insulating
matrix. This phenomenon is particularly important in conjugated polymers and may
interfere on the relaxation process analysis. Therefore, many authors prefer to
describe the dielectric properties of these systems by using the electric modulus
formalism [24, 33-36]. The complex electric modulus is derived from the complex
permittivity, according to the relationship defined by Macedo et al. [37]. The real and
imaginary parts of the electric modulus (M “and M) can be calculated from ¢ and ¢ ,

as follows [38]:

&

(8')2 + (8")2 (58)
& o
T@reE) 2

The electric modulus representations of dielectric process give us some idea of
relaxation of dipoles that exists in different energy environments, independent of the
strong effect of DC conductivity, which often mask the actual dielectric relaxation
processes active in these types of systems. Figs. 5.5 and 5.6 show the isothermal and
isochronal dependence of the imaginary part of electric modulus, M~ with frequency
and temperature, respectively, of pristine PANI. PANI exhibits only one broad peak,
both in isothermal and isochronal plots with a narrow distribution of the relaxation,
indicating a uniform system and a single relaxation process. The peak shifts to higher
frequencies in the isothermal plots with increasing temperature upto 333 K. With
increasing frequency (fig. 5.6), the peak height increases initially upto 3 MHz which

then decreases.
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5.3.1.4 Effect of frequency of NR gum vulcanizate

Variation of dielectric permittivity of NR gum vulcanizate is shown in fig. 5.7. As

the frequency increases, dielectric permittivity decreases at all temperatures. The

decrease is gradual at lower frequencies and more significant at higher frequencies.

The dielectric constant of the unvulcanized NR is reported to be in the range 2.6 to

3.04 [39]. A dielectric constant of 2.3 is obtained at 0.1 MHz in the present study.
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Fig. 5.7 Variation of dielectric permittivity of NR gum vulcanizate with frequency
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The dielectric behavior of a polymeric material under the influence of an external
electric field depends on the polarization effect that occurs within the material. The
total polarization is the sum of the deformational polarization and orientational
polarization. At low applied frequencies, both factors contribute to the total
polarization. As the frequency is increased, the orientation polarization becomes out
of phase with the applied field i.e. the dipolar motion can no longer follow the rapid
vibration in the electric field. So the dielectric permittivity of polymeric materials
decreases with increase in applied frequency. The polarization and hence the

dielectric permittivity must be regarded as a complex quantity,
e =¢€-ie (5.10)

The complex dielectric permittivity; ¢ , is given by the Debye equation as follows:

* go_gm

E =¢€_+ - (5.11)
1+iwr

where o is the angular frequency, ¢ is the static dielectric permittivity and &, is the
dielectric permittivity at infinite frequency. The real and imaginary components e

and ¢ are given by [40-42]:

g, — €

£ =¢_ +ﬁ (5.12)
T
£ = —(gl";(z;);” (5.13)

According to equation (5.12), the dielectric permittivity decreases with increase in

frequency, and the decrease is more pronounced at higher frequencies.

5.3.1.5 Effect of temperature of NR gum vulcanizate

The effect of temperature on the dielectric permittivity of NR gum vulcanizate at

selected frequencies is presented in fig. 5.8. The dielectric permittivity is found to
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decrease with increase in temperature at all frequencies. When the temperature
increases, due to thermal expansion of matter, the ratio of the number of molecules to
the effective length of the dielectric diminishes and as a result, dielectric permittivity
decreases [43, 44]. In other words, as the temperature increases, the polymer density

reduces which, in turn causes a decrease in dielectric permittivity.
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Fig. 5.8 Variation of dielectric permittivity of NR gum vulcanizate with temperature

5.3.1.6 Frequency dependence of the NR based CPCs

The dielectric properties of NR/PANI and NR/PANI/PANI-N composites containing
different loadings of PANI and PANI-N, respectively, were studied. Effect of
frequency on the dielectric permittivity of NR composites NP,, NP; and NF; at some
selected temperatures is represented in figures 5.9, 5.10 and 5.11, respectively. The
variation pattern shows almost similar behavior as that of PANI. The dielectric
permittivity decreases with increasing frequency for all the composites. This
indicates that more and more PANI dipoles can no longer keep up with the increasing
frequency. This behavior is in accordance with Maxwell-Wagner interfacial
polarization. As the frequency of the applied field increases, interfacial polarization

decreases and hence dielectric permittivity decreases.
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The absolute value of the dielectric permittivity of the CPCs is found to be much
greater than the gum vulcanizate. Higher values are obtained for composites with
higher PANI loading. Dielectric constants as high as 47, 73 and 45 are obtained for
NP,, NP; and NF; composites, respectively at 0.1 MHz. Compared to most of the
polymers which have ¢ values between 2 and 10 (¢ = 10 for poly(vinylidene
fluoride), PVDF,; & =5.6 for polyurethane, PU) and many common ceramics such as
SiO, (¢ = 4.0) and Si3sN4 (¢ = 7.0), the results obtained by NR based CPCs are quite

remarkable.
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5.3.1.7 Temperature dependence of the NR based CPCs

Variation of dielectric permittivity with temperature of NR based composites NP,
NP; and NF; are presented in figures 5.12, 5.13 and 5.14, respectively. In all the
three composites, the dielectric permittivity is found to increase initially with
temperature up to 353 K, and then decreases. This effect is more pronounced at lower

frequencies and nominal at higher frequencies.
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The high dielectric permittivity at low frequencies found at high temperatures may be
explained by the presence of permanent dipole moments indicating a small effective
charge separation. Such a small separation must be due to asymmetry in the fields
experienced by the presence of charged ions. In most cases, the atoms or molecules
in the samples cannot orient themselves at low temperature region. When the
temperature rises, the orientation of these dipoles is facilitated and this increases the
dielectric polarization. At even high temperatures, the chaotic thermal oscillations of
molecules are intensified and the degree of orderliness of their orientation is
diminished and thus the permittivity passes through a maximum value. In the present
case, this maximum temperature is 353 K. At very high temperatures, the dielectric
permittivity decreases. This is due to the thermal expansion of the matrix as
discussed earlier. At high frequencies, the temperature has little effect on dielectric

permittivity [43, 44].

5.3.1.8 Effect of loading of NR based CPCs

Variation of dielectric permittivity with the loading of PANI and PANI-N at 303 K
was followed and is presented in figs. 5.15 and 5.16, respectively. It is found to
increase with increase in PANI and PANI-N content at all frequencies. The increase
is more pronounced at lower frequencies. At 0.1 MHz, a maximum value of 73 is
obtained at 140 phr PANI loading (CPC NP;) and a value of 45 at 120 phr PANI-N
loading (CPC NF;). Thus, it is clear that the dielectric properties of the NR matrix
gets modified by addition of PANI and PANI-N and the required dielectric constant

can be achieved by varying their concentration.
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5.3.1.9 Effect of frequency and temperature of CR gum vulcanizate

The frequency and temperature dependence of CR gum vulcanizates is shown in
figures 5.17 and 5.18, respectively. The dielectric permittivity of CR gum
vulcanizate is found to be 5.3 at 0.1 MHz and it decreases with increase in frequency.
The decrease is nominal at lower frequencies and significant at higher frequencies.
The higher dielectric permittivity of the CR gum vulcanizate compared to NR
vulcanizate may be due to its polar nature. It indicates that CR possesses better
dielectric characteristics than NR. The decrease in permittivity with frequency is due
to the decrease in polarization. At higher frequencies, the orientation polarization
lags behind the applied frequency and hence the total polarization and the dielectric
permittivity decrease with increase in frequency. Another factor that affects the
dielectric permittivity of the polymer is its crystallinity. The dielectric permittivity of
a semi crystalline polymer is the average of their respective values in the amorphous

and crystalline phases.

The permittivity increases up to 333 K and then decreases with further increase in
temperature. The initial increase in dielectric permittivity is more pronounced at

higher frequencies. The initial increase at low temperature is due to the increase in
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polarity of the C-Cl bond. At very high temperature, the increased polymer chain
mobility decreases the density of the matrix and hence the dielectric permittivity

decreases.
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5.3.1.10 Frequency dependence of CR based CPCs

The dielectric properties of CR/PANI and CR/PANI/PANI-N composites containing
different loadings of PANI and PANI- N at different temperatures were measured in
the frequency range 0.1-8 MHz. Effect of frequency on the dielectric permittivity of
CR/PANI composites at different temperatures with 100 phr (CP,) and 150 phr (CP3)
PANI loadings and 120 phr PANI-N loading (CF;) is represented in figures 5.19,
5.20 and 5.21, respectively. Frequency dependence of dielectric permittivity of CR
based CPCs shows similar behavior as that of NR based CPCs. In the conducting
polymer composites, the conducting particles are covered with the insulating matrix
and space charge polarization occurs at the interfaces. This can also be explained by
Maxwell-Wagner model. The interfacial polarization can take place at lower
frequency. As the frequency is increased, the time required for the interfacial charges
to be polarized or for the dipoles to be arranged is delayed, thus the dielectric
permittivity decreases with frequency. Dielectric permittivity as high as 177 is
obtained for the composite CP; at 0.1 MHz and 303 K, which is greater than double

the value observed for NR composite. The composite CF; gives a permittivity of 30
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at 0.1 MHz and 303 K. The ¢ values are comparable to those reported by Chwang et
al. (g' = 167) for PANI/PU blends at 0.1 MHz [15].
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5.3.1.11 Temperature dependence of CR based CPCs

The effect of temperature on the dielectric permittivity of CR based CPCs with
different loadings of PANI and PANI-N at some selected frequencies is presented in
figs. 5.22, 5.23 and 5.24. The dielectric permittivity of 100 phr PANI-loaded CPC

CP; increases marginally up to 313 K and then decreases at higher temperatures. For
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150 phr PANI-loaded composite CPs3, the dielectric permittivity marginally increases

up to 353 K, and then decreases. For 120 phr PANI-N-loaded CPC CF;, the increase

is up to 373 K. The initial increase in dielectric permittivity may be due to the

increase in interfacial polarization, which is facilitated by the increase in temperature.

But, as the temperature increases, the density of the polymer matrix decreases, which

outweighs the increase in interfacial polarization. Thus, the dielectric permittivity

decreases. Since the volume percentage of the matrix in the CPCs is lesser, this effect

is less predominant for the higher loaded composites. Hence, the temperature at

which the dielectric permittivity decreases is shifted to higher values.
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5.3.1.12 Loading dependence of CR based CPCs

Variation of dielectric permittivity with loading of PANI of CR/PANI CPCs and
PANI-N loading of CR/PANI/PANI-N CPCs at 303 K are shown in figs. 5.25 and
5.26. The dielectric permittivity increases with increase in weight percentage of
PANI at all frequencies for CR/PANI composites. The increase is more rapid at
lower frequencies. A dielectric permittivity of 177 is obtained for the composite CP;
at 0.1 MHz at 303 K. For CR/PANI/PANI-N composites, the dielectric permittivity
tends to increase with the introduction of PANI-N loading but it decreases with
further loading. A maximum dielectric permittivity value of 70 is obtained for 40 phr

PANI-N-loaded composite CF;.
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5.3.1.13 Tailoring of dielectric permittivity of the CPCs

Efforts were made to correlate the dielectric constant of the composite samples with
those of pristine PANI, and gum NR and gum CR. Several mixture equations exist
which can be employed to predetermine the dielectric permittivity of the composites
correctly [45]. For this, the dielectric has to be considered as a mixture of several
components. The observed permittivity of the CPCs can be predicted in terms of the
permittivity of the host matrix and that of the conducting polymer by using well-

known empirical equations with certain modifications. Among the different mixture
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equations, the simplest one is the Lichtenecker equation [43, 46-48], which can be

written as:

loge,; =(1-V,)loge, +V, loge, (5.14)

where ¢, is the dielectric permittivity of the composite, V;is the volume fraction of
the filler, ¢, and & are the dielectric permittivity of the matrix and the filler
respectively. The best-known formula for ¢, for a binary mixture is associated with
Maxwell and Wagner. Maxwell developed the idea of effective conductivity of a
binary system consisting of spheres of a particular conductivity distributed uniformly
in a continuum of different conductivity. Wagner adopted Maxwell’s expression to

the dielectric case and

(e —¢,) the equation is as follows
1-2v, -

! (28m +8f) [49]:
e

eff m
£ —¢€
1+Vf7( =€)
(2¢, +€;) (5.15)

Another mixture equation of the form [50]:

E,€;
£y =—"—"— (5.16)
. gmyz +€jyl

is also found to be useful in predicting the loading dependence of dielectric
permittivity of the CPCs. Here, y, and y, represent the weight fractions of the matrix
and the filler respectively. For CPCs, the equations (5.14), (5.15) and (5.16) did not
fit well with the experimental data. Deviations may have occurred due to the
formation of agglomerates of PANI particles in the matrix. Hence modified versions
of the equations were derived assuming that spherical shaped conducting particles
are well distributed in the non-conducting medium. These modified equations are
employed to fit the experimental data. For convenience, logarithmic values were
calculated and plotted. The modified form of equation (5.14) used to calculate the

dielectric permittivity of the CPCs is:
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log e, =(1-W,)log &,) +W,(log £,)" (5.14a)

Equations (5.15) and (5.16) were also modified with an exponential factor as:

1w, EnTE)
" (2e, +¢€;)

loge,, =loge, +log k
ff (gm _gf) (5.15a)
I+W, —————
(2e, +€;)
8m€f
log £, =log +log k (5.16a)
gm y2 + gf yl

W; is the weight fraction of the filler. Using equations (5.14a), (5.15a) and (5.16a),
log &, was calculated and plotted against log f. Figures 5.27 to 5.32 shows the plots
along with the plots of the experimentally observed values. It can be seen that, as the
loading increases, the calculated permittivity deviates from the observed one at lower
frequencies. For NR composites, the value of k in equation (5.14a) lies in the range
0.6-1.3, in equation (5.15a), in the range 0.38-0.73 and in equation (5.16a) between
0.2-0.7. For CR composites, the values lie between 0.23-0.88. The marginal variation
of the empirical constant and the deviation from the observed value at higher
loadings may be due to the difference in filler distribution and filler matrix

interactions.
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5.3.2 AC conductivity

Taking into consideration the wide range of electrical conductivity of dielectric
materials, there are many mechanisms of carrier transport to explain the conductivity
over the entire range. Many mechanisms have been proposed, reflecting the
evolution of the underlying electronic structure in the various regimes. The room
temperature DC conductivity value is insufficient to differentiate among these
various models. Measurements of the frequency and temperature dependence of the
AC conductivity; o¢, provides important means to distinguish between the various
conduction mechanisms. The AC conductivity values of the samples were computed

from the dielectric data using equation (5.4).

The current passing through a sample of thickness & and cross-sectional area A can
be determined from Ohm’s law and has two components, the in-phase component
I cos @ and the out-of-phase component / sin @. The real and imaginary AC
electrical conductivities are given by a'Ac = (h/A) I cos @ and a”Ac = (h/A) I sin @,
respectively. The real part of AC conductivity o Ac consists of two terms, which can

be written as:

0w=0,T)+0,(w) (5.17)
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O—I(T) = 0, exXp (%j (.18)

o,(w)=Bw" (5.19)

The first term; o,(7T) is related to drift electric charge carriers. It is frequency
independent and temperature dependent, and is really the DC electrical conductivity.
The second term; o,(w), is related to the dielectric relaxation caused by bound charge
carriers. k is the Boltzmann’s constant and E is the activation energy in eV. gy, B and
n are constants, where » is temperature dependent and o is the angular frequency of

the applied field [51].
5.3.2.1 Frequency dependence of pristine PANI

Variation of AC conductivity of pristine PANI with frequency at different
temperatures is plotted in fig. 5.33. It shows a nominal increase initially up to

2 MHz, and then decreases at higher frequencies.
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Fig. 5.33 Variation of AC conductivity of PANI with frequency

This can be explained using Maxwell-Wagner two layers or the heterogeneous
model. The heterogeneities of the material as described by the Maxwell-Wagner
model consist of two layered capacitors i.e. well conducting grains separated by

layers of lower conductivity. The low-frequency AC conductivity is related to the
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resistive grain boundaries, where as the high frequency AC conductivity is due to the
conductive grains. Electrical conductivity in conducting polymers is due to the
hopping of charge carriers. As the frequency of the applied field increases, the
hopping of the charge carriers also increases thereby increasing the conductivity.
Equations (5.4) and (5.18) also explain the increase in o4¢ with increase in frequency.
At high frequencies, greater than 2 MHz, AC conductivity decreases with increase in

frequency as the hopping of charge carriers lags behind the applied frequency.

A plot of log o4c against log f from 2 MHz to 8 MHz at different temperatures is
presented in fig. 5.34. This can be understood on the basis of equation (5.19),
o(w) = Bw" where n is an index less than or equal to unity which is used to
understand the type of conduction/relaxation mechanism dominant in amorphous
materials. The variation of the exponent n with temperature gives information on the
specific mechanism involved in the conduction process. This behavior has been
ascribed to the inhomogeneity within the solid caused by the absence of long range
crystalline order [52]. Carrier transport via hopping can be identified with this type of
dielectric response. Jonscher [53] has proposed that such a dependence on frequency
and temperature represents a universal law, applicable to a very wide range of
materials irrespective of their chemical and physical structure and the type of
dominant charge carriers. The value of n obtained from the plots lies between -0.36
and -0.46 (table 5.1). This value is in accordance with the theory of hopping
conduction in amorphous materials. The observed frequency dependence suggests

that the mechanism responsible for AC conduction in pristine PANI is hopping [54].

155



Chapter 5

02 —0—303K

—e— 313K
04+ —2—333K

—v—353K

-0.6 -

-0.8 -

o Kok kAR
14 "‘.—-‘M\

T T T T T T T
6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0

log f (f in Hz)

log 6, (S/m)

Fig. 5.34 log AC conductivity vs. log frequency of pristine PANI

Table 5.1 n values of pristine polyaniline

Temperature (K)  n values

300 -0.40
313 -0.36
333 -0.46
353 -0.43
373 -0.44
393 -0.38

5.3.2.2 Temperature dependence of pristine PANI

The effect of temperature on the AC electrical conductivity of pristine PANI is
presented in fig. 5.35. As the temperature increases, the conductivity increases,
reaches a maximum and then decreases. The increase in conductivity with
temperature can be related to the increase in the drift mobility of thermally activated
electrons, which increases the hopping conduction [55]. Mott’s variable range
hopping mechanism (VRH) has been applied with varying degree of success to
conducting organic systems [56-58]. Reghu et al. have shown the applicability of
Mott’s VRH model in polyaniline film [59]. The thermal variation of conductivity

with time and temperature in polyaniline has also been explained in terms of a
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conduction mechanism consisting of electron tunneling between conducting grains
embedded in an insulating matrix [60-62]. The thermal degradation was attributed to

a decrease of the grain size with a simultaneous broadening of the barriers.
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Fig. 5.35 log AC conductivity as a function of 1000/T for pristine PANI
5.3.2.3 Effect of frequency of NR based CPCs

Fig. 5.36 presents the frequency dependence of NR gum vulcanizate (NPy) and figs.
5.37 to 5.39 that of the corresponding CPCs at temperatures ranging from 303-393 K.
Most of the polymeric materials are insulators and practically no conductivity is

observed in unvulcanized elastomers.

The CPCs with different loadings of PANI and PANI-N show similar frequency
dependence at different temperatures. With the incorporation of PANI and PANI-N,
the AC conductivity increases with increase in frequency and drops after reaching a
maximum at higher frequencies. The increase in AC conductivity with increase in
frequency is due to the increase in hopping conduction. With increase in PANI

loading, the AC conductivity shows an increase.
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5.3.2.4 Effect of temperature of NR based CPCs

Effect of temperature on the AC conductivity at different frequencies for different

loadings of PANI and PANI-N are shown in figs. 5.40, 541 and 5.42. The

AC conductivity increases with temperature up to 353 K and then decreases. The

temperature dependence of AC conductivity is similar to that of dielectric

permittivity of these samples (figs. 5.12-5.14). The initial increase in conductivity is
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due to the increase in hopping conduction, though at very high temperatures, the

increased segmental mobility of the polymer may insulate the PANI particles and

decrease the conductivity.
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5.3.2.5 Loading dependence of NR based CPCs

The loading dependence of AC conductivity of NR based CPCs at 303 K at different

frequencies is presented in figs. 5.43 and 5.44. As expected, it increases with increase

in PANI and PANI-N loadings. The maximum conductivity (2.13 X 10° S/m at
5 MHz) is observed for CPC with 140 phr PANI loading (NPs). The 120 phr
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PANI-N-loaded composite (NF;) gives conductivity very close (1.68 x 107 S/m) to

the NP5 composite.
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5.3.2.6 Frequency dependence of CR based CPCs

Figs. 5.45 to 5.48 present the effect of frequency on the AC conductivity of gum CR,
CR/PANI and CR/PANI/PANI-N composites at 303 K. The conductivity of gum
vulcanizate is due to the different ingredients added during vulcanization. CR is a
semi-crystalline polymer and can be considered as a continuous matrix of an
amorphous polymer in which the crystalline regions are randomly distributed. The
crystallite centers tend to lower the conductivity. The elastomer can be visualized as
a double layer made up of crystalline and non-crystalline centers, analogous to
Maxwell-Wagner two layer model. If the conduction is ionic, ion mobility through
the crystalline region will be low and in the case of electronic conduction, the
crystalline-amorphous interface may act as a trapping region. At lower frequencies,
the crystalline/non-crystalline interface may be more active and as the frequency
increases, the ions cross over to the interface leading to an increase in conductivity.
High frequency limit is reached when the applied frequency is greater than the

hopping rate. Further increase in applied frequency leads to decrease in conductivity.
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The CPCs with different loading of PANI and PANI-N show the same behavior as
that of the gum vulcanizate on frequency variation. The conductivity increases with
increase in frequency, reaches a maximum and then decreases at higher frequencies.
However, the rate of increase is higher for the CPCs compared to the gum
vulcanizate. The AC conductivity is found to be higher for CR based CPCs compared
to NR based composites. This might be due to the presence of polar C-Cl bonds in
chloroprene rubber. However, the behavior patterns with respect to frequency and

temperature are the same for both.
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5.3.2.7 Effect of temperature of CR based CPCs

The effect of temperature on AC conductivity of CR based CPCs is plotted in figs.
5.49, 5.50 and 5.51. For the composite CP, (fig. 5.49), the conductivity increases
nominally with temperature. But as the frequency increases,
decreases with temperature and reaches a constant value. As the loading is increased
to 150 phr (CPC CP;), the conductivity shows an increase up to a temperature of
353 K and then decreases. For the composite CF;, the conductivity increases with
temperature up to 373 K, and then decreases. The initial increase in conductivity is
due to the increase in hopping conduction, though at very high temperatures, the
polymer chain mobility increases, which decreases the conductivity. The point

beyond which the conductivity decreases is shifted to higher temperature for the

CR/PANI-N composite, compared to the CR/PANI composite.
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5.3.2.8 Loading dependence of CR based CPCs

The effect of loading of PANI and PANI-N on AC conductivity of CR based CPCs
are shown in figs. 5.52 and 5.53.
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The conductivity increases with PANI content, as expected. The increment is sharper
at higher frequencies. For CR/PANI/PANI-N composites, the AC conductivity tends
to increase with PANI-N loading but it decreases at higher loadings as seen in the
case of dielectric permittivity (fig. 5.26). The conductivity is slightly higher than that
observed for NR/PANI CPCs (section 5.4.5). A maximum conductivity of
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6.20 x 10 S/m at 5 MHz is recorded for CPC CPs. The PANI-N-loaded composite
gives a maximum conductivity of 1.01 x 107 S/m for 120 phr loading (CPC CF;).

5.4 Conclusions

The dielectric properties of PANI and the CPCs were measured in the frequency
range 0.1 to 8 MHz and in the temperature range 303 to 393 K. The dielectric
permittivity of pristine PANI decreases with increase in frequency revealing that
PANI exhibit interfacial polarization at low frequencies. At 0.1 MHz, PANI shows a
permittivity of 76 at 303 K and at 393 K, the permittivity is as high as 712. At low
frequencies and temperatures, the loss factor of pristine PANI decreases linearly with
increasing frequency suggesting that DC conductivity process is more significant
than interfacial polarization at these frequencies and temperatures. The dielectric
permittivity of the CPCs decreases with frequency owing to a decrease in interfacial
polarization and increases with PANI and PANI-N loading. With increasing
temperature it increases, reaches a maximum and then decreases. At 303 K and
0.1 MHz, a dielectric permittivity as high as 177 is obtained for 150 phr
PANI-loaded CR CPC, which is almost double the value obtained for NR composite.
The dielectric dispersion could be fitted well with the well known empirical
equations. The effective permittivity of the CPCs can be predicted by employing one

of these equations.

The conductivity in the CPCs is mainly due to hopping of charge carriers. AC
conductivity increases with increase in frequency and temperature and drops after
reaching a maximum for the CPCs due to an increase in hopping conduction. In the
case of NR based CPCs, a maximum conductivity of 2.13 x 10 S/m at 5 MHz is
observed for CPC with 140 phr PANI loading. The 120 phr PANI-N-loaded CPC
gives conductivity (1.68 x 10 S/m) very close to the 140 phr PANI-loaded CPC at
the same frequency. The AC conductivity is found to be higher for CR based CPCs
compared to NR based composites. A maximum conductivity of 6.20 x 10~ S/m at
5 MHz is obtained for CPC with 150 phr PANI loading. The 120 phr PANI-N-loaded
composite gives a conductivity of 1.01 x 10° S/m at the same frequency. Better

dielectric properties are exhibited by CR based composites due to its polar nature.
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Thus, the dielectric properties of the rubber matrix can be modified by appropriate

loadings of PANI and PANI-N according to the intended operating temperature and

frequency.
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The measurement of dielectric parameters at microwave frequencies is a
good means of understanding the mechanism of polarization of polymeric
materials. The polarization is a function of frequency and temperature
apart from material characteristics. Hence, an in-depth study of the
microwave characteristics of a material assumes significance. The
dielectric properties at microwave frequencies of the prepared CPCs
were measured in the X (7-13 GHz) and S (2-4 GHz) band frequencies
using the cavity perturbation technique. The important properties like
dielectric permittivity, loss tangent, conductivity, and dielectric heating
coefficient were evaluated. The electromagnetic interference shielding
efficiency of the composites in the X band frequencies were also studied.

Chapter 6

Microwave characteristics of conducting

elastomer composites
6.1 Introduction

An electromagnetic wave will undergo a combination of reflection, absorption and
transmission when it encounters an absorbing material [1]. The exact behavior of the
electromagnetic wave at the surface and in the bulk material critically depends on the
dielectric and magnetic properties of the material. The complex permeability
(,u' - j,u”) and permittivity (e - js”) of the constituent material of the microwave
absorber determine the reflection and attenuation characteristics of the test material
[2-5]. The complex permittivity (¢ - jg”), in the case of dielectric absorber, is an
important parameter, which determines the absorption properties of the composite.
These absorbers being resonant type, sample thickness is also an important
parameter. Excessive loading of particulates in the matrix causes heavy cracks in the
samples, as the matrix molecules are unable to bind the filler together, while low
loading of fillers in the same matrix reduces absorption properties. By controlling the
composition, fill factor and thickness, the performance of these absorbers can be

optimized.
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An EMI shield can be made up by attaching an absorbing layer on a metallic plate.

The impedance of this layer (Z;,), normalized by the impedance of free space is given

by [5]:

z, =% :{/ﬂ} tanh[ JZE (e fd} ©6.)
E c

Z,

where Z; and Z, are the impedance of absorber and that of free space, respectively,
and ¢ are relative permeability and permittivity of the medium, c is the velocity of
light in free space, f is the frequency of the microwave in free space and d is the
thickness of the absorber. A perfect impedance match, Z; = Z,allows electromagnetic
waves to propagate from the free space to the inside of the absorber without any
reflection. Variations in matching of the two impedances give rise to reflections at
the surface of the absorber. The process of absorption of microwaves within the
material occurs as a result of various interactive processes of magnetization and
polarization. This requires the imaginary parts of complex permeability and
permittivity to be high. It is evident from equation (6.1) that the absorption depends
on the thickness of the absorber. However, minimum sample thickness for maximum
absorption also depends upon the permeability and permittivity of the material [6-8].
The shielding effectiveness (SE) is usually expressed by the attenuation experienced
by the wave interacting with the shield itself. In turn, they are usually related by the
reflection loss, which is a measure of the amount of electromagnetic wave reflected.

The reflection loss; RL, is related to Z;, as follows:

z, -1
RL =-20 log( 7+ 1] (6.2)
Thus, lower the reflection loss, better is the shielding effectiveness, since a lesser
amount of incident wave is reflected [9]. Generally, the thickness of the absorber is
optimally reduced for maximum absorption. High conductivity and dielectric
constant of materials contribute to high EMI shielding efficiency [10, 11]. These
criteria can be achieved by fabricating CPCs, which can be molded into any desired

shape and thickness.
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6.2 Measurement of microwave properties by cavity perturbation technique

Different methods including transmission line coaxial method, free space
propagation, cavity resonance and cavity perturbation techniques are generally used
for microwave measurements. Among these, the cavity perturbation technique has
been extensively employed for studying the dielectric properties of materials at
microwave frequencies [12, 13]. In the cavity perturbation technique, generally
rectangular or cylindrical wave-guide resonators are employed. When a dielectric
material is introduced into a cavity resonator at the position of maximum electric
field, the resonant frequencies of the cavity are perturbed. The contribution of
magnetic field for the perturbation is minimum at this position. So, from the
measurement of the perturbation due to the sample, the dielectric parameters can be
determined. The microwave characteristics of the prepared CPCs were studied using
Agilent Performance Network Analyzer E8362 B. The measurements were done in X

(8-12 GHz) and S (2-4 GHz) band frequencies at room temperature.

6.2.1 Design of rectangular wave-guide cavities

The cavity resonators are constructed from brass or copper wave-guides. The inner
walls of each cavity are silvered to reduce the wall losses. Both the resonators are of
transmission type, since power is coupled into/out through separate irises. The design
details of X and S band rectangular wave-guides used in the measurements are given

in table 6.1.

Table 6.1 Design parameters of X and S band wave-guide resonators

Dimensions of the cavity (cm) X band S band

Length 14.1 345
Breadth 2.3 7.2
Height 1 34

The photographs of the X and S band wave-guide cavity resonators are shown in

figs. 6.1 and 6.2, respectively. The network analyzer is shown in fig. 6.3.
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Fig. 6.1 The X band wave-guide cavity resonator

Fig. 6.3 Setup for the measurement of microwave properties
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6.2.2 Theory of microwave characterization

When a dielectric material is introduced into a cavity resonator at the position of
maximum electric field, the contribution of magnetic field for the perturbation is

minimum. The field perturbation is given by Kupfer ez al. [14] as:

(e -1)[EE, av
dQ 7

——= 6.3
o o[ ©
v,

where d«2is the complex frequency shift, V. and V; are the volumes of the cavity and
the sample, respectively. E and E, are the perturbed and unperturbed fields in the
cavity, and ¢ is the relative complex permittivity of the sample material. e =¢—je
where ¢ is the real part of the complex permittivity and ¢ is the imaginary part of the
complex permittivity. Complex frequency shift is related to the quality factor, Q as:
aQ _do f[ L1 }

(6.4)

Q o 200 0

Oy and Qy are the quality factors of cavity with and without sample. Quality factor;
Q, is given by Q = f/Af where fis the resonant frequency and Af is the corresponding
3 dB bandwidth. For small samples, we assume that E= E, and for the dominant

TE o, mode in a rectangular wave-guide,
E,=E,. .. sin(nxj sin(ngzj, p=123... (6.5)

Eonax i the peak value of Ey, a is the broader dimension and d is the length of the
wave-guide cavity resonator. From equations (6.3)-(6.4), the real and imaginary parts

of the relative complex permittivity are given by

£ =1+H(ij (6.6)
2f, \%

s
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8" — Vz,‘ [QO B QSJ (67)
4Vs QOQS

The real part of the complex permittivity; £, is generally known as the dielectric
constant/dielectric permittivity and the imaginary part; €, is related to the dielectric
loss of the material. The dielectric constant represents the amount of dipole
alignment, both induced and permanent, and the dielectric loss represents the energy

required to align dipoles or move ions.
The loss tangent is given by:

o+ we
we

tan o = (6.8)
Here, (o + e ) is the effective conductivity of the medium. When the conductivity;
o, due to free charge is negligibly small (good dielectric), the effective conductivity
is due to electric polarization and is reduced to:

o, =we =2Ilfe e 6.9)
The efficiency of heating is usually compared by means of a comparison coefficient;

J, which is defined as [15, 16]:

J = ! (6.10)
gtand

The absorption of electromagnetic waves when it passes through the medium is given

by the absorption coefficient; a;, defined as [17]:

a, _Ef (6.11)
nc

where n = ¢ and c is the velocity of light.
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Skin depth or penetration depth is the effective distance of penetration of an

electromagnetic wave into the material, given as [18]:

T a (6.12)

The quality factor; Qy, of the cavity and resonance frequency; fp, in the unperturbed
conditions were measured. The samples in the form of thin rectangular rods, the
length of which equals the height of the cavity, so that both the ends of the specimen
are in contact with the cavity walls, were used. The samples were inserted into the
cavity through a slot and positioned at the maximum electric field. The resonance
frequency; f;, and loaded quality factor; Q,, of the samples were measured.
Permittivity values were then calculated using the equations (6.6) and (6.7) [19, 20].

The procedure was repeated for all the available resonant frequencies.
6.3 Results and discussion
6.3.1 Permittivity measurements

The dielectric permittivities of the CPCs were determined in the X and S band
frequencies. From the measured parameters, the dielectric loss tangent, heating

coefficient, conductivity and skin depth were calculated.
6.3.1.1 Dielectric permittivity of NR based CPCs

Figs. 6.4 and 6.5 show the frequency dependence of the real part of permittivity of
PANI filled NR composites in X and S bands, respectively. In the X band, dielectric
permittivity shows insignificant variation with frequency at low loadings; but
increases with increase in frequency at higher loadings. In the S band, it remains
constant over the whole frequency range studied. The dielectric properties of the
CPCs arise mainly due to the interfacial polarization along with some contributions
from intrinsic electric dipole polarization. Polyaniline, protonated with HCI, possess
permanent electric dipoles. Therefore, orientation or dipolar polarization, which
depends on the frequency of the applied field, is expected to contribute to the

dielectric permittivity. Some contribution from atomic polarization may be expected,
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but electronic polarization is completely ruled out since it occurs in the optical
frequency range. Further, the prepared composites are a heterogeneous mixture of
conducting PANI separated by highly resistive rubber matrix. The dielectric
permittivity of such a heterogeneous composite also arises due to the interfacial

polarization [19].
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Fig. 6.4 Dielectric permittivity
of NR/PANI CPCs in the X band

Fig. 6.5 Dielectric permittivity
of NR/PANI CPCs in the S band

According to Koops, the dielectric permittivity is inversely proportional to the square
root of resistivity [21]. The DC and AC conductivities of the NR based CPCs
increase with loading and frequency (see figs 3.16 and 5.37-5.39). Therefore, the
permittivity increases with frequency, especially at higher loadings. A dielectric
permittivity of 35 is obtained for 140 phr PANI-loaded NR CPC NP; at 12.7 GHz.
For a PANI/NR semi interpenetrating network (SIPN) from natural rubber latex,
John et al. have reported a permittivity of ~ 20 at a NR:PANI proportion of 2:1 [22].

Figs. 6.6 and 6.7 present the variation of dielectric permittivity of NR/PANI/PANI-N
CPCs with frequency in X and S bands. The dielectric permittivity increases with
frequency in the X band and the variation is insignificant in the S band, as observed

in the case of NR/PANI composites.
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Dielectric permittivity
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Fig. 6.6 Dielectric permittivity of Fig. 6.7 Dielectric permittivity of

NR/PANI/PANI-N CPCs in the X band  NR/PANI/PANI-N CPCs in the S band

Figs. 6.8 and 6.9 present the loading dependence of dielectric permittivity of

NR/PANI CPCs in X and S bands, respectively. Dielectric permittivity depends on

the volume fraction of the conducting filler incorporated and hence increases with

increase in PANI content. The higher value of permittivity at higher loaded

composites may be attributed to the higher conductivity values of these samples.

Dielectric permittivity
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Fig. 6.8 Dielectric permittivity vs. Fig. 6.9 Dielectric permittivity vs.

loading of NR/PANI CPCs in the X band  loading of NR/PANI CPCs in the S band

The wvariation of dielectric permittivity with loading of PANI-N for the
NR/PANI/PANI-N composites in the X and S bands are given in figs. 6.10 and 6.11,

respectively. In both bands, it decreases with increase in PANI-N loading. The

DC electrical conductivity decreases with PANI-N loading and increases only at very
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high loadings in the case of NR/PANI/PANI-N CPCs (see fig. 3.16 of chapter 3).
The decrease in dielectric permittivity can be assigned to the lesser conductivity of
these composites. At 12.7 GHz, the 40 phr PANI-N-loaded CPC NF, shows the
highest permittivity value of 11.6.

“] * 7.2 GHz o —— :: g::
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PANI-N loading (phr) PANI-N loading (phr)
Fig. 6.10 Dielectric permittivity Fig. 6.11 Dielectric permittivity
vs. loading of NR/PANI/PANI-N vs. loading of NR/PANI/PANI-N
CPCs in the X band CPCs in the S band

6.3.1.2 Loss tangent of NR based CPCs

Loss tangent is the tangent of the angle ¢ between the vector for the amplitude of the
total current and that for the amplitude of charging current [15]. Figs. 6.12 and 6.13
show the frequency dependence of tan ¢ of the NR/PANI CPCs in X and S band
frequencies, respectively, and figs. 6.14 and 6.15 present the variation of loss tangent
with frequency of the NR/PANI/PANI-N composites in the X and S bands,
respectively. Loss tangent of all the CPCs show similar behavior. It is found to
increase with frequency in both bands, for both NR/PANI CPCs and
NR/PANI/PANI-N CPCs. The dielectric loss at S band is due to the free charge
motion within the material [23, 24]. The variation in loss tangent with frequency is a
function of relaxation process and its origin is due to the local motion of polar
groups. At lower frequencies, the dipoles synchronize their orientation with the field.
As the frequency is increased, the inertia of the molecule and the binding forces
become dominant and this is the basis for high dielectric loss at higher frequencies.

The NR gum compound offers a very low permittivity (¢ ~3)and a very low loss
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tangent (tan 6 = 0.008). This indicates that the dielectric properties and microwave

absorption of the CPCs depend largely on the filler used i.e. PANI and PANI-N.
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Fig. 6.12 Loss tangent of NR/PANI
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The loading dependence of loss tangent of NR/PANI composites in X and S bands

are given in figs. 6.16 and 6.17, respectively. As the PANI loading increase, the loss

tangent is also found to increase continuously. Figs. 6.18 and 6.19 show the loading

dependence of loss tangent for the NR/PANI/PANI-N CPCs in X and S bands,
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respectively. It shows the same behavior as in the case of dielectric permittivity in

both bands.
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6.3.1.3 Heating Coefficient of NR based CPCs
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40 60 80 100

PANI-N loading (phr)

T
120

Fig. 6.19 Loading dependence of
loss tangent of NR/PANI/PANI-N

CPCs in the S band

The heating coefficient; J, of microwave absorbing materials can be calculated using

equation (6.10). The heat developed is proportional to both frequency and the

product of ¢ and tan 5. A higher J value implies that the material is a poor choice for

high frequency dielectric heating purposes. The heat generated in the material comes
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from the tangent loss, but that loss may not come entirely from the relaxation loss.

Rather, conductivity of the material may also contribute to tan J [15].

The frequency and loading dependence of J of the NR based CPCs of P series at X

band frequencies are presented in figs. 6.20 to 6.23. It decreases with increasing

frequency and PANI loading. Lower the heating coefficient, better is the microwave

attenuation. Hence, as the loading increases, microwave attenuation of the CPCs

increases. For the F series composites, it decreases with increase in frequency, and

increases with PANI-N loading, reaches a maximum and then decreases. Heating
coefficient as low as 0.11 is obtained at 12.7 GHz for the CPC NPs. The lowest J
value recorded for F series CPCS is 0.38 at 12.7 GHz for the composite NFs;.
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Fig. 6.20 Heating coefficient vs.
frequency of NR/PANI CPCs in the
X band
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Fig. 6.21 Heating coefficient vs. loading
of NR/PANI CPCs in the X band
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6.3.1.4 Conductivity, absorption coefficient and skin depth of NR based CPCs

The microwave conductivity and absorption coefficients are direct functions of
dielectric loss according to equations (6.9) and (6.11). Hence, the variation of
conductivity and absorption coefficients of the CPCs show the same variation pattern
as that of the dielectric loss factor. Both these factors increase with frequency. As the
absorption coefficient is derived from the complex permittivity and is a measure of
propagation and absorption of electromagnetic waves when it passes through the
medium, the dielectric materials can be classified in terms of this parameter
indicating transparency of waves passing through it [17]. As the skin depth, also
called penetration depth, is basically the effective distance of penetration of an
electromagnetic wave into the material [18], it can be applied to a conductor carrying
high frequency signals. The self-inductance of the conductor effectively limits the
conduction of the signal to its outer shell and the shell’s thickness is the skin depth,
which decreases with increase in frequency. The highest values of conductivity and
absorption coefficient and the lowest value of skin depth for the NR/PANI CPCs are
recorded at 12.7 GHz for NPs. In the case of NR/PANI/PANI-N composites, the best
values are recorded at 12.7 GHz for the CPC NF;. Table 6.2 shows the best values of

these parameters recorded for both the P and F series composites of NR.
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Table 6.2 Dielectric properties of NR based CPCs at 12.7 GHz

Conductivity ~ Absorption coefficient ~ Skin depth
e (S/m) (m™) (m)
NP; 6.27 32.01 0.001
NF; 1.79 32.27 0.003

6.3.1.5 Dielectric permittivity of CR based CPCs

Figs. 6.24 and 6.25

show the frequency dependence of CR/PANI and

CR/PANI/PANI-N composites in the X band and figs. 6.26 and 6.27 presents the

corresponding loading dependence. All the plots show the same pattern as seen in
NR based CPCs. But better dielectric properties are exhibited by CR based CPCs.
The 150 phr PANI-loaded CR/PANI composite CP; gives a dielectric permittivity of
96 at 12.7 GHz whereas, the 140 phr PANI-loaded NR/PANI CPC NPj; has a
permittivity of only 35. At 12.7 GHz, the 40 phr PANI-N-loaded CR based CPC CF,

has a permittivity of 23.6 whereas, at the same frequency, the 40 phr PANI-N-loaded
NR based CPC NF, has a permittivity of 11.6.
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Fig. 6.24 Dielectric permittivity vs.
frequency of CR/PANI composites
in the X band
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Fig. 6.25 Frequency dependence of
dielectric permittivity of
CR/PANI/PANI-N composites

at X band frequencies
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6.3.1.6 Loss tangent of CR based CPCs

In heterogeneous dielectrics, the accumulation of virtual charge at the interface of
two media having different dielectric constants ¢; and ¢, and conductivities ¢; and
0y, respectively, lead to interfacial polarization [25]. In the case of CR/PANI and
CR/PANI/PANI-N composites, which consist of more than one phase, a charge build
up can occur at the macroscopic interface as a result of the differences in the
conductivity and dielectric permittivity of the components. This accumulation of
charge then leads to field distortions and dielectric loss. This interfacial loss depends
on the quantity of the weakly polar material present, as well as on the geometrical
shape of its dispersion [26]. CR as a second phase in PANI, with a different dielectric
permittivity and conductivity, contributes to the interfacial polarization and thereby a
high dielectric loss is observed for the CPCs. Figs. 6.28 and 6.29 present the loss
tangent vs. frequency graphs in X band of the P and F series composites of CR,
respectively. The variation of loss tangent of the CPCs with PANI and PANI-N
loading in the X band are presented in figs. 6.30 and 6.31.
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6.3.1.7 Heating coefficient of CR based CPCs

Figs. 6.32 and 6.33 depict the frequency dependence of heating coefficient of
CR/PANI and CR/PANI/PANI-N composites at X band frequencies. The variation of
heating coefficient of the CPCs with loading are presented in figs. 6.34 and 6.35. The
heating coefficient decreases with frequency and loading for the CPCs. Though the
heating coefficient of F series CPCs increases with PANI-N loading initially, it
shows lower values at higher loadings. CR gum vulcanizate has better heating
properties than NR gum vulcanizate. At 12.7 GHz, the heating coefficient of CR and
NR gum vulcanizates are 0.82 and 34.9, respectively. Hence CR based CPCs is a
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better choice for high frequency heating applications. At 12.7 GHz and 150 phr
PANI loading, CR has a J-value of 0.05 and at 120 phr PANI-N loading, the value is

0.18. The F series CPCs exhibits poorer heating properties than P series composites

for both the matrices studied.
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6.3.1.8 Conductivity, absorption coefficient and skin depth of CR based CPCs

Conductivity and absorption coefficient of the CPCs increases with increase in
frequency and loading as in the case of NR based CPCs. The skin depth decreases
with both, frequency and loading, as expected. The dielectric properties of CR based
CPCs at 12.7 GHz are presented in table 6.3. Comparing with table 6.2, it can be
understood that conducting composites of CR exhibit superior microwave properties

than composites of NR.

Table 6.3 Dielectric properties of CR based CPCs at 12.7 GHz

Conductivity =~ Absorption coefficient ~ Skin depth

CPC 1
(S/m) (m™) (m)

CP; 13.46 25.76 0.0012

CF; 3.71 31.6 0.0023

6.3.2 Electromagnetic interference shielding

The EMI shielding efficiency (SE) of a composite material depends on many factors,
including the filler’s intrinsic conductivity, dielectric constant and aspect ratio [27,
28]. PANI and other conducting polymers are well known materials for shielding
electromagnetic waves in both near and far fields [29, 30]. Polyaniline as well as
other conducting polymers are excellent microwave absorbing materials [31]. The
possibility of utilizing conducting polyaniline coated fibers for the application of
EMI shielding is potentially very attractive, because they offer the promise of being
low density, inexpensive and easily processable. Rubber radar absorbing materials
(RAM) are also useful as shielding materials, which can reduce or weaken the EMI
to a certain extent [32]. It is mainly made of a rubber matrix and some
electromagnetic wave absorbents, which are usually conducting materials. The
electromagnetic wave absorbents provide the necessary electromagnetic
performances of the rubber RAM. Rubber is the carrier of the electromagnetic wave
absorbents, which can make the RAM soft and flexible. Conducting rubber

composites has inspired much interest because of their lightweight, hard corrosion,
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good processability and easy control of conductivity. Since the shielding
effectiveness at a specific wavelength depends up on the electrical conductivity of
the shielding material and its ability to attenuate electrical and magnetic fields at the
specific wavelength, there exists the possibility of producing selective filtering
shielding. This part of the chapter deals with the measurement of EMI shielding

efficiency of the conducting polymer composites prepared.

6.3.2.1 Theory of electromagnetic shielding

EMI shielding effectiveness is defined as the attenuation of an electromagnetic wave
produced by its passage through a shield. It is measured as the ratio of the output
energy to the input energy across the shielding material, expressed in decibels (dB),

and is calculated according to [33, 34]

P, E,

SE =10log— =20log—
g P, g E, (6.13)
where P; and P, mean the input and output energy, respectively and E; and E,
represent the input and output electric fields, respectively. When a plane wave is
incident on a shielding material, three phenomena such as reflection, absorption and

multiple reflections are observed. Hence, the total shielding effectiveness is given as

[34-37]
SE=SE,+SE,+SE,, (6.14)

where SE4, SE and SE), are the shielding efficiency due to absorption, reflection and
multiple reflections in amplitude, respectively. Reflection loss arises due to the
impedance mismatch between air and the sample at the frequency of interest. It is the
result of interaction between conducting particles in the conducting material (free
electron or vacancy) and the electromagnetic field and it has relationship with the
value of u/e,. Larger the conductivity and smaller the magnetic permeability, larger
the reflection loss will be. This mechanism plays a major role in producing loss in

EMI SE mechanisms. The absorption loss is due to the energy dissipation while the
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electromagnetic wave interacts with the material. It is caused by the heat loss under
the action between electric dipole and magnetic dipole in the shielding material and
the electromagnetic field. Multiple reflection loss arises due to the inhomogeneity
within the material. It occurs due to re-reflection from the shield. This loss is very
low and is the correction term for the reflection loss [38]. They can be generally
disregarded for shield thicknesses that are much greater than skin depth and only
initial reflection and transmission at the left and right interfaces need to be
considered. Higher the SE value in decibel, lesser will be the energy passing through

the sample.
6.3.2.2 Measurement technique

EMI shielding measurements were performed using a wave-guide coupled to an
Agilent Performance Network Analyzer E8362 B in the X band. The two test port
cables of the network analyzer were connected via two wave-guide to coaxial
adapters. The network analyzer was calibrated in the X band frequency range
(7-13) GHz for the thru response. The sample was placed between the two sections
of the wave-guide and the transmission loss was measured. This directly gave the
shielding efficiency of the sample. The samples used were rectangular slices of

dimensions 2.3 x 1 x 0.18 cm. The set-up is shown in fig. 6.36.

-
o
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=
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Fig. 6.36 Set-up for EMI shielding measurements
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6.3.2.3 The shielding effectiveness

The EMI shielding effectiveness of the NR/PANI composites in the frequency range
7-13 GHz is shown in fig. 6.37. The gum NR has a very poor SE. The CPCs are
found to have appreciable SE depending on loading of PANI and in turn, the
conductivity. Increasing the percentage of conducting PANI in the host elastomer
matrix increases the shielding effectiveness. There is only a nominal increase in SE
on addition of 40 phr PANI (CPC NP,). On increasing the PANI loading to 90 phr
(NP,), there is a sudden increase in SE from ~ 4 dB to ~ 15 dB at 7 GHz. At this
loading, the SE is above 5 dB for the whole frequency range. Further additions do
not have much effect on SE, indicating that the percolation has been achieved. A

maximum SE of 16.1 dB is obtained for the 140 phr loaded CPC NP;s.

SE (dB)

7 8 9 10 1 12 13
Frequency (GHz)

Fig. 6.37 Variation of SE with frequency of NR/PANI CPCs

The variation of SE of the PANI-N-loaded CPCs with frequency is shown in fig.
6.38. The perusal of the figure indicates that the SE decreases with PANI-N loading.
But, at certain frequencies, the NF; composite has SE comparable to the 0 phr
PANI-N-loaded NP, CPC. At 7 GHz, the NR/PANI/PANI-N composite NF, has a SE
of 12.8 dB.

190



Microwave characteristics of conducting elastomer composites

SE (dB)

7 8 9 1‘0 1 1‘2 13
Frequency (GHz)

Fig. 6.38 Variation of SE with frequency of NR/PANI/PANI-N CPCs

The shielding efficiency of the CR/PANI composites increases with PANI loading
(fig. 6.39). There is an appreciable increase in SE of the gum CR on 50 phr PANI
incorporation (CP;). From there, a similar sharp increase is seen for 100 phr
PANI-loaded CPC CP,. On increasing the loading further, there is only a nominal
increase, indicating the percolation limit. At this loading (100 phr), the SE is 21.3 dB
at 7 GHz.

SE (dB)
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(o]
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7 8 9 1‘0 1 1‘2 13
Frequency (GHz)

Fig. 6.39 Variation of SE with frequency of CR/PANI CPCs

The SE of CR/PANI/PANI-N CPCs vs. frequency is presented in fig. 6.40. The CPC
CF, gives higher SE than the CPC CP,. But higher loadings of PANI-N decrease the
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SE. At higher frequencies, CPC CF; gives higher SE than the other composites.

Another feature to be noted is that the SE decreases with increase in frequency.

SE (dB)

7 8 9 1‘0 1 1‘2 13
Frequency (GHz)

Fig. 6.40 Variation of SE with frequency of CR/PANI/PANI-N CPCs

Comparing these figures with figs. 3.16 and 4.19, the direct relationship between the
conductivity and shielding efficiency can be followed. With increasing loading and
hence conductivity, SE increases. The SE of the CPCs depends on the resistance loss
and interfacial polarization loss as well. The conducting PANI particles are
distributed in insulating matrix, which leads to interfacial polarization as discussed in
previous sections [38]. As the PANI content increases, the size and number of the
conducting islands increases, which contribute to stronger interfacial polarization of

electromagnetic wave and larger electromagnetic loss [39].

The SE of the composites recorded at 7 GHz is tabulated in table 6.4. CPCs of CR
show better shielding effectiveness than the NR CPCs. The CR composite with
150 phr PANI gives the highest shielding effectiveness of 24.1 at 7 GHz and,
considering the NR composites, the maximum SE obtained is 16.1 at 140 phr PANI
loading. In addition to the types of the fillers [40], the matrix [41] can also affect the
behavior of EMI SE. From equations (6.13) and (6.14), the absorbtivity, reflectivity
and transmitivity can be computed. For the CR CPC CP;, the transmittivity,
reflectivity and absorbtivity are 0.003, 0.262 and 0.733, respectively. Thus, the
contribution of absorption to the total EMI shielding effectiveness is much larger

than that from reflection. The shielding efficiency of the CR based composite CP,
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(21.3 dB) at 7 GHz is higher than that reported by a silicone rubber based PANI
composite with same PANI loading [46]. In this report, Yuping et al. has reported a
maximum SE of 19.3 dB at 1 and 1.5 GHz. Hence, the prepared CPCs can act as
efficient shields of electromagnetic radiation. Even though the composites with lower
SE cannot be used for shielding of electromagnetic waves, studies have shown that
such composites can be used for static charge dissipation [42, 43]. Hence, the lower

loaded CPCs with lower SE may be used for the dissipation of static charge.

Table 6.4 Shielding efficiency of the CPCs at 7 GHz

NR based CPCs SE CR based CPCs SE

NP, 2.62 CP, 43
NP, 4.52 CP, 13.1
NP, 15.4 CP, 213
NP; 16.1 CP; 24.1
NF, 12.8 CF, 222
NF, 113 CF, 18.1
NF; 10.8 CF, 13.5

6.4 Conclusions

The dielectric properties at microwave frequencies of the prepared CPCs were
measured in the X and S band frequencies using the cavity perturbation technique.
The dielectric permittivity and loss tangent of the composites increase with
frequency and loading for both NR and CR based CPCs except for the composites of
F series, which show a decreasing trend with loading. In the microwave range, better
dielectric properties are exhibited by the CR composites, compared to the NR
composites. The CR based composites has a dielectric permittivity of 96 at 150 phr
PANI loading and at 12.7 GHz. At the same frequency, the NR based composite
gives a permittivity of 35 at 140 phr PANI loading. The F series CPCs shows lower
permittivity values compared to composites of P series. The 40 phr PANI-N-loaded
CPC of CR records a dielectric permittivity of 23.6 whereas the NR based CPC gives

a value of only 11.6. With frequency and loading, the loss tangent of the composites
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increases. CPCs of CR are a better choice for high frequency heating applications. At
12.7 GHz and 150 phr PANI loading, CR has a J-value of 0.05 and at 120 phr PANI-N
loading, the value is 0.18. The F series CPCs exhibits poorer heating properties than
P series composites for both matrices studied. The CPCs are found to have
appreciable SE depending on loading of PANI and in turn, the conductivity. The SE

of the CPCs depends on the resistance loss and interfacial polarization loss.
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Chapter 7

Summary and conclusions

Among conducting plastics, polyaniline stands out due to its interesting properties. It
is one of the so-called doped polymers, in which conductivity results from a process
of partial oxidation or reduction. Polyaniline compounds can be designed to achieve
the required conductivity for a given application. The resultant blends can be as
conductive as silicon and germanium or as insulating as glass. Another advantage is
that, it is both melt and solution processable. This means that the compound can be
easily mixed with conventional polymers and that it is easy to fabricate polyaniline

products into required shapes.

The main target of conductive polymer technology development has been to combine
the electrical and optical properties of these materials with the mechanical and
processability properties of commodity bulk polymers. New conductive materials
that offer significant application potential as substitutes, and new products having
properties difficult or impossible to achieve by existing materials, can now be

produced.

Textile materials as substrates and reinforcing materials for many polymers have
wide industrial applications. In the present venture, an attempt has been made to
prepare conducting composites by adding conducting polyaniline coated short Nylon
fiber in insulating elastomer matrices. Polyaniline coated short Nylon fiber provides
simultaneous reinforcement and conductivity to the elastomers. Two different
elastomers, nonpolar natural rubber (NR) and polar chloroprene rubber (CR) were

selected due to their industrial importance and attractive properties.

Conducting fibers were prepared by in situ polymerization of aniline on Nylon fibers.

An etching treatment using chromic acid was done prior to in sifu polymerization on
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the fibers. The etching treatment was found to be effective in improving the adhesion
of PANI to the fiber surface and conductivity. The etching conditions were optimized
with reference to concentration of chromic acid and time of etching. The etching
process involved hydrolysis of the amide linkages. By giving an etching treatment
for 4 h, 8 times increase in conductivity was attained. The etching process roughened
the fiber surface, reduced the strength of the fiber and resulted in marginal decrease
in the crystallinity and thermal stability. PANI deposition on the etched fibers did not

further lower its strength.

The conducting polyaniline coated short Nylon fiber (PANI-N) thus prepared was
employed in the preparation of conducting polymer composites (CPCs) with two
different elastomers, NR and CR. Elastomer composites with sufficient mechanical
properties could be prepared by mechanical mixing. Addition of pristine PANI to NR
accelerated the cure reaction whereas; the cure reaction of CR was slightly retarded.
The cure reaction of both elastomers was accelerated by the addition of PANI-N. The
shear modulus and viscosity of the CPCs increased with both PANI and PANI-N
addition in both matrices. The cure reaction followed first order kinetics. Higher
loadings caused agglomeration, which was predominant for PANI-loaded
composites. The tensile strength of the CPCs could be improved by adding PANI
coated short Nylon fibers. The addition of PANI coated short Nylon fiber not only
brought about a significant improvement in the mechanical properties, but also
increased the conductivity and thermal stability. The PANI particles and the
uniformly oriented fibers linked with each other to form conductive chains or

network in the matrix. The thermal degradation process followed first order kinetics.

In the latter part of the work, the dielectric properties of PANI and the CPCs were
measured in the frequency range 0.1 to 8 MHz and in the temperature range 303 to
393 K. The dielectric permittivity of pristine PANI decreased with increase in
frequency revealing that PANI exhibit interfacial polarization at low frequencies. At
low frequencies and temperatures, the loss factor of pristine PANI decreased linearly
with increasing frequency suggesting that at these frequencies and temperatures, DC
conductivity process is more significant than interfacial polarization. The dielectric

permittivity of the CPCs decreased with frequency owing to a decrease in interfacial
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polarization and increased with PANI and PANI-N loading. With increasing
temperature, it increased, reached a maximum value and then decreased. At 303 K
and 0.1 MHz, a dielectric permittivity as high as 177 was obtained for 150 phr
PANI-loaded CR CPC, which was almost double the value obtained for NR
composite. The dielectric dispersion could be fitted well with the well known
empirical equations. The effective permittivity of the CPCs can be predicted by

utilizing one of these equations.

The conductivity in the CPCs is mainly due to hopping of charge carriers.
AC conductivity increased with increase in frequency and temperature due to an
increase in hopping conduction. The AC conductivity was found to be higher for CR
based CPCs compared to NR composites. Better dielectric properties were exhibited
by CR based composites due to its polar nature. Thus, the dielectric properties of the
rubber matrix can be modified by appropriate loadings of PANI and PANI-N

according to the temperature and frequency of interest.

In the last part, the dielectric properties at microwave frequencies of the CPCs were
measured in the X (7-13 GHz) and S (2-4 GHz) band frequencies. The dielectric
permittivity and loss tangent of the composites increased with frequency and loading
for both NR and CR based CPCs except for the PANI-N-loaded composites, which
showed a decreasing trend with loading. In the microwave range, better dielectric
properties were exhibited by the CR based composites, compared to the NR
composites. The PANI-N composites showed lower permittivity values compared to
PANI CPCs. The loss tangent of the CPCs increased with increasing frequency and
loading. The PANI-N-loaded CPCs exhibited poorer heating properties than PANI-

loaded composites for both matrices studied.

The world is now facing a serious environmental pollution that we cannot see, hear
or feel i.e. electromagnetic interference (EMI). Since the CPCs had good microwave
absorption properties, the EMI shielding effectiveness of the CPCs were also
determined in the range 7-13 GHz. The CPCs were found to have appreciable

shielding effectiveness depending on loading of PANI and in turn, the conductivity.
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But compared to PANI composites, the shielding effectiveness is found to be less for

the PANI-N composites.

The use of polyaniline coated Nylon fiber in the conducting elastomer composites
can certainly improve the mechanical properties of the composites. But the dielectric
properties decrease on addition of polyaniline coated Nylon fiber. Better dielectric
properties were observed at the highest polyaniline loading employed in both
elastomers. But lower loadings of the conducting fiber gave dielectric properties very
close to these polyaniline loaded composites. Hence preparation of polyaniline
composites with low loadings of the conducting fiber can result in composites with

desirable dielectric and microwave characteristics with good reinforcement.
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Rubber process analyzer

Small angle X-ray scattering
Styrene-butadiene rubber
Styrene-butadiene-styrene

Space charge limited conduction
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