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ABSTRACT

The present dissertation deals with structure, properties and applications of
conducting graphite-thermoplastic composites. Electrical and thermal properties of
composites were studied.

Conducting Polymer Composite (CPC) is a class of conducting polymers being
focused for wide range of applications such as fuel cells, EMI shielding devices etc.
The conductivity of the composites depends on volume fraction, particle size,
orientation, dispersion of fillers along with the processing routes. The reduction of
percolation threshold and cost of the materials are the key factors. In this regard use
of more concentrations of nanofillers like CNT, graphene will not be economical.
Hence hybrid composites serve better purpose in the reduction of percolation
threshold and the total filler loading to achieve maximum conductivity. Hence a
systematic study of electrical and thermal properties of binary and hybrid composites
was carried out. Accordingly three polymer matrices such as Polyether sulfone (PES),
Polyphenylene sulfide (PPS) and Polypropylene (PP) were chosen. The fillers used
were graphite, carbon black (CB), expanded graphite (ExGr) and carbon nanofiber
(CNF). This thesis is organized in six chapters as described below.

Chapter-1 describes a brief literature survey on conducting polymer binary and
hybrid composites to emphasize the motivation for the selection of the topic. Theory
of electrical conduction in conducting polymer composites, charge transport,
impedance spectroscopy, thermal conductivity and various electrode processes have

been outlined.



Chapter-2 presents various synthesis procedures of composites and the
characterization techniques employed in the study of conducting composites.
Chapter-3 comprises of preparation, dc, and ac electrical conductivity studies of
PES-7 wt% graphite-filler (filler- CB, CNF, ExGr) systems. The composite, PES-7
wt% graphite-CB was prepared by solution blending and powder mixing routes to
understand the role of preparation routes. The electrical conductivity variation of
PES-graphite, PES-CB, PES-ExGr and PES-CNF composites was also studied. The
effect of heat treatment on the conductivity of binary composites was investigated.
Thermal conductivities of few composites were measured.

Chapter-4 deals with preparation and electrical characterization of PPS-graphite,
PPS-ExGr, PPS-CNF, PPS-7 wt% graphite-filler (filler = CB, ExGr and CNF).
Thermal analysis of binary composites was carried out. In-situ polymerization of
PPS-ExGr composites and their characterization were done. Thermal conductivity of
few PPS based composites was measured. Effect of preparation route like melt
crystallization on the electrical percolation was studied.

Chapter-5 constitutes investigations of preparation routes such as powder mixing and
melt crystallization on the electrical conductivity variation of both PP based binary
and hybrid composites. The dc conductivity studies on PP-graphite, PP-CB, PP-EXgr,
PP-CNF and PP-7 wt% graphite-filler (filler=CB, ExGr and CNF) were carried out.
Aspect ratio of fillers was correlated with electrical percolation threshold.

Chapter-6 describes summary and salient conclusions of the above investigations

reported in this thesis.
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Chapter 1 Introduction

1.1. Introduction

The impact of materials on the society can be gauged from the advent of new
materials for various applications including household articles. Various properties i.e.
mechanical, electrical and thermal of materials developed for different applications
should meet the standard. For example bipolar plate material which is conducting
polymer composite based for fuel cell applications should exhibit very high electrical
(~ 10 S/cm) and thermal conductivities (10 W/m-K) as set by US department of
energy. Moreover depending on the operating conditions better mechanical properties
of those plates with light weight and compactness also become indispensable criteria.
In many cases single material will not possess all required properties. Hence a
combination of different materials with desired properties has to be made. Thus the
term composite is used when two or more discreet materials are mixed to provide
proper balance between physical and mechanical properties which the constituents
alone could not offer. Even nature has capitalized on this effect as the cortical bone is
made of a ceramic (calcium phosphate crystallite) and organic fibers (collagen fibers).
The preparation and processing routes of composites have a great impact on the
properties. The introduction of performance and process apart from structure-
property correlation which is the main focus of solid state physicists and metallurgists
changed the course of composite research. High performance is the driving force of
advanced composites research. In automobile industries materials are labeled after the
fabrication processes and not by composition. Thus the field of composites has
generated a new way of thinking.

1.2. Classification of Composites

Many composites are composed of just two phases i.e., matrix and the dispersed
phase. The properties of composites are a function of the properties of the constituent
phases, their relative amounts and the geometry of the dispersed phase including
particle size, shape, distribution and orientation. The composites can be classified
according to the nature of the dispersed phase and the matrix. The matrix can be

metal, ceramic or polymer.
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1.2. 1. Classification on the Basis of Dispersed Phase

1.2.1.a. Particle Reinforced Composites
In this type, the dispersed phase is equiaxed i.e., particles dimensions are
approximately the same in all directions. The matrix can be ceramic, metal or
polymer. This can be further classified in to two types as follows
(1) Large particle composites: Filler size in this case is in microns. Particle-matrix
interaction in this case can’t be treated on the atomic or molecular level.
(i1) Dispersion strengthened composites: In this case the particle size of fillers lie
between 10 nm to100 nm. Atomic or molecular level interaction exists. The matrix
bears the major portion of the applied load and the small dispersed particles hinder
the motion of dislocations resulting in improvements in yield strength, hardness and
tensile strength. For example, addition of 3 vol% thoria finely dispersed increases
high temperature strength of nickel alloys which is an example of this class of
composites.

1.2.1.b. Fiber Reinforced Composites
In this case, the dispersed phase has the geometry of a fiber i.e. a large length-to-
diameter ratio. Design goals of fiber reinforced composites include high strength and
stiffness. Depending on the fiber length it can be further classified in to (i) continuous
(aligned) fiber reinforced composites and (ii) short fiber reinforced composites.
1.2.1.c. Structural Composites
They are normally composed of homogeneous and composite materials. Properties of
such composites not only depend on the properties of the constituent materials but
also on the geometrical design of various structural elements. They are further
classified in to,

(1) Laminar composites: These types of composites are composed of two dimensional
sheets or panels that have a preferred high strength direction as found in wood and
continuous aligned fiber reinforced plastics.

(i1)) Sandwich panels: They are a class of structural composites consisting of two
strong outer sheets or faces separated by a layer of dense material or core which has
lower strength and stiffness. They are found in various applications such as roofs,

floors and walls of buildings.
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1.2. 2. Classification on the Basis of Matrix

1.2.2.a. Metal-Matrix Composites (MMCs)

In these types of composites, the matrix will be a ductile metal. The reinforcement
may improve specific stiffness, abrasion resistance, creep resistance, thermal
conductivity etc. They may be utilized at higher service temperature. Advantages of
this class of composites include greater resistance to degradation by organic fluids
and non flammability. They are more expensive than polymer matrix composites. The
reinforcement can be in the form of particulates, fibers and whiskers.
1.2.2.b. Ceramic-Matrix Composites (CMCs)
Ceramic materials are resilient to oxidation and deterioration at elevated temperatures.
The fracture toughness value of ceramic materials is low typically between 1 and 5
MPa+/m where as for metals it is greater by 5 to 100 times that of a ceramic material.
The fracture toughness of ceramic materials can be significantly improved by
embedding particulates, fibers or whiskers of one ceramic material that have been
embedded in to a matrix of another ceramic. Crack propagation is restricted and
arrested due to the presence of fillers.
1.2.2.c. Polymer- Matrix Composites (PMCs)
Polymer matrix composites are composed of a matrix from thermoset (unsaturated
polyester, epoxy etc.) or thermoplastic (polycarbonate, nylon etc.) and embedded
glass, carbon, steel or kelvar fibers. PMCs are characterized by the following
properties,

% High tensile strength

% High stiffness

+«»+ High fracture toughness

¢ Good corrosion resistance
s Low cost
The properties of PMCs depend on additives as well as the matrix. One of the
disadvantages of PMCs is their high coefficient of thermal expansion.
1.2. 3. Hybrid Composites
In general, this class of composites is prepared by adding two or more kinds of

fibers/fillers in a single matrix. Hybrids have a better combination of properties than
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composites containing only a single fiber. Carbon fiber-glass fiber loaded in to a
polymeric matrix can be an example of this type. When the composites are stressed in
tension, failure is normally non-catastropic. The carbon fibers are first to fail at that
time the load is transferred to the glass fiber. Similarly the hybrid composites have
been used for enhancing electrical conductivity' by adding two conducting fillers in a
polymer matrix.

1.3. Fillers Properties

Fillers selection is primarily determined by the particle size distribution, the particle
shape, aspect ratio, surface area and the packing of them in a matrix. From spherical
filler to cubic, block, flake to fiber the surface area increases along with aspect ratio
as shown in Figure 1.1. Further with high surface area and aspect ratio only low
loading of fillers will be required to achieve desired property level. The particle size
distribution should be broad which makes sure minimum voids as the small particle

can occupy void spaces between large particles.
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Figure.1.1. Aspect ratio variation with filler shape
Tensile strength of composites is dependent on filler packing characteristics, sizes and
interfacial bonding. The packing fraction Pr reflects the size distribution and shape of
the particles. Poorly packed particles with low Prwill have larger, less uniform zones
of matrix between particles so that when a stress is applied, the weakest links,
consisting of smaller matrix zones bear the strain and break readily. More uniformly
packed systems with high Py can uniformly distribute the strain providing higher
strengths. Hall and Petch have derived the following equation 1 for the yield stress oy

of a polycrystalline materials®.
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o, =oi+ Kd™" (1)
where o; is the yield stress for a crystal of the same material in which there are no
grain boundaries. K is a constant and d’ is the grain diameter. Thus the yield strength
increases with decrease in the grain diameter.

Similarly hardness of plastics is a function of relative filler volume and filler modulus.

It is further dependent on degree of dispersion, interfacial bonding etc. In general,

hardness increases with moduli of fillers.

The flow properties of polymer composites depend on the concentration and

dispersion of fillers. Thus depending on the end applications, the choice of fillers

should be made. Out of all types of composites, PMCs are of great interest because

they are easily processible and economical. As this thesis aims at developing

conducting polymer composites, further discussions will be limited to only polymer

composites.

1.4. Nanocomposites-Size does Matter!

When the size of the filler added to a polymer matrix lies in nanometer range (1 nm-

100 nm), the composites are known to be nanocomposites. Nanocomposites show

better property enhancement compared to microcomposites listed below due to

increase in surface to volume ratio.

% Increase in mechanical properties i.e., strength, modulus and dimensional
stability

« Decrease in permeability to water, gases and hydrocarbons

¢ Better thermal stability and higher heat distorsion temperature

e

% Chemical resistance

« Higher electrical conductivity

Nanofiller addition reduces the filler concentration to obtain any property
enhancement compared to microcomposites.

1.5. Synthesis of Nanocomposites

The addition of nanofiller in polymer matrices leads to enhancement in various
properties. The synthesis of many nanofillers results in increase in the production cost
where as micron sized fillers do not show property enhancement at low loading. High

loading of micron sized fillers leads to processing difficulties. So it will be better to
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get cheap fillers which may be further processed to obtain their nanostructures. In this
regard clays and graphite have been focused for improving mechanical and electrical
properties of polymer nanocomposites. Both fillers have agglomerated layered
structure and easily available. Nylon-6-clay composites synthesized by Toyota central
research and development laboratory in 1986 revealed the possibility of achieving
remarkable improvement in thermal and mechanical properties®. Clays are nothing
but layered silicates and the gap between the layers is known as gallery or interlayer.
The inorganic cation in the interlayer can be substituted by other cations. The
exchange of metal ions by cationic surfactant like bulky alkyl ammonium ions
increases the gallery space depending on the polymer matrix. Thus the modified filler
is known as organo clays which form polymer layered silicate nano composites.
Mainly three types of routes are employed in the polymer layered silicate composites.
1.5.1. In-situ Intercalative Polymerization

In this route first the clay particles are allowed to swell in the liquid monomer.
Subsequently, liquid monomer occupies the gallery of clays. Polymerization can be
initiated either by heat or radiation, diffusion of a suitable initiator, or by an organic
initiator, or catalyst fixed through cationic exchange inside the interlayer before
swelling by the monomer. Examples:

In-situ polymerization of nylon-6, nylon-12, polypropylene (PP), polyethylene
terephthalate (PET) etc., with organo modified clay (MMT)*®. Similarly polystyrene-
MMT’, polyethylene-clay® nanocomposites have been synthesized by in-situ
polymerization route.

1.5.2. Intercalation by Solvent Methods

In this method first the clay particles are swelled in non polar solvents like toluene
and then the polymer is dissolved in the solvent and intercalates between the clay
layers. Finally the solvent is evaporated under vacuum. The major advantage of this
method is that intercalated nanocomposites can be synthesized with polymers with
zero polarity also.

Examples:

Solution intercalation of PP, polystyrene (PS), polymethyl methacrylate (PMMA)
etc., with organo modified MMT*®,
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1.5.3. Melt Intercalation

The layered silicate is mixed with the polymer matrix in the molten state. If the layer
surfaces are sufficiently compatible with the chosen polymer, the polymer can crawl
into the interlayer space and form intercalated, and/or exfoliated nanocomposite. In
this technique, no solvent is required.

Examples:

PS, polyurethane (PU)"®, nylon’, PET"®, PP"etc., with organo modified MMT.
Similarly graphite-polymer nanocomposites have also been synthesized by in-situ
polymerization, melt blending, solution mixing routes etc. Graphite has layer
structure which up on exfoliation leads to graphene formation which is a two
dimensional graphite monolayer. Because of the high aspect ratio of graphene, the
electrical conductivity is enhanced to a great extent when mixed with polymers. Since
graphite has no functional groups it is chemically treated to form graphite oxide
(GO)" which can be dispersed well in polymer matrices. The advantage of oxygen
containing functional group on GO sheets makes them compatible with many
polymers. Polystyrene/graphite nanocomposites by chemical reduction of exfoliated
and dispersed isocyanate-treated GO sheets in a solution have been synthesized'’.
This method is suitable for polymers soluble in organic solvents. Du et al."* have
reported poly(arylene sulfide)/graphite nanocomposites by melt mixing method. It has
been done in two steps. First GO undergoes redox reaction with polysulfide ions and
the resultant sulfur nano particles are dispersed on the surface of graphenes. This
composite is melt mixed with the polymer to get nanocomposites. The resultant

1. have prepared ethyl

composite exhibits a conductivity of 69 S/cm. George et a
vinyl acetate (EVA)-expanded graphite (ExGr) nanocomposites by solution blending
route. Addition of for 4 wt% expanded graphite in EVA resulted in enhancement of
tensile strength by 35% along with enormous increase in thermal conductivity.

Thus the preparation route affects greatly the properties of nanocomposites. So far all
discussions were pertained to insulating filler and matrix but a special emphasis need

to be given to a new class of polymers known as “Conducting Polymers” as the

present thesis is focused on them.
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1.6. Conducting Polymers —A New Class of Materials

On the basis of electrical conductivity, materials can be classified in to four types
namely 1) Insulators 2) Metals 3) Semiconductors 4) Superconductors. The
conductivity of insulator is less than 10 S/cm and that of metals is greater than 10°*
S/cm. Semiconductors have conductivity in the range 10*-10 S/cm. Until the
discovery of iodine doped trans-polyacetylene'® which exhibited conductivity of the
order of 10° S/cm, polymers were regarded as insulators. Though organic polymers
are insulators, the concept of “doping” which is nothing but oxidation and reduction
of polymer backbone, opened up a new class of materials namely “Conducting
Polymers” or “Synthetic Metals”. The accidental discovery of polyacetylene when the
concentration of Ziegler-Natta catalyst was taken one thousand time in excess during
acetylene polymerization along with iodine doping fetched Nobel prize to Alan G
Mcdiarmid, Hideki Shirakawa and Alan J Heeger in the year 2000. After the
discovery of iodine doped trans-polyacetylene, many conducting polymers have been
synthesized like Polyaniline, Polypyrolle, Polythiophene etc'®. m-electrons of the
conjugated chains of polymers led to conductivity. Some of the conducting polymers

structures are given below in Figure 1.2.

(a) PA (b) PPy {c)PTH

HOF K=k

(d) PPP (e) PPV

Ill fll
¥ I=v |n
(f) PANI

Figure. 1.2. Molecular structure of typical conducting polymers
a) trans-Polyacetylene b) Polypyrrole ¢) Polythiophenes d) Poly (p-phenylene) e)
Poly (p-phenylenevinylene) f) Polyaniline
Conducting polymers can exhibit range of conductivities from insulator to metal

depending on the doping degree as shown in Figure 1.3 below.
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Conducting polymers

e ——

Insulator Semiconductor Metal
onductivity | 104 | 10 | 106 | 102 | 102 | 106 |
Conductivity 107" | 1071 10°° 102 10° 10°
(S/em) 10°'® 1072 10°% 10 10° 10 10%
Quartz Diamond Glass Silicon Cu, Fe, Ag

Figure. 1.3. The range of conductivities of conducting polymers including doping
1.7. Classification of Conducting Polymers

Electrically conducting polymers can be classified in to four major types' as given
below

1. Intrinsically conducting polymers (ICPs) or highly conjugated polymers

2. Polymer charge transfer complexes

3. Organometallic polymeric conductors

4. Conducting polymer composites (CPCs)

1.7.1. Intrinsically Conducting Polymers

This type of conducting polymers has conjugation which is characterized by quasi
infinite © system extending over many monomers and they possess a spatially
delocalized band like electronic structure. The mechanism of conduction in this type
is based on the motion of charged defects within the conjugated framework. Polymers
with conjugated backbones have an inherently higher density of conjugated regions
with a higher degree of connectivity than polymers with saturated backbones
containing only localized moieties. One consequence of this fact is that the former
can be rendered metallic and the later are at best semi conductors. Examples of this
class are Polyaniline, Polypyrrole, Polythiophene etc.

1.7.2. Polymer Charge Transfer Complexes

Addition of acceptor like molecules to insulating polymers leads to the formation
complexes known as polymer charge transfer complexes. The theory of charge
transfer complexes has been proposed by Mulliken'*"and Dewar?. It is likely that
donor-acceptor interaction promotes orbital overlap which results in enhanced

electron delocalization.
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1.7.3. Organometallic Polymeric Conductors

This class is obtained by adding organometallic groups to polymer molecules. The
electron delocalization is increased by the overlap of metal d-orbital and 7 orbital of
the organic structure. They find applications in molecular wires, antistatic foils etc.
Metallophthalocyanines and poly(ferrocenylene) fall under this category.

1.7.4. Conducting Polymer Composites

Conducting polymer composites can be prepared by dispersion of electrically
conducting phase in an insulating polymer matrix. These materials are cost effective
and technologically more important as witnessed from the demand of them in various
applications such as electromagnetic interference shielding (EMI) devices,

electrostatic dissipation (ESD), electronic applications etc. Usually conducting carbon

29-30 31-35

blacks*' ™, metal fillers®*?®, graphite?=°, expanded graphite carbon nanotubes’®
2 (CNTs), carbon nanofiber***® (CNF) etc., are added to make conducting polymer
composites.

1.8. Electrical Conductivity in CPCs

The electrical conductivity variation of CPCs is quite different as shown in Figure.1.4.
It does not follow rule of mixtures i.e., the conductivity is a linear function of filler
concentration Vy, but varies nonlinearly. At a critical concentration (V) the electrical
conductivity increases to more than 10-12 orders and then remains more or less

constant. Below the critical concentration, composites remain as insulators.

> Simple rule of
mixtures

Log

Percolation type

v

Vi

Figure. 1.4. Electrical conductivity variation in CPCs
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The nonlinear variation of electrical conductivity of CPCs is an advantage which aids
processing as the loading of filler required to cause saturation in electrical
conductivity is less. When the filler loading is high, the flow properties of polymers
will be affected. So it is very important to reduce the percolation threshold as much as
possible retaining other properties. The percolation threshold depends on particle size,
shape, concentration, dispersion and orientation of fillers along with processing routes.
The electrical conductivity of CPCs is affected by the degree of filling and proximity
of conducting particles. There can be three situations,

1. No contact between fillers

2. Close proximity

3. Physical contact

When the conducting particles are isolated, the composite remains as an insulator
although its dielectric properties may change significantly. When the conductive
particles are in close proximity, current can flow due to electron crossing the gap.
Under a given voltage, it increases exponentially with decreasing the gap size. The
electron transport across an insulator gap can happen by hopping or tunneling
mechanisms. For tunneling conduction, the insulating gap should be less than 50A°Y,
Tunneling is a special case of hopping which does not require energy exchange for
electron transport from valence band of ions or molecules to the conduction band of
the other side where as hopping requires increase in the energy level of the electrons
to cross the gap and hence involves activation energy. When the volume fraction of
conducting filler is above the percolation threshold, the composite conducts through
particle network by the conduction mechanism of the particles. There can be band
type conduction. Hopping and band type conduction can be identified through the
frequency dependent conductivity studies. A composite which conducts by hopping
mechanism will exhibit higher ac conductivity than dc conductivity. Scarisbrick®®
claims that in highly loaded composites, the filler particles touch each other. This
conclusion is arrived from the I-V characteristics of the composite which exhibit a
linear variation i.e., ohmic. The network formation need not be a physical contact.

This is treated as a percolation process. Percolation model is a statistical

11
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representation which refers to a means of continuous network formation though a
lattice, taking in to account the relative concentrations of the two materials.

1.9. Percolation Theory

Percolation theory refers to a class of models that describe properties of materials
taking in to consideration the formation of network among its constituents. There are
two types of percolation models namely site and bond percolation. In the former case,
points are defined on a lattice such that in every lattice site there is probability ‘p’ for
a point to exist. In the later case bonds are defined between neighboring sites on a
lattice. The main difference between the two types is that the site percolation lattice,

vertices are relevant entity where as in bond percolation, lattice edges are the main.

band percelation site percolation

Figure. 1.5. Different types of percolation
In both cases, structures of connected points known as clusters will be formed with
increase in the probability ‘p’. Eventually, a cluster that has a path that spans the
whole system will be formed. If the lattice is infinite in extension, the cluster will be
of infinite size. The value of ‘p’ which creates this cluster is critical probability ‘p.’.
The first of such model was used in 1940 to explain polymerization phenomenon that
leads to gelation. The term percolation was coined Broadbent and Hammersley in the
year 1957. This model is applied to fluids in porous media, to study the effect of
dopants in semiconductors etc. In many binary conductive composites, the electrical
conductivity variation and the percolation threshold are theoretically predicted by
percolation models though this model can’t be used for all conducting systems. One
of the shortcomings of statistical percolation model is that it requires a specified
lattice from which the statistical analysis of ‘p.’ is made. In truly random situation

lattice can’t be specified. Further the percolation theory is applicable to those systems

12
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where the properties of components vary significantly. The phenomenogical nature of
percolation equation with fitting parameters that bears no clear correlation to the real
features of microstructure. The classical percolation equations are given in equations
2 and 3 respectively below.

Getr = 02 (Vi-Vo/1-Vo) VeV, 2)

Getr = 61 (V-Vi/V)™® Vi<V, (3)
where o is the effective conductivity of the composite consisting of a conductor
with conductivity 6, and an insulator with a conductivity 6;, V¢ is the volume fraction
of filler, V. is the percolation threshold. ‘t>> and ‘s’ are critical exponents
characterizing the conductivity in the conducting and the insulating phase, depend on
the dimensionality of the network formation. The values of the exponents when three
dimensional network formation exists are t"’=2 and s=0.87* for lattice percolation.
For the comment of network formation quite often equation 4 is used.

6 =0, (Vi-Vo)' Ve>Ve (4)
where o is the composite conductivity. The percolation exponent is not universal as in
many cases the value is greater than two™ > for three dimensional network. This is
accounted when tunneling conduction is operative in the system54.

Monte Carlo method is used to model the fillers in polymer matrices to achieve
percolation. A grid either in two or three dimension is defined and sites are
distributed randomly on the grid by a random number generator. Circles, spheres or
line segment with a given length and orientation are placed at a portion of the sites.
The system is checked for connectivity between the particles. If two particles contact
each other, they are regarded as cluster. If a cluster exists and spans the entire sample,
the system is said to percolate otherwise additional particles are added to the grid site
and checked for connectivity. This procedure is continued until a cluster is formed
which spans the grid. The volume fraction of filler is then reported as the percolation
threshold. Pike and Seager™ obtained threshold data for both circle and squares on a
random two dimensional lattice. Balberg and Binenbaum®® extended the work of Pike
and Seager for conducting sticks. Wang and Ogale®’ proposed a more realistic model

assuming particles to be hard having impenetrable core surrounded by a soft shell.
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With this assumption Monte Carlo simulation was used to find the percolation
threshold.

1.10. Various Models Predicting Electrical Conductivity in Binary Composites
1.10.1. Thermodynamic Model

The conductivity variation in CPCs can’t be modeled always with statistical
percolation taking in to consideration only the network formation. The volume
fraction of filler causing variation in the conductivity depends on the type of
polymers also and not only on the filler shape and size. Mamunya et al.?® have taken
other factors like surface energy of filler, polymer and melt viscosity of the polymer.
At all points above percolation threshold, the conductivity variation of the composite
is described by equations 5-7.

Log o =log o, + ( log om-log 6.)(Ve- V. /F- Vc)k’ (5)
and

k=K Ve / (Vi- V)7 K=A - By (6)
Where o is the composite conductivity, 6.- conductivity at the percolation threshold,
om — conductivity at F, F- maximum packing fraction, Vi volume fraction, V. —
percolation threshold, y,r - interfacial tension, A and B are constants.

Vot = Yp TYE— 2 Vp Vs (7)
where vy, being the surface energy of the polymer and v; that of filler. This model is
successful in predicting the conductivity variation in carbon black filled composites
but not to other fillers™.

1.10.2. Structure Oriented Model

1.10.2.1. Nielsen Model

This model takes in to account the filler orientation and aspect ratio in the composite.
These parameters depend on the processing conditions. For example injection
molding of composites leads to alignment of fillers within a polymer due to the flow
through the nozzle and the mold. Alignment of fillers can cause anisotropy of
electrical conductivity in different direction. Extrusion and injection molding can
shorten the fiber length resulting in different aspect ratio of the filler.

One structure oriented model was proposed by Nielsen® which relates the

conductivity of the composite with the aspect ratio (L/D) and coordination number of
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the filler in a binary composite. The equations used in Nielsen’s model are given in

equations 8-10 below.

Gc = Gpoly [(1 + ABVy) / (1-ByVy)] (8)
B= [Gf/Gpoly — 1] / [Gf/Gpoly + A] (9)
P =1+[(1-Va) / (1- V') V4] (10)

Where V¢ is the volume fraction of filler, o.- conductivity of the composite, Gpory —
polymer conductivity, or— filler conductivity and V,,-maximum packing fraction. In
this model A is a function of aspect ratio and B is equal to one for polymer system.
Nielsen used these equations to describe electrical, thermal conductivity and the
modulus of metal-polymer systems. Bigg® showed that those equations describe
thermal conductivity of composites but not the electrical conductivity. Weber and
kamal® proposed two models accounting for the filler concentration, orientation,
dimension and aspect ratio. They studied nickel-coated graphite fibers in
polypropylene.

1.10.2.2. The Model of McCullough

McCullough took in to consideration transport properties of homogeneous materials.
In order to account for the conductivity variation, he introduced chain length factor A.
The values of A have to be determined by quantitative analysis of the structure of
mixtures. The exact procedure of doing this is described in the work of Berger and
McCullough®. The equation developed by them accounts for the anisotropy of the
conductivity of the mixtures.

1.10.2.3. Ondracek Model

This model is valid for mixtures having a statistical structure and reaching their
equilibrium states. By superposition of conductivities of the individual phases, the
conductivity of the mixture is obtained. The model structures involve the conductive
phase in the shape of elliptical eggs. The ac conductivity of polyester-aluminium
powder mixture is predicted by this model.

1.10.3. Geometrical Percolation Models

In order to explain the percolation phenomenon in dry premixed and sintered
mixtures of conductive and insulating powders, this model was proposed. This class

of models assumes that during sintering process, the insulating powder particles are
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deformed more or less as regular cubic lattices and the conductive powder particles
are arranged in more or less in a regular manner.
1.10.3.1. Model of Slupkowski
The diameters of the insulating and the conducting particles are considered as the
main influencing parameters as far as electrical conductivity is concerned.
Slupkowski ended with following equations 11 and 12.
c=2nor d7([x]+P)/[D’In{1+(x]+1)a}] (11)
where o is the conductivity of the mixture, of the conductivity of the conductive
powder. D’ is the diameter of the insulating powder particles, d’’- diameter of the
conducting particle, P the probability for the occurrence of the network, only
consisting of conductive particles.
[x]=[(1/1-Vp'? =11 D’/2d> (12)
Where V¢ is the volume fraction of the conductive powder.
1.10.3.2. Rajagopal and Satyam Model
This model is valid for wax-graphite system. They used the real material structure in
the conductivity derivation. In this model structure, the wax particles consist of cubic
grains of edge length D”. The graphite particles, being slightly deformed, cover the
surfaces of the wax particles and have the diameter d’’’. The final equation of the
conductivity derived by them is given in equation 13.
6=0;21(Vi3D”?—4d”)(3D”-2d") /D d” (13)
where o is the conductivity of the mixture, o is the conductivity of the conductive
particle, V¢ is the volume fraction of the conductive powder and r is the radius of the
contact area between adjacent conductive particles.
1.11. Effective Media Theories
In this theory a spherical or ellipsoidal grain is considered to be surrounded by a
mixture, which has the effective conductivity of the medium. It is mainly applied to
composite systems with well separated sub phases for the prediction of large volume
average values of electrical and thermal conductivity. This theory is valid for very
dilute cases. There are two cases for which effective media theory exists called the
symmetric and asymmetric cases. The symmetric case assumes that all space is filled

by a random mixture of spherical or ellipsoidal particles of two or more components.
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McLachlan® proposed a generalized effective medium theory (GEM). The GEM
theory has been successfully applied to describe piezoresistive behavior of Fe,O;
filled with flexible epoxy.

1.12. Charge Transport in CPCs

Percolation phenomenon and the conduction mechanisms in conducting polymer
composites are the two major areas of research as far as electrical properties of CPCs
are concerned. The conduction mechanisms in CPCs are not universal. This can be
realized from the plethora of mechanisms proposed to describe electrical conductivity
variation in binary conducting composites. As far as microscopic conduction
processes are concerned Pike and Seager in 1977 commented that “there is an
incredible diversity among the models which have been proposed in the published
literature”. Various conduction mechanisms have been grouped under four categories
as proposed by Pike and Seager.

1.12.1. Uniform Model

According to this model, very small conducting particles are dispersed in the
insulating polymer matrix. An impurity conduction type mechanism can be expected
and is more probable in the low concentration of particles.

1.12.2. Uniform Channel Model

There will be conducting paths due to conducting particles which span the entire
sample. The particles can be sintered or randomly boned. In this case tortuosity and
density modification of conducting channels causes variations in the conductivity.
This model is applicable to the case of high filler concentration.

1.12.3. Non-Tunneling Barrier Model

In this type, the conducting channels are randomly interrupted by semiconducting or
weakly insulating barriers. The major mechanisms in this case are Space charge
limited conduction, Pool-Frenkel effect and Schottky emission.

1.12.4. Tunneling Barrier Model

In this case the conducting channels formed by the filler particles will be interrupted
by thin barriers to allow a tunneling process, either directly between the particles or
through one or several intermediate states within the insulator.

Schematically all these models are represented in the following Figure 1.6.
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Figure.1.6. a) Uniform model b) Uniform channel model c¢) Non-tunneling barrier
model d) Tunneling barrier model
Since the CPCs have atleast two phases out of which the polymer is an insulator, it is
customary to understand the electrical conduction through polymers as polymer film
will be surrounding the conducting filler.
1.13. Electrical Conduction in Thin Film Insulator
The conductivity of insulators is very less due to less volume generated charge
carriers. The electrical properties of insulators are not only determined by their
intrinsic properties but also by the nature of electrode-insulator contact. A suitable
contact (Ohmic) is capable of injecting additional charge carriers in to the insulator,
far in excess of the bulk generated carriers. Also application of few volt is capable of
causing high fields to be generated in a thin film insulator at the cathode-insulator
interface. For fields in excess of 10° V/cm, field emission injection of relatively large
currents from the cathode to the conduction band of the insulator is possible treating
majority of charge carriers being electrons. The intrinsic current density carried by an
insulator is given by the following equation 14.

I=euN.Eexp(-E/2KT) (14)
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Where p-mobility of the charge (~100 cm?*/V-S), E- the field (10° V/cm), E, is the
band gap and N is the effective density of states in the insulator. The order of current
density obtained by the application of voltage is many order less for the sample.
Further, the thermal activation of energy associated with the conductivity of the film
is much smaller than what would be expected if the conductivity were intrinsic.

1.14. Metal-Insulator Contact

The insulator between electrodes which are conducting offers barrier for electron
injection from the electrode to the sample. The barrier height is very important as the
charge carriers have to cross that for conduction. At thermal equilibrium, the work
function of metal () and that of the insulator (\;) should be equal. Even when they
are not equal when contact between them is made, equilibrium is maintained because
of the charge transfer from the electrode to the material and vice-versa. Normally at
reasonable fields, the charge carriers available to enter the insulator will be sufficient
to account for the carrier replenish. Under this condition, I-V characteristics of the
sample will be “bulk limited”. At high fields or if the contact is blocking, the current
capable of being supplied by the cathode to the insulator will be less than that capable
of being carried in the bulk of the insulator. Under these conditions the I-V
characteristics of the sample will be controlled primarily by conditions existing at the
cathode-insulator interface. This conduction process is referred to as “emission or
contact limited”. There can be three types of contact that can exist at the metal-
insulator interface as given below,

1) Ohmic contact

2) Neutral contact

3) Blocking contact

1.14.1. Ohmic Contact

This type of contact exists when the work function of the electrode () is less than
that of the insulator (y;) which means that the electron can be readily supplied from
the electrode. Under this condition electrons are injected from the electrode to the
conduction band of the insulator, thus giving space charge region in the insulator. The

space charge region is shown in the following Figure 1.7.
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Figure. 1.7. Band diagram for Ohmic contact

In order to satisfy charge-neutrality requirements an equal amount of positive charge,
Q. accumulates on the eclectrode surface. The electrostatic interaction between the
positive and negative charges induces a local field within the surface of the insulator,
the strength of which falls of with distance from the interface and zero at the edge of
the space charge region. This field causes the bottom of the conduction band to rise
with distance of penetration until it reaches the equilibrium value y; — x where ¥ is the
insulator affinity. The field E within the accumulation region is related to the space
charge density p(x) within the accumulation region by Poisson’s equation given in
equation 15.

dE / dx = p(x) / €&, (15)

where ¢ is the dielectric constant and g, is the permittivity of free space.

1.14.2. Neutral Contact
This happens when the work function of the electrode is equal to that of the insulator
i.e., i = Y. The total amount of charge injected in to the insulator is zero which
means the conduction band is flat up to the interface and no band bending exists.
1.14.3. Blocking Contact- Schottky Barrier
This kind of contact exists when the work function of the electrode is greater than that
of the insulator i.e., y, > vi. A space charge region of positive charge, the depletion
region is thus created in the insulator and equal negative charge resides on the

electrode. As a result of electrostatic interaction, the bottom of the conduction band
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bends until the Fermi level within the bulk of the insulator lies y; below the vacuum.
The insulator is assumed to have large density of donors.

1.15. Barrier Limited Conduction

1.15.1. Tunneling Conduction

When the energy of the electron is less than the interfacial potential barrier in a metal-
insulator-metal junction up on which it is incident, classical physics predicts that the
electron cannot penetrate the barrier. The quantum mechanical wave function y (x) of
the electron has finite value within the barrier. The wave function decays rapidly with
the depth of penetration of the barrier from the electrode-insulator interface and for
barrier of macroscopic thickness, is essentially zero. However if the barrier is thin (<
100A°), the wave function has a non zero value at the opposite interface which means
that it can pass from one electrode to the other. When this happens, one can say that
electrons have tunneled the barrier. These phenomena are shown in Figure 1.8.a and b

respectively.

Figure. 1.8. Tunneling conduction a) thick barrier b) thin barrier

At very high voltages, Fowler-Nordheim tunneling occurs. The current-voltage
characteristic is given by the following equation 16.

1=3.38x 10" (E* ¢’ )exp (- 0.69 ¢*** / E) (16)
Where J is the current density, E is the filed in the insulator and ¢’ is the barrier.
1.15.2. Schottky Conduction
Image force effects play an important role in the conduction process when the contact
is electrode limited. The potential at the electrode-insulator interface changes
smoothly due to image forces. This arises as a result of the metal surface becoming

polarized (positively charged) by an escaping electron, which in turn exerts an
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attractive force. The potential energy of an electron due to image force is given in
equation 17 as given below.
(p’imZ-eZ/16nso g x (17)
Where x is the distance of the electron from the electrode surface, € - high frequency
dielectric constant. The potential step with respect to Fermi level at a neutral barrier
with image potential as a function of the distance x is given in equation 18.
POX)=@ o+ Qim=0o-¢ /16T e, £ X (18)
Where ¢’ is the distance between the Fermi level of electrode and the bottom of the
insulator conduction band.
When an electric field exists at a metal-insulator interface, it interacts with the image
force and lowers the potential barrier. The potential energy of the barrier under the
influence of the field with respect to the Fermi level of the electrode is given in
equation 19.
(p’(x)zq)’o-ez/16naos*x—eEx (19)
The above equation has maximum at X, = (¢ / 16 t € & E )"
The change A@’ = [@’, - @’ (Xm)] in the barrier height due to interaction of the applied
field with the image potential is given in equation 20.
A’ s=(c’/4n e e ) EV*=BE" (20)
Because of image force lowering of the barrier, the electrode-limited current does not
saturate according to Richardson law J = A T? exp (- ¢’o/KgT) but rather obeys
Richardson-Schottky law as given in equation 21.
J=AT exp (- ¢’/ KgT)exp (BE"/KzT) (21)
Where A = 4rem (kT)* / h’. The above equation was first applied to metal-vacuum

interfaces. This is illustrated in the following Figure 1.9.
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AOTTOM OF INSULATOR CONDUCTION BAND

Figure. 1.9. Schottky effect at a neutral contact
1.16. Bulk Limited Conduction
Two major types of conduction falls under this category as given below.
1. Space charge limited conduction if ohmic contact exists (SCLC)
2. Pool-Frenkel conduction i.e., the field assisted thermal release of carriers from
traps in the insulator.
1.16.1. Space Charge Limited Conduction
This type of conduction is important because the injection current is independent of
the mechanism of charge generation and only depends on the transport and trapping
of the carriers within the crystals. I-V relationship of an organic semi conductor is
linear at low voltages but becomes nonlinear at high field. The nonlinearity can
happen due to two reasons.
1. At high field, there will be a large concentration of charge carriers present between
the electrodes which constitute space charges.
2. The existence of traps in samples also can cause nonlinearity in [-V characteristics
of organic semiconductors. They may be due to wide range of crystal defects like
dislocation, stacking faults, impurities etc. The traps may be deep or shallow. When
the distance from the bottom of the trap and the bottom of the conduction band is

large compared to KgT, one can speak of deep traps.
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The main effect of shallow traps is to reduce the mobility of the carriers, since the
thermal energy suffices to re-dissociate a carrier from the trap. The liberation of
carriers from deep trap is a rare event. Filled traps don’t contribute to space charge.
Assuming that the number of charge carriers to be n’, and local electric field ‘E’ are
functions of locations in the sample (x) and the steady state current density is given in
equation 22 below.

J=en’(x) pn E(x) (22)
The relation between the field gradient and the number of charge carriers is defined
by Poisson’s equation as given in equation 23.

dE(x)/dx=en’(x)/¢ (23)
where ¢ is the dielectric constant.
The integral of the local field across the sample is the applied potential V as given in

equation 24.
j E(x)dx =V (24)
0

When ohmic contact exists, immediately adjacent to electrodes, the electric field is
zero and there is an infinite supply of charge carriers. i.e., n’(0) =« ; E(0) = 0.
Substituting n(x) from Poisson’s equation in to the equation of current, the current
density obtained is described by equations 25-27.

J=¢ pn E(x) [ dE(x)/dx] (25)
Integrating Jx = & u E*(x) /2 and

V= [f@i/ew?x"dx (26)

Which yields

J=8epV?/9d (27)
Where d is the distance between the electrodes.
The above equation is known as child’s law for trap free insulator. Without traps the
above equation shows that the SCLC is independent of temperature which is contrary
to the observation. When traps are present the space charge current will be decreased
by several orders of magnitude. In presence of traps, the current density due to SCLC

is given in equation 28 below.
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J=8epoOV?/9d (28)

Where O is the trap limiting parameter which is defined as given in equation 29
below.

® =pr/ pt=N¢ /N exp (-E¢/ KT) (29)

E; — energy level of the trap, N. — number of free carriers without traps, N — Number

of shallow traps. Figure 1.10 shows I-V Characteristics due to SCLC mechanism.

Figure. 1.10. I-V Characteristics of a solid with space charge conduction
1.16.2. Pool-Frenkel Mechanism
Field assisted thermal ionization is known as Pool-Frenkel effect. The nature of
forces binding electron to the centre in a donor is columbic and therefore of relatively
long range where as in traps it is noncoloumbic and short range. The process is a bulk
analog of Schottky effect at an interfacial barrier. Since the potential energy of an
electron in a coulombic field is four times that due to image force effects, the Pool-
Frenkel attenuation of a coulombic barrier in a uniform electric field is twice that due
to Schottky effect at a neutral barrier as given in equation 30.
Agpr = (¢* /mege )P E" = Bpr E"* = 2 AQschotty (30)
This result has been applied to host atoms in bulk semi conductors and insulators. In
general for Pool-Frenkel conduction the I-V behaviour is as given in equation 31.
LogIocEl/2 (31)
The following Tablel summarizes various conduction mechanisms and the

corresponding
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J-V relations.

Table 1
J-V characteristics various conduction processes
Conduction Mechanism J-V Relation
1. Schottky Emission J=AT?exp (- ¢’ /KT)exp( Bschotiky E"/kT)
2. Pool-Frenkel Effect Same as above BPF =2 BSchottky
3. Space Charge Limited J=(89)p®@eV?/d
Conduction ( SCLC)
4. Fowler-Nordheim Tunneling | y_ (3.38x 10 E2/ ¢’ ) exp (-0.69 9”**/ E)

Where T is the current density, A is Richardson-Schottky constant (120 A/cm?), T is
the temperature, ¢’- the barrier height, Bschouky- Richardson-Schottky exponent, V is
the voltage, d- the thickness of the layer, u- the mobility of the charge carriers, ®- the
trap parameter, ¢ is the dielectric constant of the medium and E is the field across the
barrier.

1.17. Electrical Contact Between Filler Particles

The composite resistivity is largely dependent on the contact between the filler
particles. Two effects contribute to contact resistance. One is constriction resistance
and the other being tunneling resistance between the particles. Thus the contact spots
are the regions of largest resistance and thus of highest electrical losses.

The mechanical properties of fillers need to be known for the description of contact
resistance and area of the contact spot. The radius ‘a’ of the contact spot can be
calculated from the elastic properties of the filler particles if the force between them
and the particle radius are known. It is assumed that the contact arises between a
protrusion or sharp edge of one particle and a flat surface of a neighbor particle. If the
protrusion has a radius ‘r’’ at the contact spot, the elastic force between the grains for
small deformation is given in equation 32%* below.

F=(2/3)(Y/1-v}) @ /1) (32)
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Where Y’ is the Youngs modulus and v’ is Poisson’s ratio. The constriction
resistance is described by equation 33 given below.

Re=(1/2) py [2E/3 (1- v O]V FB 713 (33)
where py is the bulk resistivity of filler particles. Thus easier the particle can be
deformed under applied force, the larger the protrusion radius becomes. Hence soft
materials can be expected to yield smaller constriction resistance compared to hard
materials.

1.18. Are Polymers Dummy Candidates???

The mechanical and thermal properties of polymers have significant influence on the
electrical properties of conducting composites. Various polymers such as epoxy,
elastomers etc. have different mechanical properties. The constriction resistance
between filler particles depends on the contact forces between the grains. Higher
contact forces may improve the conductivity. Hence, internal stresses in the polymer
matrix caused by shrinkage, external mechanical actuation or thermal expansion play
an important role on the electrical conductivity of conducting composites.

1.18.1. Internal Elastic Properties

Shrinkage of polymers during processing can induce internal stress. This not only
reduces interparticulate distance of fillers but also causes cracks. The origin of
internal stress differs for duromers, elastomers and thermoplastic materials. In
elastomers and duromers, cross-linking can cause shrinkage where as in
thermoplastics thermal shrinkage is the main factor. Miller® studied the resistivity of
silver (Ag) filler in epoxy resin during curing. While the epoxy hardened, the
resistivity of the composite decreased by two to five orders of magnitude.

Larger change in resistance for TiB, in epoxy resin is obtained than silver in epoxy
during curing. Thus these studies show that the thermal contraction of a composite
can have a huge influence on the resistivity. Even this contraction is observed for
high loading of fillers i.e., loading corresponding to above percolation threshold,
which can’t be explained by percolation theory. When the hardness of the filler is
increased, the particles do not stick together and makes the resistivity of the
composite sensitive to a small micromechanical changes. TiB, has higher hardness

compared to Ag.
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1.18.2. Thermal Properties
Polymers show three different reversible transitions i.e., crystallization and melting
for semicrystalline polymers and glass transition for amorphous polymers. All these
transitions are related to large volume change or pronounced change in the thermal
expansion. For particulate composites when heated nearer to the melting temperature,
the interparticulate distance can be increased resulting in increased resistivity. A
strong positive temperature coefficient of resistance (PTC) in conducting polymers
close to the melting temperature was first discovered by Pearsen at Bells lab in 1939.
Kohler observed a significant change in resistivity for PTC materials. After his work,
industrial focus on the PTC materials increased. The transition from low resistivity to
higher values can be used for current limiting applications.
Band theory is used to delineate between materials such as conductors, semi
conductors and insulators. When the interaction between atoms increases, the width
of the allowed energy band decreases implying increase in the effective mass (the
parameter relating to the response of the charge carrier to an applied field) of the
charge carrier and hence mobility decreases. Polymers are either semicrystalline or
amorphous in nature. In semicrystalline polymers, the phase boundary can act as a
trap and hence the crystallinity of polymer affects electrical properties. Further many
polymers have polar groups and each dipole can act as electron/hole trap. So polymer
structure also affects electrical conductivity. Thus the role of polymers though
insulating in nature is commendable. Hence polymers are “not dummy candidates”.
1.19. DC and AC Behavior of Conducting Polymer Composites (CPCs)
In the case of semiconductors and insulators, the temperature dependent conductivity
can be expressed as given in equation 34 below.

G =G, exp (- B,/ KgT) (34)
Where E, is the activation energy, G, is the conductivity at infinite temperature. In the
case of conducting particles dispersed in an insulating phase, when contacts are not
formed, activation energy is required which makes the charges to migrate from one
site to the other. The absence of extensive physical contacts of the inclusions or any
conducting path, through which the current can percolate the whole system, prompts

to investigate conductivity in the field of another charge transport mechanism. When
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the concentration of conducting phase falls below the percolation threshold two
models have been employed. One is variable range hopping (VRH) and the other
being random free energy barrier model proposed by Dyre. The term hopping refers
to sudden displacement of a charge carrier from one position to another neighboring
position. It includes jump over a barrier and quantum mechanical tunneling.
1.19.1. Variable Range Hopping Model (VRH Model)
The temperature dependence of dc conductivity and the inherent charge transport
mechanism in amorphous and disordered materials can be described by means of
VRH model. The mechanism originally proposed by Mott is a phonon assisted charge
transport process®®®. The charge carriers move (hop) from a localized state to a
nearby localized state of different energy or to a localized state of similar energy with
spatial separation from the initial state. If i and j denote the initial and the final state,
the transition rate I';; according to Mott is given in equation 35 below.

[j=voexp (-2 aRj)exp (- AE;/KyT) (35)
Where o' is the decay length of the localized wave function, R;;— hopping distance,
AEj;- energy difference between the two states and v, being a constant dependent on
the strength of the charge carrier-phonon interaction which can be considered to
represent the number of hop attempts per unit time.
Most of the hops have to be upward in energy. At high temperature many phonons are
available which can assist in upward hopping. As these phonons freeze, the charge
carrier has to look further and further to find an energetically accessible state.
Consequently, the average hopping distance decreases with lowering the temperature
and hence the name variable range hopping. The conductivity in VRH model
decreases smoothly than in semiconductors. The VRH description is applicable to
electrons, holes, polarons, bipolarons etc. If the interaction between charge carriers is
neglected, the dependence on temperature of dc conductivity is given in equation 36.

o (T)=0c,exp [- (TJ/T) ] (36)
Where the parameter o, is the limiting value of conductivity at infinite temperature.
T, being the characteristic temperature that determines the thermally activated

hopping among localized states at different energies and considered as a measure of
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. 68-69
disorder

. v 1s related to the dimensionality ‘I’’ of the transport process via
equation 37.
v = 1/1+1" where 1’=1,2,3. (37)
In the conventional VRH model the parameters 6, and T, are functions of localization
depth and density of states and described by equations 38-39.
Go=[9IN(Er)/(8aKsgT)]"”e* vo (38)
T= A" o’/ [KgN(Ep)] (39)
Where N(EF) is the number of density of states at Fermi energy. v, is the hopping
frequency which can be considered as an optical phonon frequency and A’ being
dimensionless constant depending on the considered phonon process i.e., multiple or
few phonon process. The applicability of VRH model is examined by plotting the
experimental results in the form of log o T"? = f(T™). The VRH model can be applied
to conducting polymers’".
1.19.2. Random Free-Energy Barrier Model
This model is known as symmetric hopping model, proposed by Dyre’". It describes
frequency dependent conductivity over a wide range of frequencies in disordered
solids at constant temperature. This model is based on the ascertainment that dc
conductivity is thermally activated process where as ac conductivity is less
temperature dependent. Thus the activation energy (E,) of ac conductivity is lesser
than that of dc measurements. In this model he assumed non-interacting charge
carriers remain at sites with minimum energy. By employing a continuous time
random walk approximation, Dyre arrived at the following equation 40 for ac
conductivity in disordered solids.
Gac =0 [jot /In (1 +jwt)] (40)
Where o4 is the dc conductivity, o the angular frequency and 1 the relaxation time.
1.19.3. Hopping Conduction
In general, at constant temperature, ac conductivity can be expressed as given in
equation 41 below.

Gac (0‘)) =0qc T A O)n (41)
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Where o4 is the limit of ® — 0 limiting value of ... A and n are parameters and they
depend on temperature and filler content. The above equation is called “the ac
universality law”. When the exponent ‘n’ lies between zero to one i.e. 0 <n < 1, the
conduction is by hopping. The critical frequency from where the conductivity
increases has been found to depend on temperature and the conductive filler. The

universal law is found to satisfactorily describe the ac behavior of ion-conducting

72-73 74-75

solids"“"", polymer composites etc. The main differences between hopping and
band transport are described below.

1) Phonon resists electron motion in band conduction where as it initiates electron
hops in hopping conduction.

2) Absorption decreases with frequency of an applied field because of less collision in
the case of band transport and the reverse is true for hopping type of transport.

3) Extended states ¢ (T=0) = o, for band conduction, where as for hopping
conduction it is zero.

In the previous sections, the ac and dc conductivity studies of conducting polymer
composites have been dealt very briefly. One more efficient characterization of solids
not only CPCs but also electrochemical cells, solid state batteries etc, which gives
wealth of informations about the electrical properties of the systems is the
“Impedance Spectroscopy”.

1.20. Impedance Spectroscopy (IS)

In an electrode-electrolyte system, where the electrolyte may be solid or liquid, the
interfacial effect plays a dominant role in affecting the electrical conductivity. At an
interface, physical properties, crystallographic, mechanical, compositional and
electrical change precipitously and heterogeneous charge distribution affects the over
all electrical conductivity. The more the number of interfaces, the polarization effects
will be different as the solid electrolytes are polycrystalline materials having more
grain boundaries, when the potential is applied. The rate at which the polarized region
will change when the applied voltage is reversed is characteristic of the interface.
Thus impedance spectroscopy is a very powerful tool to characterize any kind of solid
or liquid material, ionic, semi conducting, mixed electronic-ionic and even insulators.

Any intrinsic property that influences the conductivity of an electrode material system
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or an external stimulus can be studied by IS. The parameters derived from an IS
spectrum fall generally in to two types.

1. Those pertinent only to the material itself, such as conductivity, dielectric constant,
mobilities of charges etc.

2. Those pertinent to an electrode-material interface region and diffusion coefficient
of neutral species in the electrode itself.

The concept of electrical impedance was first introduced by Oliver Heaviside in 1880
and was soon after developed in terms of vector diagrams and complex
representations by A.E. Kennelly and especially by C.P. Steinmetz. Impedance is a
more general concept which takes phase in to consideration. An impedance Z(®) is a
complex quantity which

has real and imaginary part as shown in Figure 1.11 and is decribed by equations 42-

44,

V4

Z”
e’

v

Figure. 1.11. Impedance resolved in to real and imaginary parts

Z(0) =2 +jZ” where j=-1 (42)
Re (Z)=27"=|Z| cos®’, Im (Z) = Z” = |Z] sin®’ (43)

With phase angle
6’ =Tan" (Z7/Z’) and |Z| = [(Z’)* + (Z")*]"? (44)

The impedance is time-invariant provided the system itself is time-invariant. This is

due to the fact that impedance measurement deals with applying a monochromatic
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signal V(t) = Vy, sin(mt) involving the single frequency v = o/2n which is applied to a
cell and the resultant steady state current I(t) = I, sin(ot + 0’) measured. In the
impedance equation, the original time variation of the applied voltage and the
resulting current has disappeared. Conventional IS consists of measurement of Z as a
function of ® or v over a wide frequency range. It is from the resulting structure of
Z(®) vs o response that one derives information about the electronic properties of the
full electrode-material system. The real electrode-materials system exhibits nonlinear
behavior. For such systems IS measurement is meaningful in general only for signals
of magnitude such that the over all electrode-material response is electrically linear.
This can be made sure that the applied potential difference amplitude Vy, is less than
the thermal voltage V1 = KgT/e which is about 25 mV at 25°C. Under this condition
the response of the system becomes linear.

1.20.1. Impedance Related Functions

Impedance by definition, a complex quantity and there are several measured and
derived quantities. All of them may be generally called Immittances. First is the
admittance Y =Z"' =Y’ +jY”; I1=Y V where Y is the admittance, I and V are the
current and voltage respectively. Interms of resistance and capacitance components if
7= Ry(») — jX4(®) and Y = Gy(o) + jBy(w), where reactance X = [ Cs(®)]" and the
susceptance B, = oCp(). Subscripts s and p stands for series and parallel. The other
two quantities are the modulus function M = joC.Z = M’ + jM” and the complex
dielectric constant or dielectric permittivity & = M= Y/(joC.) = € - je”. In these
expressions C, = g, A/d is the capacitance of the empty measuring cell of electrode
area A, and electrode separation length is d. Four immittance functions related to
each other.

1.20.2. Physical Models for Equivalent Circuit Elements

Experimental impedance data is approximated by the impedance of an equivalent
circuit made up of ideal resistors, capacitors, inductors and probably various
distributed elements. In such a circuit, a resistance represents a conductive path and a
given resistor in the circuit might account for the bulk conductivity of the material.
Similarly capacitances and inductances are generally associated with space charge

polarization. In the impedance theory, the passive components are assumed to be
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ideal. In the real system they are distributed in space. There are two types of
distributions. The first is associated directly with nonlocal processes such as diffusion,
which can occur even in completely homogeneous materials, one whose physical
properties such as charge mobility are the same everywhere. The other type,
exemplified by the constant phase element (CPE), arises because of microscopic
properties themselves are distributed.
1.20.3. Some Simple Equivalent Circuits
Model 1
Resistance and capacitor in series

Zrc=Rs—j/ oC
when o— oo or for very large C, Zrc — R . The complex plane or Nyquist diagram

is given below.

Ly

™~

This model can be used to model a metal with undamaged high impedance coatings.
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Model 2
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This equivalent circuit is known as Randle’s circuit. It is being used to model a
electrochemical cell. It includes solution resistance (Rg), double layer capacitance (C)
and charge transfer resistance (R.). It is used to model corrosion processes and it is
the starting point for other more complex models.

Model 3

i
dl
Hﬂ
—\N\— R, Z,. [
A=

This model is used to describe electrode processes when both kinetics and diffusion

© 1000 2000 3000 4000 000 SO0 7000
Z I ahm

are important. Zy,, is the Warburg impedance which measures the difficulty of mass
transport of the electroactive species. For kinetically favored reactions Ry—0 and
Zwar predominates. For difficult reactions Ri—> o0 and R predominates.

1.20.4. Impedance Theory Applied to Conducting Polymer Composites
Conducting polymer composites can be modeled as parallel combination of resistor

and capacitor with a resistor connected in series as shown in Figure 1.12.
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Ra

Rez C

Figure. 1.12. Equivalent circuit of CPCs
Where R, is the aggregate resistance, R. is the bulk resistance of the material and C is
the capacitance of a parallel plate capacitor with C =¢ A/d. where ¢ is the dielectric
constant of the polymer, A- area of the plate and d- distance between the plates. This
model is applied to many two phase CPCs especially CB-polymer composites. The

impedance of the above equivalent circuit is given in equations 45-47.

Z=R,+ 1/ (/R +joC) (45)
=R, + Re/(1+0°C?RY) — j (0RZC)/( 1+0’C?RY) (46)
=7\+j7Z, (47)

where Z; and Z, are real and imaginary parts. The relation between them can be
written as given in equation 48 given below.

{Z1— (2R, + R)/2}: + Z,* = (R/2)* (48)
Thus plotting Z; and Z, in Argand plane will describe a circle in the upper quadrant
with center at (2R, + R)/2, 0) and a radius of R¢/2. At ® = w,, the real and imaginary
parts can be equaled and the capacitance is obtained by the following equation 49.

Rc=1/ ,C (49)

Thus impedance measurements become very handy to evaluate the capacitance. In
CPCs, conductive filler-polymer-filler configuration can be thought of as parallel
plate capacitor and hence the interjunction capacitance can be obtained from
impedance measurements.
1.20.5. Applications of Impedance Spectroscopy
1.20.5.1.Fuel Cells
The typical spectra of oxygen reduction reaction (ORR) at Pt/Nafion interface under

different potential are shown in Figure 1.13. There are two pronounced arcs
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accounting for the charge transfer at high frequencies and mass transport at low
frequencies. The charge transfer arc decreases with increasing polarization due to the
increased rapidity of the electrochemical kinetics and impedance arc due to mass

transfer is progressively dominant.

100

270 em?

0 50 100 150 200
Z'f 0 eme

Figure 1.13. Impedance plot of oxygen reduction reaction at Pt/Nafion interface

The representative equivalent circuit, a modified Randles cell is given in Figure 1.14.

CPE
11
R, 1k

Figure. 1.14. Equivalent circuit diagram for ORR in fuel cell
In the Figure 1.14, Ro, Ry and W represent ohmic resistance, charge transfer
resistance and infinite length Warburg resistance. The conventional double layer
capacitance is replaced by constant phase element (CPE) because the capacitance
caused by the double layer charging is distributed along the length of the pores in the
porous electrode. In addition in the Nyquist diagram, one may observe the infinite
diffusion as a straight line with slope equal to one instead of finite diffusion as a
semicircle at low frequency range. Wagner et al.”® have summarized that
1. Without diffusion limitation only one arc appears.
2. With finite diffusion, two arcs appear with the low frequency arc corresponding to
Nearnst-impedance
3. With infinite diffusion, a 45° straight line, corresponding to Warburg impedance, is

observed at low frequencies.
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1.20.5.2. In Corrosion

Corrosion is defined as the spontancous degradation of a reactive material by an
aggressive environment. This phenomenon is electrochemical in nature. Impedance
spectroscopy (IS) has been applied extensively in the analysis of the mechanism of
corrosion of iron and other metals in aqueous solution. Keddam distinguished
between various mechanisms that had been proposed for the electro dissolution of
iron in acidified sodium sulfate solution. Since this particular study provides an
excellent review of how impedance spectroscopy is used to discern reaction
mechanisms. He calculated through his model, the interfacial impedance, which
matches perfectly with the experimental results.

1.20.6. Limitations of Impedance Spectroscopy

1. In equivalent circuit analysis, the circuit elements are assumed to be ideal. The
microscopic properties of the electrolytic cells are distributed in space. Under this
condition ideal circuit elements may be inadequate to describe the electrical response.
It has been observed that the use of distributed impedance elements like constant
phase elements (CPE) in the equivalent circuit greatly aids the process of fitting
observed impedance data for a cell with distributed properties.

2. An equivalent circuit involving three or more circuit elements can often be
arranged in various ways and still yield exactly the same impedance.

1.21. Applications of Conducting Polymer Composites

1.21.1. Bipolar plates

A fuel cell is an electrochemical energy conversion device and not storage devices
like batteries. It has continuous supply of fuel such as hydrogen, methanol etc and
oxidant like oxygen, air etc. So long as fuel and oxidants are supplied one can derive
power out of a fuel cell. Thus a fuel cell is a magic box which converts energy i.e.
chemical energy to electrical energy. There are six major types of fuel cells such as
alkaline fuel cells, polymer electrolyte membrane fuel cells (PEMFCs), direct
methanol fuel cells, phosphoric acid fuel cells, solid oxide fuel cells and molten
carbonate fuel cells. Out of these six types PEMFCs are focused for transport
applications. Typical electrochemical reaction occurring at electrodes in a PEMFC is

given below.
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Anode : H, — 2HY + 2e”
Cathode : 1/20, + 2H' + 2¢~ — H,0
Owverall : H, + 1/20, — H,0 + Electrical Energy + Heat Energy

Theoretical open circuit potential of PEMFC is 1.229V and the free energy is
AG = -235.76 KJ/mol.
It can be seen from the above chemical reaction that the bye product is only water and

thus fuel cell results in a clean energy. A typical fuel cell is shown in Figure 1.15.

Fuel Cell
a =2

+

H—

—

1
Saparatar

Anode Electrolyte  Cathode

2H,—» <0,
Figure. 1.15. Typical Fuel cell operation

Major layers of fuel cell are given below.

1. Membrane Electrode Assembly (MEA) which contains anode, cathode and the

polymer membrane.

2. Catalyst ( Platinum based ).

3. Hardware ( Backing layer, Current collector-Bipolar plates, End plates ).

The electron stripped from the hydrogen molecule at the catalyst layer travels through

external circuit to cause oxygen reduction at the cathode. The medium is a polymer

membrane which allows protons to go through and forms a barrier for the flow of

electrons. Normally, Nafion is used as a polymer membrane which is nothing but

perflourinated membrane. The catalyst particle size is quite important and when it is

in nanoscale, more hydrogen molecule will be stripped of their electrons. Gas

diffusion layer allows gas molecules to reach the catalyst layer and also it exhibits

conductivity for the electron transfer. It is usually made of porous carbon material.
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Out of different components, bipolar plates are very important and further discussions
will be focused on them only.

Bipolar plates are essential to distribute the fuel and oxidant, carry electrons to the
external circuit, connect individual fuel cells in a stack etc. They should satisfy the
following requirements to be commercialized.

1. Exhibit very high electrical and thermal conductivities.

2. Chemically inert and should remain inert for extended period of time.

3. Light weight, easily manufacturable by mass production techniques.

4. Non permeability of reactant gases.

5. Good mechanical properties and thermal stability.

Further the fuel cell stack should be light weight. Major weight of a fuel cell
assembly corresponds to that of bipolar plates.

778 The major drawback of

Commonly used bipolar plate material is graphite
graphite based bipolar plates is that the flow filed should be machined which
increases the cost as graphite is more brittle. So, several attempts have been made to
look for alternate materials for bipolar plate applications. In this regard, stainless steel
bipolar plates have been made with flow field patterns which are cheaper than the
graphite plates. The density is more which can be compensated by making very thin
bipolar plates made out of them. The main problem with these plates is the corrosion
stability. When fuel cell is operated with humidity the stainless steel plate slowly
corrodes which limits the cycle life of the fuel cell. Davies et al.” evaluated the short
term and long term performance of different stainless steel plates. Surface oxide
formation limits the out put of the fuel cell. In order to avoid that gold coating has
been made on to the plates which increases the cost of the plate. A less expensive and
light weight alternative is conducting polymer composites based bipolar plates. The
polymer could be thermoplastic or thermosets. Usually thermoplastics are used since
it can be recycled. Since the polymer composites based bipolar plates can be easily
injection or compression molded which reduces the cost to a great extent. The flow
properties of polymer will be affected due to increase in the filler loading as the
viscosity of the polymer increases. In order to have high electrical conductivity and

better flow properties, the filler concentration has to be kept minimum i.e., the
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percolation threshold should be minimum. In this regard very high aspect ratio
conducting fillers could be focused. Besmann et al.*® fabricated a plate with carbon

fiber and phenolic resin. Kuan et al.¥!

have made vinly ester-graphite based bipolar
plates by bulk molding process. About 60 wt% of graphite is loaded in the resin to
have high conductivity. Thus the conducting polymer composites as fuel cell bipolar
plate material have thrown lot of challenges as regard to electrical conductivity and
minimization of filler concentration.

1.21.2. Thermal Interface Materials

Thermal interface pastes are needed for improving contacts, which are critical to the
cooling of microelectronics. A thermal paste consists of an organic vehicle and a solid
component that is thermally conductive. The solid component is in the form of
particles and are dispersed and suspended in the vehicle. Thermal conductivity of the
suspended phase is not the only parameter which should be taken in to account for its
use as an interface materials. Other factors are the conformability and spreadability.
Even if the interface material may be an excellent thermal conductor, poor
conformability would make it ineffective as thermal interface materials. Carbon black
paste acts as a thermal interface material when the surfaces of the plates used for heat
transfer is smooth. For smooth surfaces CB paste is more effective than the silver
paste though the thermal conductivity of silver is higher than that of CB. This is due
to poor conformability of silver. The conformability of thermal interface material
depends on both filler and the matrix. A stiff matrix will not allow the composite
material to conform. Yu et al.* have reported that graphite nano platelets in epoxy act
as a thermal interface material. The thermal conductivity of nanoplatelets will be poor
in the perpendicular direction than the parallel as these nanoplatelets have a tendency
to arrange parallel to the surface. The same is true for carbon nanotubes based
thermal interface materials unless CNTs are vertically aligned. In short the
requirements of a material to be used as thermal interface materials are given below.

1. High thermal conductivity

2. Low thermal contact resistance

3. Ability to wet out a surface

4. Mechanical compliance
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Conventional approach is to fill the polymer (Grease, Silicone, Rubber etc) with
conductive filler. The high degree of loading of filler affects the mechanical
compliance. Zhang et al.** have made aligned CNT for thermal interface material
application. Thus the application of conducting polymer composites in the
development of thermal interface material can be realized.

1.22. Mechanical Properties of Conducting Polymer Composites

Intrinsic properties of polymers combined with the advantages of fillers led to the
creation of many new materials. These materials have one or a combination of
excellent mechanical, thermal and chemical properties. The mechanical properties of
binary filled systems not only depend on the material properties of the individual
phases and percentage of filler but also the size, shape, orientation and state of
adhesion between the filler and the matrix is critical. The general effect of filler on
mechanical properties can be predicted easily. However, ultimate stress and strain in
composites not only depend on the matrix and filler properties but also on the
fabrication processes. Flaws, voids and temperature profile affect the fracture
properties. One effect of filler in the polymer is to increase the modulus. There are
various models which are described to fit the mechanical behavior especially tensile
modulus such as series model, series-parallel model, Cox equation, the Halpin-Tsai
equations etc*. Another parameter which has not received that much attention as the
modulus of the composites is ultimate tensile strength (UTS). This is primarily due to
the complexity of fracture mechanisms. The prediction of UTS requires knowledge of
the ultimate properties of the filler and the matrix, perfection of alignment and spatial
distribution of filler particles, particle size and shape etc. with the applications
mentioned in the above section, the mechanical properties of bipolar plate is crucial
for its commercialization. Zheng et al.* have reported 16.8% enhancement in tensile
modulus at 3 wt% loading of expanded graphite in HDPE and the composites were
prepared by melt blending route. Zheng et al.’® have reported 13% increment in
tensile modulus for solution blended PMMA-5 wt% graphite composite. Chodak et
al.¥” have measured the mechanical properties of PP-CB composites prepared by
injection and compression molding. Young’s modulus increases with the loading of

CB up to 40 wt%. Yeh et al.*® compared the experimental data of elastic modulus and
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strength of MWCNT/phenolic resin and short carbon fiber/phenolic composites at the
same filler contents up to 4 wt% of fillers. The nanotube reinforced systems showed

1.3 have

better performance, although the improvements were not remarkable. Tai et a
examined the mechanical properties of SWCNT/phenolic composites. Loading over 1
wt% SWCNT leads to decrease in the Young’s modulus. This has been accounted for
the insufficient impregnation of the resin at higher loading. Thostenson and Chou’
examined the processing-structure-property relationship in CNT/epoxy composites.
Grimmer and Dharan’® have shown that the addition of 1 wt% CNT to the polymer
matrix can improve fatigue life of woven glass fiber/epoxy composites by 60%.
Kalaitzidou et al.”? have studied the effect of addition of exfoliated nanoplatelets in
PP matrix on the flexural strength, impact strength and modulus. At lower loading of
exfoliated nanoplatelets, better improvement in the mechanical properties is observed.
1.23. Thermal Conductivity Studies
Thermal conduction is a phenomenon by which heat is transported from high to low
temperature regions of a substance. The property that characterizes the ability of a
material to transfer heat is the thermal conductivity. It is best defined in terms of the
expression given in equation 50 below.

q=-k dT/dx (50)
Where q denotes the heat flux or heat flow, per unit time per unit area, k is the
thermal conductivity and dT/dx is the temperature gradient through the conducting
medium.
Heat is conducted in solids by both phonons and electrons. The thermal conductivity
is due to the sum of these two mechanisms. Usually one predominates the other. In
high purity metals the electronic contribution is more than the phonon as the electrons
are not easily scattered as phonons and have high velocities. The thermal conductivity
of common metals ranges from 20-400 W/m-K. Since free electrons are contributing
to electrical and thermal conductivity in metals, theoretical treatments suggest that the
two conductivities should be related to Wiedemann-Franz law as given below in

equation 51.

L=k/cT (51)
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Where L is a constant independent of temperature, other symbols have the usual
meaning.

Since the ceramic materials lack large number of free electrons, phonons are
responsible for thermal conduction. Further these phonons are not as efficient as free
electrons for the transport of energy as they are easily scattered by the lattice
imperfections. The scattering of lattice vibration is more pronounced with the
increase of temperature and hence the thermal conductivity diminishes with the
increase in the temperature. Porosity has inverse effect on thermal conductivity. More
pores lead to decrease in the thermal conductivity.

For polymers, energy transfer is accomplished by the vibration and rotation of the
chain molecules. The magnitude of thermal conductivity depends on the crystallinity
of the polymer which increases with the increase in crystallinity. This is due to the
more effective coordinated vibration of the molecular chains for the crystalline state.
Thermal conductivity of many binary composites such as polyethylene-graphite®,
nylon-6,6-CF**, HDPE-AI* etc. has been reported.

1.24. Aim and Scope

The above literature on the binary conducting composites clearly emphasizes the
importance of conducting polymer composites to be applied for various applications
such as fuel cells, thermal interface materials etc. where it is customary to reduce the
filler loading retaining high electrical and thermal conductivities i.e. the electrical
percolation threshold should be reduced as minimum as possible. To achieve low
percolation threshold, high aspect ratio fillers like CNT, CNF, graphene etc. are
added to various polymer matrices. This leads to increase in the cost of the final
product made out of them. This particular aspect prompts us to think of hybrid
composites where two conducting fillers are used out of which one will be cheaper.
The second conducting filler when used in small amounts act as connectors and hence
the electrical conductivity will be increased which otherwise is obtained at a very
high loading of the filler in binary composites. This approach helps us to use the
costly high aspect ratio fillers in small amount and thus the over all cost of the
composite can be reduced. Further high loading of fillers in binary composite will

hinder the flow properties of the polymer and hence processing becomes difficult.
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The idea of improving electrical conductivity by the addition of second conducting
filler in a thermoset matrix was first done by Radhakrishnan®®. Following this Lin et
al.”” have used tin-lead alloy as the second component along with short carbon fiber
filled PES. Towards the development of bipolar plates, highly conducting composites
based on Polyphenylene sulfide (PPS)-graphite with carbon nanofiber and carbon
black as second components have been made after compounding and injection

98,99

molding Similarly electrical conductivity of Polypropylene (PP)-synthetic

graphite binary and hybrid composites with CB and short carbon fiber have been

reported'*

. Further the percolation threshold for PP-synthetic graphite has been
reported to be at 25-30 wt% after injection molding'”'. In many injection molded PP-
graphite based hybrid composites, electrical conductivity is studied with high loading
of the second conducting component grater than 15 wt%'*%. Thus there is a great need
to use second conducting fillers in small quantity retaining higher electrical
conductivity of hybrid composites in order to process them easily and to be used for
various applications mentioned above. The objective of the present thesis can be
classified in to four parts.

1. Effect of aspect ratio of fillers on the dc, ac electrical behavior, charge transport in
polymer-graphite based hybrid and binary composites and evaluation of a model
through impedance spectroscopy studies.

2. Effect of processing routes on the electrical percolation threshold of hybrid
composites.

3. Role of polymer matrix on the electrical conductivity of hybrid composites.

4. Thermal conductivity studies of few conducting composites as part of application.
5. Structure development in the polymer matrix due to processing and thermal
analysis where ever required.

In order to bring the electrical percolation threshold down, three polymer matrices
such as amorphous Polyether sulfone (PES), semicrystalline Polypropylene (PP) and
Polyphenylene sulfide (PPS) were selected. In addition, fillers like graphite, carbon
black (CB), expanded graphite (Exgr) and Carbon nanofiber (CNF) were chosen. All
hybrid composites prepared were polymer-graphite based. PES is a high temperature

thermoplastic polymer and no reports are found in the literature related to hybrid

45



Chapter 1 Introduction

composites, dc and ac behavior nearer to the percolation threshold. The same is true
for PP and PPS based hybrid composites. Apart from that PP is easily processible and
PPS is thermally stable exhibiting excellent mechanical properties. The choice of
fillers is due to cost and easy availability. Graphite and CB are cheap and expanded
graphite can be prepared from graphite. CNF is bit costlier but not to that extent of

CNTs and available in large quantities.
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Chapter 2 Experimental and Characterization Techniques

2.1. Introduction

This chapter deals with details of experimental procedures employed for the synthesis
of composites and the corresponding characterization techniques. As mentioned in the
chapter 1, three thermoplastic polymer matrices were chosen for making conducting
composites such as Polyether sulfone (PES), Polyphenylene sulfide (PPS) and
Polypropylene (PP). Fillers used were graphite, carbon black (CB), expanded graphite
(ExGr) and carbon nanofiber (CNF). Hybrid composites were polymer-graphite based.
The dc, ac conductivity behaviors of various conducting composites was investigated.
The structure, properties and morphology of different composites were characterized
by various physico-chemical characterization techniques as described in this chapter.
2.2. Materials

The chemicals and materials used along with their grade and make are given in the

following Table 2.1.

Table 2.1

Materials used

Chemical / Material Grade Make

Acetone LR grade Merck

Methanol LR grade Merck

Xylene LR grade Merck
Dichloromethane LR grade Merck

NMP LR grade Merck

Sodium sulfide LR grade Merck

PES 3600P Gharda chemicals, India
PP SM85N IPCL, India

PPS Ryton P-4 powder Chevron Philips, Singapore
Natural graphite Better than 200 mesh | Carbon enterprises, India
Carbon black Degussa Carbon enterprises, India
Expanded graphite - ARCI, Hyderabad, India
Carbon nanofiber PR-24-XT- HHT Pyrograph products, USA
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2.3. Synthesis of PES-graphite Binary and Hybrid Composites

PES-graphite binary and hybrid composites were prepared by two routes as described
below.

1. Solution blending

2. Powder mixing

In the former route, a known amount of polymer was dissolved in 100 ml
dichloromethane keeping the composite weight to be 5 gm. To this, required amount
of graphite was added and the stirring continued for 20 hr. CB, CNF and expanded
graphite were first sonicated in 70 ml of DCM for 5 hr and then added to the
dissolved polymer after which the stirring was continued for 20 more hr. For making
hybrid composites, filler in small amount was first ultrasonicated for 5 hr in 70 ml
DCM and then added to the dissolved polymer. The resultant mixture was stirred for
5 hr. To this mixture, graphite was added and stirred for another 15-18 hr. The
resultant mixture was dried and then crushed to make powder. The dried powder was
sieved (100mesh) and pellets were made for electrical and thermal studies.

PES was first sieved (100 mesh) and then used for making powder mixed composites.
For binary composites, required amount of graphite and CB corresponding to 5 gm of
the composite was added and then mixed for 15 min. For hybrid composites, to PES
required amount of CB was added first and mixed for 10 min. Then graphite was
added and the mixing was continued in an agate mortar for another 15 min. Pellets
were made for various studies.

2.4. Synthesis of PPS-graphite Binary and Hybrid composites

PPS based composites were made by following routes mentioned below.

1. Powder mixing

2. Melt crystallization

3. In-situ polymerization for PPS-ExGr composites

2.4.1. Powder Mixing

Binary composites such as PPS-graphite, PPS-CB, PPS-ExGr, and PPS-CNF were
prepared by mixing graphite and PPS in a mortar for 15 min. Other binary composites
were prepared by mixing the required amount of filler after sonication in 50 ml
acetone for 4 hours and then mixed with PPS. The resultant mixture was sonicated for
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another half an hour and dried in a Petri dish. The chunks were crushed and pellets
were made by applying 3 ton pressure for 3 min.

Hybrid composites with CB, CNF and ExGr as second conducting fillers were made
by first sonicating required amount those fillers (keeping composite weight to be 3
gm) in 50 ml of acetone for five hours and added to required amount of PPS.
Sonication was carried out for one more hour. To this mixture graphite was added and
sonication was continued for half an hour. The resultant mixture was poured in a Petri
dish and dried before the chunks were crushed and sieved. Pellets were made out of
sieved mixture.

2.4.2. Melt Crystallized PPS Based Composites

In melt crystallization, the composites, both binary and hybrid, kept in between
Teflon sheets were heated to 300°C for 3 min. Due to melting and spreading of the
polymer, sheets were formed. The outer layer was scrapped by polish paper and the
electrical measurements were done.

2.4.3. Lab Synthesized PPS-Exgr Composites

180°C/18hrs
Br Br + NaBr — » =« sj%* + NaBr
NMP/MeOH

Figure. 2.1. PPS Synthesis

PPS was synthesized by making 1,4-dibromobenzene in NMP to react with sodium
sulfide dissolved in methanol with 1:1.1 molar ratio as shown in Figure 2.1. The
excess methanol was distilled out and the reaction was carried out at 180°C for 18 hr.
The resultant powder was washed with excess methanol and vacuum dried. PPS thus
synthesized was mixed in different proportion with ExGr and binary composites were
made. In another set of experiment, ExGr was first soaked in NMP and then in-situ
polymerization of PPS was carried out.

2.5. Synthesis of PP-graphite Binary and Hybrid composites

Two processing routes were employed for the preparation of both types of composites.
Since PP exists in granular form, it can’t be ground by ordinary means due to low Tgl.

Hence it is necessary to make PP powder for making composites.
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2.5.1. Preparation of PP Powder
PP granules were dissolved in xylene at 140°C and then cooled till gel formation was
completed. The gel was precipitated in excess acetone with vigorous stirring which
led to the formation of PP powder. The powder was vacuum dried at 60°C for 10 hr
and used for various studies.
2.5.2. Preparation of PP Based Binary and Hybrid Composites by Powder
Blending
PP-Graphite composites were prepared by mixing appropriate amount of PP powder
with graphite keeping the composite weight to be 3 gm. The mixture was mixed for
15 min thoroughly in an agate mortar and pellets were made for various studies.
Other binary composites such as PP-CB, PP-CNF, and PP-ExGr were prepared by
sonicating required amount of filler in 50 ml acetone for four hours and the added to
PP powder in 50 ml acetone. The mixture was further sonicated for half an hour and
the solvent was evaporated. The resulting mixture was ground and used for various
characterizations.
Similarly hybrid composites were prepared by sonicating the second conducting filler
in 50 ml acetone for 4 hr and then mixed with PP powder in 50 ml acetone. The
resulting mixture was sonicated for about half an hour. To this mixture, required
amount of graphite was added and sonicated further for another half an hour. The
mixture after solvent evaporation was mixed well in a mortar and then pellets were
made.
2.5.3. Melt Crystallization of PP Based Binary and Hybrid Composites
The pellets of powder mixed composites were kept in between two glass slides and
heated to 180°C for few minutes so that the polymer was molten and spread to form
sheets after which they were transferred in to a beaker containing water. The sheets
were scrapped by a polish paper to remove the polymer and used for various
characterizations.
2.6. Preparation of Samples for Electrical Conductivity Studies
Pellets were prepared by taking 0.3 gm of composites in a die by applying 3 ton
pressure for 3 min. The pellets prepared were used for electrical conductivity and
melt crystallization studies.
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2.7. Characterization Techniques
2.7.1. Electrical Measurements
The room temperature electrical resistance (R) of composites was measured in a
specially constructed cell by applying a constant load 8 Kg/cm? to eliminate contact
resistance with Keithley 6514 electrometer. From the measured value of thickness (l)
of samples and cross section (A), the conductivity was calculated from the following
equation 1.
c=RAI/ (1)
Where o is the dc conductivity.
AC conductivity studies were carried out by loading the sample in the specially
constructed cell and connecting that with Solartron impedance analyzer (Model Sl
1255) with dielectric interface (Model 1296) in parallel plate configuration. Few
experiments were also done on Alpha A-Novacontrol, instrument. The impedance
software was used to obtain impedance plots which were fitted with ZVIEW software
to extract model parameters.
2.7.2. X-ray Diffraction
X-ray diffraction® is a great tool to study the structural changes happening due to
processing etc. The binary composites were characterized by wide angle X-ray
diffraction. Xpert pro powder x-ray diffractometer was used (Cu K, radiation with 2,
= 1.541 A°) to obtain the xrd pattern of samples. The useful range of scan was limited
to 10-30°. The crystallite sizes of fillers were calculated from Scherer’s formula given
in equation 2.
t” = [B Al AB’ c0s0’] (2)
Where B=0.9
Ai = wave length of X-ray (1.541 A°)
A®’ = Breadth of the peak in radian
0’ = Diffraction angle
t’ = Crystallite size
2.7.3. Differential Scanning Calorimetry (DSC)
The glass transition temperature of PES based composites, melting and crystallization

temperature of PP and PPS based composites were obtained from the DSC analysis
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where a temperature scan of 50-250°C was employed for PES and PPS based
composites and 50-200°C for PP based composites The interaction between the filler
and the matrix is clearly brought out by shift in the Ty of the polymer. The effect of
fillers if they act as nucleators was revealed through a shift in the crystallization
temperature to higher values. All scan were recorded in Nitrogen atmosphere with a
heating and cooling rate of 10°C/min. The sample amount used can vary between 3-8
mg. The first heating run was not taken for data analysis as it was used to destroy the
prehistory of the sample. Second cooling and third heating runs were considered for
data analysis. DSC Q-10 model from TA instruments, USA was used for carrying out
scans.

2.7.4. Thermo Gravimetric Analysis (TGA)

The thermal stability of polymers and composites can be found out through TGA®
analysis. The entrapment of low molecular weight compound like Diphenyl sulfone
within the layers of graphite was found out through TGA where the weight loss was
plotted against the temperature. The sample was heated from room temperature to
500°C in nitrogen atmosphere with a heating rate of 10°C/min. Perkin and Elmer
TGA machine was used for TGA analysis.

2.7.5. Scanning Electron Microscopy (SEM)

SEM* is very important for micro structural investigation when it is related to
properties, processing and behavior of materials. The SEM provides informations
related to topological features, morphology, phase distribution, compositional
differences etc. The SEM is also capable of determining elemental composition of
micro volumes with the addition of an x-ray or electron spectrometer. The strength of
SEM lies in its inherent versatility due to the multiple signal generated, simple image
formation process, wide magnification range and excellent depth of filed. The cross
sections of PES based samples were seen in SEM after etching the sample in DCM
vapor for about an hour. The samples were mounted vertically and analyzed.
Similarly cross sections of PP based composites were seen after etching the sample in
hot xylene for one hour. PPS based composites cross section was observed after
etching in toluene vapor for one hour. Through SEM analysis, in many samples,
thickness of graphite and length of the fibers like CNF were measured which was
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coupled with transmission electron microscopy results to comment on the aspect ratio.
All samples were coated with thin layer of gold in plasma coating unit to prevent
charging on the specimen. The SEM Leica-440 unit was used to grab the images.
2.7.6. Transmission Electron Microscopy

Transmission electron microscopy” is the premier tool for understanding the internal
microstructure of materials at the nanometer level. Further the resolution can be few
tenths to few nanometers, depending up on the imaging conditions and
simultaneously obtain electron diffraction pattern from specific regions in the images
as small as 1 nm. PES based selected samples were drop casted on copper grids after
dissolving PES in DCM and TEM pictures were taken. Pristine carbon nanofiber and
expanded graphite after sonication were drop casted on to copper grids and analyzed.
TEM Joel model 1200 was employed to take TEM pictures.

2.7.7. Infra-red Spectroscopy (IR)

IR spectrum was recorded to confirm the formation of PPS which was prepared by
the reaction outlined in section 2.4.3. The powder specimen was mixed with KBr and
then loaded in Shimadzu FT-IR 8300 spectrometer and analyzed in the range of 400-
4000 cm™.

2.7.8. Thermal Conductivity Measurement

Thermal conductivity of various samples was measured in Quickline-10 instrument,
provided by Anter Corporation, USA, by the ASTM E1530 guarded heat flow meter
method. In this method, sample to be tested is held under a reproducible compressive
load between polished metal surfaces, each controlled at a different temperature. The
lower contact surface is part of calibrated heat flux transducer. As heat flows from the
upper surface through the sample to the lower surface, an axial temperature gradient
is established in the stack. By measuring the temperature difference across the sample
along with the output from the heat flux transducer, thermal conductivity of the
sample can be determined when the thickness is known. Test section schematic is

given in Figure 2.2.
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| HEAT FLUX

‘ i TRANSDUCER

Figure. 2.2. Thermal conductivity test meter schematic

At thermal equilibrium, the Fourier heat flow equation applied to the test sample
becomes

Rs = [(Tu-T1) / Q]-Rint ©)
Where Rs - thermal resistance of the sample

Ty - upper plate surface temperature

T, - lower plate temperature

Q - heat flux through the test sample

Rint — total internal resistance between sample and surface plates

The thermal resistance of the sample is defined as
Re=1/k (4)

Where I- sample thickness

k - thermal conductivity
The thermal resistance is included in equation 3 as the instrument measures only the
temperature difference. The heat flux through the sample is measured with a
transducer located just below the sample. The heat flux transducer consists of a
reference calorimeter with high conductivity surface plates on either side. Sample
thermal resistance is given by

Rs =F (ATs/ ATy) - Rint (5)
Where F — proportionality constant

AT, — temperature difference across the sample
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AT, — temperature difference across the reference calorimeter
To determine F and Rjy, the instrument must be calibrated. Equation 5 shows that
there is a linear relationship between Rs and (ATs / AT,). By measuring the
temperatures to determine the AT ratio for several samples of known thermal
resistance and plotting the results on graph, a straight line can be drawn through all
the data points. The slope of the line is F and the y-intercept is Ri,. The thermal
resistance of the sample should fall within the range of samples used for calibration.
The accuracy with this instrument is + 3% to + 8% depending on the thermal
resistance of the sample. The lowest practical value of Rs that can be measured is
0.0002 M*K/W.
2.7.9. Hardness Measurement
The hardness of plastics is normally measured by the shore durometer test. In this
method, the resistance of plastics toward indentation is measured and provides an
empirical hardness value that does not necessarily correlate well to other properties.
Few PES-graphite samples, hardness was measured in shore-D scale commonly used
for measuring hardness of hard plastics.
2.7.10. Electron Spectroscopy for Chemical Analysis (ESCA)
X-ray photo electron spectroscopy (XPS)® or Electron spectroscopy for chemical
analysis (ESCA) uses x-rays of characteristic energy to excite electrons from orbitals
in atoms. The photo electrons emitted from the material are collected as a function of
their Kinetic energy, and the number of photoelectrons collected in a defined time
interval is plotted versus kinetic energy. Peaks appear in the spectrum at discrete
energies are due to emission of electrons from states of specific binding energies in
the materials. The positions of the peaks identify the chemical elements in the
material. Peak areas are proportional to the number of orbitals in the analysis volume.
The positions and shape of the peaks in the XPS spectrum can also be analyzed in
greater detail to determine the chemical state of the constituent elements in the
material, including oxidation state, partial charge and hybridization. XPS is used to
analyze solid surfaces and gas phase compounds and it is surface sensitive technique.
The nominal analysis depth is 1-10 nm. The primary limitation of XPS is the need of

ultra high vacuum. Thus low vapor pressure materials can be analyzed. Typically a

60



Chapter 2 Experimental and Characterization Techniques

photon of frequency v, has a kinetic energy hv. As this photon passes through a
material, it can interact with the electrons in the material. Absorption of the x-ray by
an atom can lead to an electronic excitation of the atom. The photon absorption
process conserves energy, leaving an electron in the atom to a first approximation
with a kinetic energy that is equal to the energy of the incident photon less the initial
binding (electronic ground state) energy of the electron. Under proper circumstances,
when the electron does not scatter back, it acquires sufficient velocity to escape from
the material. These electrons with a specific kinetic energy are focused on to the
detector. ESCA of solution blended PES-graphite composites was taken in ESCA
3000 model for finding specific interaction between different groups. Magnesium
target (K, wavelength-1253.6 eV) was used as x-ray source. All spectra were

recorded under identical conditions at 50 eV pass energy.
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3.1.1. Introduction
Polyether sulfone (PES) is a transparent amorphous polymer with very high T,

(213°C). Its chemical structure is given below.

5010l

Its dimensional stability at high temperatures (above 200°C) makes it very attractive
to be used in proton exchange membrane fuel cells (PEMFC)'. PES, being
engineering thermoplastic, can be injection molded. Out of various conducting fillers
available, graphite is more attractive as it is a semimetal’. This thesis aims at
developing both binary and hybrid conducting polymer composites of carbon black
(CB), expanded graphite (ExGr) and carbon nanofiber (CNF) along with graphite.
Hence a proper introduction to those fillers is necessary. As this section deals with
binary and hybrid composites based on graphite and CB, understanding the internal
structure of them is very important.

Graphite has a layer structure in which carbon atoms are arranged in a hexagonal
pattern within each layer and the layers are stacked in AB sequence. This results in a
hexagonal unit cell with cell dimensions ¢ = 6.71 A°, a=b = 2.46 A°. There are four
atoms per unit cell as labeled by A, A’, B and B’ in the following Figure 3.1.1. The
atoms AB are in one plane and A’B’ are in a different layer plane separated by half
the crystallographic c-axis. The crystal structure corresponds to a space group
P63;/mmc. The adjacent layers are held together by vander Waals force which is very
weak and hence foreign molecules can be intercalated between graphite layers. There
are two types of graphite namely natural and synthetic graphite. Natural graphite is a
mineral consisting of graphitic carbon. It can be further classified into amorphous,
flake and crystalline types. Synthetic graphite is produced from coke and pitch. It
tends to be of higher purity though not as crystalline as natural graphite and hence the

conductivity is less.

63



Chapter 3 PES based composites

3354

[

Figure. 3.1.1. Crystal structure of graphite

Carbon blacks (CB) are pure elemental carbon in colloidal form that is produced by
incomplete combustion or thermal decomposition of gaseous or liquid hydrocarbons
under controlled conditions. They have branched structure and within each aggregate
the carbon atoms are arranged in imperfect graphitic form. Depending upon the heat
treatment, different types of CB with different particle size can be obtained. Different
grades of CB are distinguished chiefly by their surface areas and structures. Furnace
blacks, Acetylene black, Vulcan XC-72 etc., are examples of different types.

3.1.2. PES-graphite Binary and Hybrid Composites with CB as Second Filler

In order to understand the effect of second conducting component in a polymer
matrix on the electrical conductivity, binary composites need to be studied first to
know the percolation threshold, saturation etc. The composites are prepared by two
preparation routes namely solution blending and powder mixing. The details of
preparation have been discussed in Chapter-2. Figure 3.1.2 represents through plane
resistance variation of PES-Graphite and PES-CB solution blended samples. The
thickness of the pellet and the area of cross section are kept Smm and 1 cm’

respectively. It is clear from the Figure 3.1.2 that the percolation threshold of PES-
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graphite composites lies after 5 wt% whereas for the later it is at 10 wt%. The

resistance of graphite filled PES is lesser than that of CB filled PES.
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Figure 3.1.2. Through plane resistance variation of PES-Graphite, PES-CB

solution blended composites

The percolation threshold signifies network formation. The resistance value saturates

at higher loading of fillers i.e., > 50 wt% which indicates the completeness of

network formation between filler particles. The higher resistance of CB filled PES

composites when compared to graphite filled PES, even though CB particles

aggregate size is 80 nm, is due to agglomeration in DCM. In order to understand the

effect of addition of CB in PES-graphite system, selected loading of graphite and CB

are shown in the following Figure 3.1.3.
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Figure 3.1.3. Through plane resistance of solution blended PES-Graphite-CB

. . . 2
composites (sample thickness-5 mm, area of cross section-1 cm”)
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When 1 to 10 wt% CB is added to PES-x wt% graphite (x = 10, 20, 38, 60), the
through plane resistance of hybrid composites is decreased. Addition of 7 wt% CB in
PES-10 wt% graphite decreases the resistance by more than four orders when
compared to 0 wt% CB in the same. The same order of resistance will be obtained
with 25-30 wt% graphite added to the polymer in binary composites. Thus hybrid
composites are very effective in reducing the filler loading as well as the percolation
threshold due to improvement in the contact between filler particles. To understand
the effect of preparation routes on the electrical conductivity of PES-graphite-CB
hybrid composites, a particular composition namely, PES-7 wt% graphite has been
chosen nearer to the percolation threshold. Figure 3.1.4 depicts the effect of addition
of CB in PES-7 wt% graphite prepared by both solution blending and powder mixing
routes on the dc electrical conductivity. The preparation procedure has been explained

in Chapter-2.
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Figure 3.1.4. Effect of preparation routes on the through plane resistance of
PES-graphite-CB composites (Thickness 5 mm and area 1 cm?)
It is clear from the above Figure 3.1.4 that the solution blended PES-7 wt% graphite
has two orders lesser through plane resistance than the same prepared by powder
mixing route. The reduction in the particle/crystallite size of graphite in solution
blending route leads to increase in the surface area and hence establishment of better
connectivity between filler particles. The percolation threshold in solution blended

hybrid composites is 0.7 wt% whereas for the powder mixed samples it is 1.3 wt%.
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Figure 3.1.5 shows the XRD patterns of PES-7 wt% graphite prepared by both routes
where PM refers to powder metallurgical route and Sln blend indicates solution
blending method. It is clear from the XRD patterns corresponding to 002 reflection of
graphite in the polymer that the FWHM of solution blended sample is higher than that
of the powder mixed one. This indicates that the crystallite size of graphite is lesser in
the solution blended sample than in the powder mixed one. The intensity of 002
reflection of graphite in solution blended sample is less than that of powder mixed
sample. Since the diffracted intensity corresponding to a particular plane of a material
depends on the number of unit cells which will be less in the solution blended case

than that in the powder mixed sample due to crystallite size reduction.
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Figure. 3.1.5. XRD pattern of PES-7 wt% Graphite prepared by different routes

3.1.3. Effect of Heat Treatment on Electrical Conductivity of PES-graphite
System

The composite bipolar plates are sintered to improve the hardness. Thus it is

necessary to understand the effect of sintering on the electrical conductivity of

composites. Thus, when PES-graphite composites are sintered above T, of the

polymer (213°C), crystallite size reduction as well as polymer penetration in the

interplanar spacing of graphite could be observed. The crystallite size reduction of
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graphite is more in solution blended samples than in powder mixed ones. This is due
to better polymer penetration in the gallery of graphite in solution phase. The gallery
size of graphite varies from 7-16 A% as shown in Figure 3.1.6. The polymer
penetration in the gallery causes the agglomerated graphite sheets to break and hence
the particle size/crystallite size is reduced after sintering. The samples are sintered at

240°C for one hour.

7-16 A

Aggregate
of sheets

Figure 3.1.6. Gallery space of graphite
Apart from the crystallite size reduction, the intensity of the more prominent peak of
graphite i.e., 002 reflection decreases after sintering which is attributed to re-
orientation of graphite planes. Above T, of the polymer, the chain movement
becomes easier and causes re-orientation of graphite 002 planes. The XRD patterns
corresponding to graphite part of both solution blended and powder mixed PES-7
wt% graphite samples before and after sintering are shown in the following Figure

3.1.7.
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Figure 3.1.7. XRD patterns of PES-7 wt% graphite a) Solution blended sample
b) Powder mixed sample
In both processing routes, a shift in 2 Theta after sintering towards lower value in the
XRD patterns indicates that the interplanar distance of graphite has been increased.
This shift is more in the case of solution blended sample than in the powder processed
one as shown in Table 1, which summarizes crystallite size calculated from

Scherrer’s equation® and the intensity of 002 reflection of graphite before and after

sintering.
Table 1
XRD analysis of PES-7 wt% graphite prepared by different routes
Processing routes 2 Theta Intensity (Counts) t’ (nm)
BS AS | BS AS | BS AS
Solution blending | 26.60 26.21 | 14039 7621 | 67.03 55.82
Powder mixing 26.60 26.41 | 17889 10714 | 83.57 75.18

t” —Crystallite size, BS- Before sintering, AS- After sintering
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3.1.4. TEM Analysis

In order to prove the reduction in particle size due to sintering, TEM pictures of
solution blended PES-7 wt% graphite before and after sintering are taken and shown
in Figure 3.1.8.a and b respectively. It is clear from the pictures that down sizing of
particles size indeed occurs after sintering. The average particle size of graphite in
unsintered solution blended PES-7 wt% graphite is 68 nm and in sintered sample it is

50 nm. The particle size is averaged over eight values. The scale bar in these pictures

1s 50 nm.

(b)

Figure 3.1.8. TEM pictures of solution blended PES-7 wt% graphite a) unsintered b)
sintered samples

The result more or less matches with the values obtained from XRD. The original

graphite particles remain as agglomerated structures with particle size in few microns

as shown in the following Figure 3.1.9.

Figure 3.1.9. SEM picture of pure graphite
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3.1.5. DC Electrical Conductivity Variation in PES-graphite Composites

Figure 3.1.10 shows dc electrical resistance variation of solution blended PES-
graphite composites before and after sintering. Sintering leads to decrease in the
through plane resistance due to the reduction in crystallite/particle size of graphite
resulting in better contact between the filler particles. At least one order magnitude
reduction in through plane resistance (Rpdr) can be observed at lower graphite
loadings. Samples with 5 mm thickness and area of cross section 1 cm” are used for
this analysis. Since the solution blended samples contain more uniformly distributed
graphite particles, the anisotropy which is defined as the ratio of through plane to in-

plane conductivity will be lesser than powder mixed samples.
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Figure 3.1.10. Through plane resistance of PES-graphite solution blended
composites before and after sintering

3.1.6. Hardness Measurement
Hardness is a measure of resistance to plastic deformation. In order to understand the
effect of processing routes and sintering, hardness of PES-graphite composites
prepared by both solution blending and powder mixing routes have been measured.
Also the value of hardness of sintered samples has been compared with that of
unsintered samples as shown in Figure 3.1.11.b. It has been observed that the solution

blended samples sintered at 240°C for an hour exhibit higher hardness compared to
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the powder processed samples till 50 wt% graphite in PES as shown in Figure
3.1.11.a. The hardness decreases with increasing loading of graphite as it is a soft
material tends to agglomerate at higher loading. The lowering of hardness is more
pronounced at higher loading (>50 wt%) in composites prepared by both preparation
routes. The increase in hardness after sintering can be attributed to the reduction in
the particle size leading to uniform distribution of graphite particles in the polymer
matrix. Thus in solution blended sintered samples, more reduction in particle size of

graphite results in higher hardness than in powder processed samples.

80, 80

70 4 ®
El gg ] Q‘_‘:& —— Sint soln Blend =60 Q:ﬁ e
= 50 | = —4—sintere
= 4] 240
@ —=— Sint Pow der @ —8— Unsintered
5% Pr °20
= ocessed =
& 20 »

10 7 0 T T T T T T 1

0 T T T 0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70
. Wt% Graphite
Wt% Graphite
(a) (b)

Figure 3.1.11. Hardness of PES-graphite composites a) Effect of processing routes b)
Effect of sintering
3.1.7. Percolation Exponent Determination in Solution Blended PES-graphite
Composites
Percolation theory has been applied to find out the dimension of network formation of
fillers in an insulating matrix. Above percolation threshold, the conductivity variation
predicted by the percolation theory is given by the following equation 1.
6=0,(VeVo)'  for Vi> Ve (1)

Where o is the conductivity of the composites, Vr is is the volume fraction of filler
above percolation threshold, V. is the critical volume fraction and ‘t””’ is the
percolation exponent signifying dimension of network formation between filler
particles. The plot log c vs log (V¢-V,) for solution blended PES-graphite composites
is shown in Figure 3.1.12 which yields a slope of 2.13. Through plane conductivity of
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299

samples is considered for the extraction of ‘t’”’. For three dimensional network
formation t’=2°. For solution blended samples the exponent is slightly higher than

the universal value signifying tunneling conduction®”,

Log Sigma (S/cm)
n

" 100
Log (V-V.)
Figure 3.1.12. Log-Log plot of through plane conductivity vs volume fraction of
graphite in PES

3.1.8. Polymer-graphite Interaction
In order to understand whether the polymer penetration between graphite layers after
sintering is polymer specific or not, a systematic study has been carried out with
Polymethyl methacrylate(PMMA)-graphite, Polystyrene(PS)-graphite  solution
blended samples prepared exactly in the same manner as solution blended PES-
graphite samples were prepared. PMMA is an amorphous polymer like PES. Figure
3.1.13 shows the XRD pattern of PMMA-graphite solution blended sample before
and after sintering at 130°C since the T, of PMMA is 105°C. From this Figure 3.1.13,
it is evident that no shift in 2 Theta value is observed after sintering. Moreover, the
extent of reduction in the intensity corresponding to graphite (002) after sintering is

also less.
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Figure 3.1.13. XRD pattern of graphite part of PMMA-Graphite composites
Thus, it is clear from the above result that the polymer has a major role in forming
intercalated structures. More precisely, the interaction between natural graphite and
the polymer is more crucial for extensive polymer penetration between graphite
layers. The crystallite size reduction and also polymer penetration between graphite
layers in PES-graphite system could be due to the interaction between carbon of
graphite and sulfur of PES. If the carbon-sulfur interaction is the driving force for
penetration of low molecular weight fraction of the polymer in to graphite layers, any
sulfone group containing material should exhibit similar trend. Hence a low
molecular weight model compound namely Diphenyl Sulfone (DPS) has been
blended with graphite in the same manner in DCM, by which PES-graphite
composites were made by solution blending technique. The resultant solution blended
DPS-38 wt% graphite composite was dried and subsequently TGA analysis of that
sample was carried out in nitrogen atmosphere at a heating rate of 10 °C/min as

shown in the following Figure 3.1.14.
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Figure 3.1.14. TGA of DPS-38 wt% graphite
It has been observed from the TGA analysis that there is a weight loss around 160°C
corresponding to the sublimation temperature of DPS. Further, It can be ascertained
that at least 4% DPS is entrapped between graphite layers till 500°C. Since graphite is
a refractory material and the boiling point of the solvent is 40°C, the weight loss in
the TGA analysis is none other than DPS. To understand the specific interaction
between carbon of graphite and sulfur of PES, XPS analysis has also been carried out
and described as follows.
3.1.9 XPS Analysis of PES-graphite Composites
In order to find out the underlying driving force for the extensive polymer penetration
between graphite layers, X-ray photoelectron spectroscopy (XPS) studies were
carried out on PES, graphite and PES-20 wt% graphite samples. When there is an
interaction between different species, there will be an additional peak in the XPS
spectrum at different binding energy. As far as PES-graphite system is concerned, the
interaction between sulfur of PES and carbon of graphite is clearly revealed in the S
2p spectrum of sulfur of PES than C 1s of carbon of graphite as the number of sulfur
atoms are less compared to carbon atoms.
Figure 3.1.15 represents C 1s core level spectra of pure graphite. The peaks at 284.4,
285.6 and 287.0 eV correspond to carbon atoms in graphene planes, etheric and
carboxylic carbon®. F igure 3.1.16 shows C 1s core level spectrum of graphite mixed

with PES.
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Figure 3.1.15. Cls core level spectrum of pure graphite
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Figure 3.1.16. C 1s core level spectrum of graphite in PES

The reduction in the intensity and increased FWHM can be due to less graphite
carbon on the surface. It is to be noted that, though, there is an increase in FWHM of
all C 1s peaks, the BE remains the same as that of graphite. Increase in FWHM might
be attributed to the matrix effect indicating the distribution of PES in graphite layers
and the associated heterogeneity. This factor broadens all the peaks in C 1s regime.
The XPS spectra of S 2p core level corresponding to pure PES and PES-20 wt%
graphite have been shown in figure 3.1.17 and 3.1.18 respectively. Two peaks
corresponding to S 2ps/; at lower binding energy at 167.5 eV and 2p;; at 168.8 eV are
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shown. In addition to the above peaks, a new S 2p peak was observed around 171 eV
underscoring the interaction between PES and graphite is likely through S atoms.
Indeed the interaction between S and graphite layer is expected more than that of O
and graphite. This is mainly due to the diffused outer/valence orbitals of S 3p/3s, than
the highly electronegative character of oxygen. The above interaction is likely to be
reason for extensive polymer penetration inside graphite layers. This has been already

demonstrated through systematic XRD studies.
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Figure 3.1.17. S 2p Core level spectrum of PES
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Figure 3.1.18. S 2p core level spectrum of PES mixed with graphite
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3.1.10. DSC Analysis

The DSC scans of pure PES, PES-graphite composites during second heating cycle
are shown in Figure 3.1.19. The glass transition temperature (T,) of pure PES is
increased by 11°C from 213°C when graphite is mixed with PES by solution blending
route. This demonstrates that graphite particles hinder the movement of polymer
chains leading to the increase in the T,. Further more, it has been proved in the
literature that increase in the T, is due to the interaction between the filler and the

polymer’.
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Figure 3.1.19. DSC curves of PES and PES-38 wt% graphite solution blended

samples

3.1.11. Frequency Dependent Conductance and Charge Transport in PES-
graphite Based Hybrid Composites

The frequency dependent conductance of PES-graphite-CB solution blended hybrid

composites is shown in Figure 3.1.20. It is clear that with the addition of CB in PES-7

wt% graphite, conductance increases.
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Figure 3.1.20. AC conductance of PES-7 wt% graphite-x wt% CB (x=0,1,2)

With increase in CB loading, the critical frequency at which the conductance starts
increasing is shifted to higher values. For 1 wt% CB addition, the conductance is
increased by four orders due to network formation as explained in the dc conductivity
studies. The plateau region signifies dc conductance which extends further with
increasing loading of CB. The charge transport in this system can be found out using
the following equation 2.
Cuwt=0Co+ A" (2)

Where o, is the dc conductivity, A is a constant and ‘n’ is the exponent signifying the
charge transport. When 0<n<l1, the charge transport is by hopping. Thus a plot of log
Gt VS log o should be a straight line with the slope equivalent to exponent ‘n’. Figure
3.1.21 clearly depicts the effect of preparation routes on the electrical conductance of
PES-7 wt% graphite-2 wt% CB hybrid composite. Solution blended hybrid composite

exhibit four order higher conductance when compared to that of powder mixed one.
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Figure 3.1.21. Effect of preparation route on electrical conductance of PES-7wt%
graphite-2 wt% CB
The remarkable increase in conductance of the solution blended sample is due to the
reduction in the particle sizes of graphite. The reduction in the CB agglomerates
cannot result in this much increase in conductance because without graphite addition,
PES-2 wt% CB acts as an insulator as shown in Figure 3.1.2. Table 2 shows the
critical exponent for both solution blended and powder mixed samples. For solution
blended samples at lower loading of CB corresponding to 2.5 wt% itself hopping
conduction begins while for powder mixed samples hopping conduction starts at
higher loading i.e. > 2.5 wt% as the exponent becomes less than one. This result also
supports the particle size reduction of graphite which is coupled with CB dispersion
leading to reduction in the barrier for the charge transport due to the occupation of

interspace of graphite by CB particles.
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Table 2
Exponent ‘n’ value for hybrid composites prepared by different routes
Slope in the high frequency region (n)
Sample
Solution Blending Powder Mixing
PES+7wt% Graphite 2.2269 2.4271
PES+7wt% Graphite+1wt%CB 1.1324 2.4267
PES+7wt% Graphite+2.0wt% CB 1.0123 2.2518
PES+7wt%Graphite+ 2.5wt% CB 0.8653 1.9976
PES+7wt% Graphite+3.0wt%CB - 0.4169

For lower loading of CB in PES-7 wt% graphite, less than 2 and 3 wt% for solution
blended samples and powder mixed samples respectively, the exponent value is
greater than one signifying capacitive effects coupled charge transport. This kind of
result has been published in the literature for different system'®. For 2.5 wt% CB
loading in PES-7 wt% graphite and solution blended, the charge transport is by
hopping mechanism as the exponent becomes less than one.

3.1.12. Effective Dielectric Constant Variation in Solution Blended PES-

graphite-CB Hybrid Composites

Figure 3.1.22 shows the effective dielectric constant variation of solution blended
PES-graphite-CB hybrid composites with respect to frequency. The effective
dielectric constant at 0.01 Hz increases from 10° for 0 wt% CB in PES-7 wt%
graphite to 10° for 2 wt% CB addition in the same.
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Figure 3.1.22. Effective dielectric constant variation with frequency of hybrid
composites

The increase in the effective dielectric constant with the addition of CB is due to the
occupation of CB in the intergraphite space. With 2 wt% CB addition in PES without
graphite, the composite behaves as an insulator. Loading of 7 wt% graphite in PES
without CB results in the effective dielectric constant of 1000. Thus the three order
increase in the effective dielectric constant is due to the occupation of CB particles in
the space between graphite particles. This is represented by a model shown in Figure

3.1.23.

Q Graphite
:% ® Carbon
Black
—

Figure 3.1.23. Model of hybrid composites
If CB particles occupy graphite interspace, the interparticulate distance for the charge
transport is decreased. Conducting particles separated by a distance within which
polymer of finite thickness remains can be considered as parallel plate capacitors with

capacitance given in equation 3 below.
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C=¢gA/d 3)
Where € is the effective dielectric constant, A is the area of the parallel plate and d is
the distance between the parallel plates in a parallel plate capacitor.
If the above model is true, the interjunction capacitance with the addition of CB in
PES-7 wt% graphite should increase. The interjunction capacitance of hybrid
composites has been evaluated from impedance spectroscopy studies.
3.1.13. Impedance Analysis of PES-graphite-CB Hybrid Composites
Conducting polymer composites can be modeled as a parallel combination of resistor
and capacitor with a series resistor as shown in Figure 3.1.24. More precisely, the
model resembles Randle’s diagram used to model electrode-electrolyte system in
electrochemistry. There can be series and parallel arrangement of resistor-capacitors
as shown in the Figure 3.1.24 in which R, and R, represent the bulk resistance of the
sample, R, is the aggregate resistance of the fillers and C is the interjunction
capacitance. Impedance spectroscopy (IS) is more practical in evaluating the
individual component in the above model. However it gives lumped values of model
parameters. The limitations of IS have been mentioned in chapter 1. Impedance plots

often referred to as Cole-Cole plots are useful for extracting interjunction capacitance.

Figure 3.1.24. Model of conducting polymer composites
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Impedance analysis of several polymer composites has been done through bode plot™.
For parallel model, a plot of ZcaVS Zimaginary Often describes a semicircle in the
Argand plane from which the junction capacitance can be calculated using equation 4
given below.

R,C = 1/ e @)
Where R, is the material resistance, C is the interjunction capacitance and ®max is the
frequency at which real and imaginary parts of impedance becomes equal.
Figure 3.1.25.a and 3.1.25.b show the impedance plots of solution blended PES-7
wt% graphite and PES-7 wt% graphite-1 wt% CB hybrid composite respectively.
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Figure 3.1.25. Impedance plots of solution blended a) PES-7 wt% graphite b) PES-7
wt% graphite-1 wt% CB

The diameter of the semicircle obtained represents the dc resistance which matches
with that of measured value for these composites. It is also clear that with the addition
of CB, the diameter of the semicircle decreases which suggest that the samples have
become more conducting. When the experimental results are fitted to the parallel
model, the various model parameter extracted are presented in Table 3 given below.
Table 3

Parameters derived from Impedance plots of PES-7 wt% graphite-CB solution

blended composites

Sample R, (Ohm) R, (Ohm) C (pF)
1. PES-7 wt% graphite 370 1.8x10° 38
2. PES-7 wt% graphite-1 wt% CB 90 2.38x10° 61
3. PES-7 wt% graphite-2 wt% CB 05 9.88x10” 96

The above Table 3 depicts that the bulk resistance of the sample decreases with
increasing loading of CB. Addition of 2 wt% CB in PES-7 wt% graphite decreases

the resistance by eight orders due to the creation of more conducting paths. Further
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the interjunction capacitance increases from 38 pF for 0 wt% CB in PES-7 wt%
graphite to 96 pF for 2 wt% CB addition in the same. The above results prove the
model that CB particles indeed occupy intergraphite space. As already explained in
the effective dielectric constant section that graphite without CB or CB without
graphite in PES can’t increase the effective dielectric constant to that extent. This
point supports the existence of graphite-CB-graphite junctions. One striking result is

that the aggregate resistance drops down rapidly with CB addition.
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Figure 3.1.26. Impedance plot of PES-7 wt% graphite-2.5 wt% CB powder mixed
sample

Similar kind of results has been obtained for powder mixed samples. Figure 3.1.27

shows the impedance plot of powder mixed PES-7 wt% graphite-2 wt% CB. The

various model parameters extracted from the impedance plots of powder mixed

samples are given in the following Table 4.
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Table 4

Model parameters for PES-7 wt% graphite-2.5 wt% CB powder mixed samples
Sample R, (Ohm) R, (Ohm) C (pF)
1. PES-7 wt% graphite 250 5.0x10"" 33

2. PES-7 wt% graphite-2 wt% CB 150 2.45x10° 58

In the powder mixed samples also the bulk resistance decreases with the addition of
CB in PES-7 wt% graphite but not to that extent by which it decreases for solution
blended samples. The increase in the surface area of graphite particles due to particle
size reduction in solution blended samples results in rapid reduction in bulk resistance.
Reason for decrease in R

The decrease in the aggregate resistance can be understood as follows. The aggregate
resistance variation is due to the contact between CB and graphite particles both have

different work functions. CB has higher work function than that of graphite.

Vacuum

Graphite
CB

Polymer v
4.6 eV

4.8 eV

4.95eV

Figure 3.1.27. Work function diagram of fillers
The work function of CB is taken as 4.8 ¢V which depends up on the grade' and that

of graphite is 4.6 eV*3. The polymer work function is taken as 4.95 eV**. In order to
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understand the charge transport, single polymer-CB-graphite junction is considered
which can be assumed to be connected in series. In the absence of CB, for the charge
transfer from polymer to graphite, a barrier of 0.35 eV need to be crossed as the
barrier is essentially the difference in the work function of materials in contact. In the
case of hybrid composites, when CB occupies space between polymer and graphite,
the barrier is only 0.15 eV. Thus the charges can be transferred to graphite via CB.
When the CB concentration is increased, more CB particles occupy the interspace and
hence more charges will be transferred to graphite via CB resulting in decrease in the
aggregate resistance. The work function diagram has been shown in Figure 3.1.27.
3.1.14. 1-V Characteristics of PES-graphite-PES Junction

I-V characteristic of single PES-graphite-PES junction was measured by sweeping the
voltage and measuring the current using Keithley (3600-C) source meter. The film
thickness was 40 um and pure graphite of thickness 3 mm was sandwiched between
the films. The plot clearly shows that I o« V' where the exponent is very close to that
of space charge limited conduction for which it is two™. In binary PES-graphite
composites many such junctions exist. Figure 3.1.28 shows the [-V characteristics of

single PES-graphite-PES junction
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Figure 3.1.28. 1-V Characteristics of PES-graphite-PES single junction
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3.2. PES-CNF, PES-graphite-CNF Composites

3.2.1. Carbon nanofiber- Introduction

Carbon nanofiber, one of the important conducting fillers is being used for making
conducting polymer composites for various applications such as electro magnetic
interference shielding devices, anti corrosion coatings etc. It acts as a replacement for
the one dimensional carbon nanotubes which are quite expensive though the later has
higher electrical and thermal conductivities. Multiwalled carbon nanotubes are three
times expensive than vapor grown carbon nanofibers (VGCNFs) where as single
walled carbon nanotubes are seven times more expensive that of VGCNF®.

VGCNFs are produced by catalytic chemical vapor deposition of hydrocarbon such as
natural gas, propane, benzene, ethylene etc., or carbon monoxide on the surface of a
metal or metal alloy catalyst. The catalyst can be deposited on a substrate or directly
fed with the gas phase. The reaction is usually operated at 500°C to 1500°C7,
VGCNFs are high aspect ratio nanofibers with larger diameter than CNTs. They are
hollow core nanofibers comprise of a single or double layer graphite planes stacked
parallel or certain angle from the fiber axis. The stacked planes are nested with each

other and have different structures including bamboo like, parallel and cup-stacked'®.

Figure 3.2.1. HRTEM image of VGCNF*
VGCNFs have volume resistivity of 6x10° Q-cm® and thermal conductivity 1950
W/m-K* which is lower than that of MWCNT and SWCNT. One of the major
drawbacks of VGCNFs is their poor tensile properties as compared to CNTs which
depend on their diameter. Though the properties are bit inferior to CNTs, it is being
focused for the fact that it is cheaper and ease of preparation process. Hence in the
present dissertation, VGCNFs from pyrograph products, USA has been used as

nanofiller.
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3.2.2. DC Conductivity Variation in PES-CNF Binary Composites
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Figure 3.2.2. DC conductivity of PES-CNF composites

The above Figure 3.2.2 depicts the variation of through thickness (pdr) and in-plane
(pll) conductivities of PES-CNF composites prepared by solution blending method.
As CNFs are bundled, before being added to PES solution, dispersed in DCM for 5
hours by sonication. Further, after mixing, the composites were stirred vigorously for
12 hours and then dried in a Petri dish. The resultant chunks were crushed, sieved and
used for making pellets. It can be seen from the above Figure 3.2.2 that the
percolation threshold lies at 3 wt%, below which the composites behave as insulators
due to lack of network formation between fillers. Above 6 wt% CNF addition, the
conductivities saturate due to sufficient network formation. Percolation type of
conductivity variation is exhibited by the composites. It should be noted that the in-
plane conductivity is higher than that of through plane conductivity due to the
alignment of CNF along the surface of the pellet due to high pressure compaction
employed while making pellets.

3.2.3. Dimension of Network Formation of Filler in PES-CNF Composites

The slope of log 6 vs log (VV.) according to equation 1 yields a slope which is
nothing but the percolation exponent ‘t’”’. The plot of log ¢ vs log (V¢ -V,) is shown

299

in Figure 3.2.3. The exponent ‘t’’’ in this binary system is equal to 2.04 which is
more closer to 3D network formation value i.e., 2. The exponent value of 3 has been

reported in the literature®.,
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Figure 3.2.3. Log-Log plot of though plane conductivity vs volume fraction of
CNF in PES

3.2.4. Effect of Heat Treatment
The effect of sintering above T, of the polymer i.e., at 240°C for one hour on the dc
conductivity of PES-CNF composites has been studied. Sintering time was varied
from 1-5 hrs to find out any variation in electrical conductivity of composites and has
been observed that no significant change in resistance with sintering time. So
readings corresponding to one hour are reported. It is clear from Figure 3.2.4 that the

through plane conductivity of PES-CNF composites after sintering increases.
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Figure 3.2.4. Through plane conductivity of PES-CNF composites before and after

sintering
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Figure 3.2.5. Conductivity variation of PES-CNF after sintering
The enhancement in the conductivity is more pronounced at 3 wt% which is the
percolation threshold of the composites. Figure 3.2.2 shows that the in-plane
conductivity of the composites is higher than that of the through plane due to the
alignment of the fiber along the surface of the pellet. After sintering, the through
plane conductivity increases which can be understood in terms of re-orientation of
fibers along the through thickness direction. At 3 wt% filler loading, after sintering,
the network formation along the through thickness direction will be completed and
hence more than four orders enhancement in the conductivity is observed. It should
be remembered that the composite at 3 wt% CNF loading is an insulator before
sintering. This kind of re-orientation effect after sintering has already been observed
for PES-graphite composites”®. Further on comparing the through plane and in-plane
conductivities of the composites after sintering, below percolation threshold, the later
is higher than that of through plane due to lower filler concentration and there may
not be enough contacts along the through thickness direction. Above percolation
threshold, through plane conductivity is higher than that of in-plane due to re-
orientation of fibers along the thickness of the pellet. On the surface of the pellet
more polymer will be found due to the movement of polymer chains, resulting in the
decreased in-plane conductivity which indeed was observed by us. Cipriano et al..*
have published that annealing at temperatures above glass transition temperature of
polystyrene-CNT and PS-CNF composites prepared by melt blending results in the
conductivity enhancement. However the authors have not commented about in-plane

conductivity. They have proved that the transition from aligned, unconnected
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particles prior to annealing to an interconnected network after annealing through

viscoelastic relaxation of the polymer.

3.2.5. Impedance Analysis of PES-CNF Binary Composites
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Figure 3.2.6. Impedance plots of a) PES-3.5 wt% CNF b) PES-3.75 wt% CNF
The above impedance plots shown in Figure 3.2.6 for PES-3.5 wt% CNF and PES-
3.75 wt% CNF trace semicircle in Argand plane and hence can be modeled as parallel

resistor-capacitor with a series resistor. The different parameters and the model have

93



Chapter 3 PES based composites

been explained in the previous section itself. With increasing loading of CNF, the
diameter of the semicircle decreases indicating enhancement in the conductivity of
the composites. Different parameters extracted by fitting the experimental curve are

shown in Table 5.

Table 5

Parameters extracted from the impedance plot for PES-CNF composites

Sample R, (Ohm) R, (Ohm) C (pF)
1. PES-3 wt% CNF 380 6.0x 10" 42

2. PES-3.5 wt% CNF 280 3.3x10° 62

3. PES-3.75 wt% CNF 190 45000 68

From the above Table 5, it can bee seen that the interjunction capacitance increases
from 42 pF for 3 wt% CNF to 68 pF for 3.75 wt% CNF in PES. Bulk resistance (R,
and aggregate resistance (R, decrease with CNF loading. The decrease in the
aggregate resistance is due to enhanced contact between the filler with increasing
filler concentration®. Bulk resistance decreases with the addition of CNF due to
network formation between fillers.

3.2.6. DSC Analysis of PES-CNF composites

DSC plot of pure PES and PES-5 wt% CNF is shown in Figure 3.2.7. The T, of the
polymer has been increased by 11°C when CNF is added to the polymer suggesting
strong interaction between the polymer and the filler. The CNFs could hinder the
movement of polymer chains due to their high aspect ratio resulting in increased T, of

the polymer.
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Figure 3.2.7. DSC comparison between pure PES and PES-5 wt% CNF
3.2.7. TEM Analysis of PES-CNF Composites

The TEM pictures of PES-CNF composite after dissolving PES in DCM and

sonicating for a minute are shown in Figure 3.2.8.

(b)

Figure 3.2.8. TEM pictures of CNF after dissolving PES in DCM
The average length of CNF is taken as 8 um (taking the average length of 15 tubes)
and the tube diameter ~110 nm. The aspect ratio becomes 72.72 which is less

compared to the original CNF due to processing.
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3.2.8. DC Electrical Conductivity of PES-Graphite-CNF Hybrid Composites
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Figure 3.2.9. Through plane conductivity of PES-7 wt% graphite-x wt% CNF

The above Figure 3.2.9 shows the variation of through plane conductivity of solution
blended PES-7 wt% graphite-CNF composites. It has been already shown that
solution blended PES-7 wt% graphite exhibits a conductivity of the order of 10
S/cm. With the addition of CNF up to 0.4 wt%, the conductivity increase is not high
enough and above 0.4 wt% there exists at least four order increase in the through
plane conductivity of the samples. Thus the percolation threshold can be identified at
0.4 wt%. Addition of 1 wt% CNF in PES-7 wt% graphite, the conductivity reaches
0.01 S/cm value. To achieve same value, 40 wt% graphite is required in the absence
of CNF. Without graphite at least 10 wt% CNF is required to attain that conductivity
value. Thus the importance of hybrid composites can be gauged. The conductivity
enhancement is due to the reduction in the barrier between graphite particles for the
charge transport along with the establishment of better connectivity between fillers at
low loading of high aspect ratio filler like CNFs.

3.2.9. AC Behavior of PES-graphite-CNF Hybrid Composites

With the addition of conducting fillers, insulator-semiconductor transition is realized
by the shift of the critical frequency to higher values where the conductance starts to
increase. Further the plateau region which is a measure of dc conductivity extends

further with increase in the loading of conducting fillers.

96



Chapter 3 PES based composites

1.00E+00 -
1.00E-01 +
1.00E-02 -
1.00E-03 -
1.00E-04 ¥
1.00E-05 +
1.00E-06
1.00E-07 -
1.00E-08 -
1.00E-09 -
1.00E-10 ‘ ‘ ‘ ‘

1.00E-01 1.00E+01 1.00E+03 1.00E+05 1.00E+07

—e— 2CNF
—=—0.5CNF

&

Log Conductance (S)

Log F (Hz)

(a)

1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
1.00E-01 - ‘ ‘ ‘
1.00E-01 1.00E+01 1.00E+03 1.00E+05 1.00E+07

—e—0.2CNF
—=— 0.5CNF

Log Eff.Diel.Const

Log F (Hz)

(b)

Figure 3.2.10. a) AC conductance b) Frequency dependent effective dielectric
constant of hybrid composites

Figure 3.2.10.a shows two order increase in the conductance for 0.5 wt% CNF

addition in PES-7 wt% graphite when compared to 0.2 wt% CNF addition in the same.

The barrier between graphite particles is reduced due to the occupancy of CNF in

between graphite particles. This is verified by measuring effective dielectric constant

as a function of frequency. In Figure 3.2.10.b, the effective dielectric constant
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variation with frequency and composition of CNF has been shown. For a fixed CNF
loading, the effective dielectric constant decreases up to a certain frequency and then
remains more or less constant which is a typical variation observed in disordered
systems. The effective dielectric constant at low frequency i.e., at 0.01 Hz increases
by three orders for 0.5 wt% CNF in PES-7 wt% graphite when compared to 0.2 wt%
CNF addition in the same. Such an increase in the effective dielectric constant cannot
be due to CNF dispersion alone. Without graphite PES-0.5 wt% CNF acts as an
insulator which can be concluded from the dc conductivity plot of binary composites.
Similarly PES-7 wt% graphite solution blended sample exhibits a conductivity of 10
S/cm which cannot lead to the three orders increase in the effective dielectric constant.
Thus the CNFs should occupy predominantly intergraphite space for the loading
ranges employed in this study. In order to evaluate the interjunction capacitance,
impedance analysis has been carried out as discussed below.

3.2.10. Impedance Analysis of PES-graphite-CNF Hybrid Composites
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Figure 3.2.11. Impedance plots of a) PES-7 wt% graphite-0.2 wt% CNF b) PES-7
wt% graphite- 0.5 wt% CNF
The impedance plots of PES-7 wt% graphite-0.2 wt% CNF and PES-7 wt% graphite-
0.5 wt% CNF are shown in Figure 3.2.11.a and b respectively. The impedance
behavior of PES-graphite-CNF composites is such that they form semicircle in
Argand plane suggesting that they can be modeled as a parallel combination of
resistor and capacitor with a resistor in series. With the addition of more CNF, the
diameter of the semicircle is reduced which implies that the samples have become
more conducting. Table 6 lists model parameters obtained after fitting the
experimental data to parallel model mentioned above. With the addition of 0.5 wt%
CNF in PES-7 wt% graphite, the resistance decreases by five orders due to the
network formation of fillers. The interjunction capacitance, with increasing loading of
CNF, increases considerably from 38 pF for 0 wt% CNF in PES-7 wt% graphite to 73
pF for 0.5 wt% CNF in PES-7 wt% graphite. This supports the model assumed earlier.
Thus the CNF occupies intergraphite space reducing the barrier for the charge
transport. It is worth to note is that the aggregate resistance decreases with the

addition of CNF in this hybrid composites also.
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Table 6

Model parameters for solution blended PES-7 wt% graphite- CNF composites
Sample R, (Ohm) R, (Ohm) C (pF)

1. PES-7 wt% graphite 370 1.8x 10° 37.6

2. PES-7wt% Graphite-.2wt% CNF 300 2.57x10° 61.5

3. PES-7wt% Graphite- .5wt% CNF 260 7320 72.5

The decrease in the aggregate resistance with the addition of CNF can be understood
from the work function of individual components. As indicated earlier, polymer work
function is 4.96 eV and that of graphite is 4.6 eV. Since the barrier height is nothing
but the difference in the work function of materials in contact, for charges to be
transported from polymer to graphite a barrier of 0.36 eV need to be crossed. When
CNF is added, it reduces the barrier as the work function difference between the
polymer and CNF is 0.04 eV. Thus if more CNF is incorporated between polymer and
graphite, more charges will be transferred to graphite via CNF resulting in the
aggregate resistance decrease. The same arrangement can be thought of as connected
in series through out the volume of the sample. Since filed is applied, it makes the
charges to flow in one direction. The work function of CNF is taken as 5 eV®. In
binary composites particle-particle contact increases with enhanced loading of filler
particles where as for hybrid composites, the aggregate resistance decrease can be
better explained in terms of work function of the individual components as shown in

the flowing Figure 3.1.12.
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Figure 3.2.12. Work function diagram

3.3. PES-expanded graphite and PES-graphite-expanded graphite Composites
3.3.1. Expanded graphite (ExGr)-Introduction

Expanded graphite is an attractive filler for making conducting polymer composites.
It has porous structure with varying pore diameters in the micron range. Though the
conductivity of expanded graphite is lesser than that of natural graphite, the
percolation threshold can be reduced to a great extent when used as filler. In-situ

polymerization leads to the formation of nanosheets resulting in better conductivity®'.

Figure 3.3.1. SEM picture of expanded graphite
Since its density is lower than natural graphite, it is used to make fuel cell bipolar

plates. It can be prepared as follows.

101



Chapter 3 PES based composites

A mixture of concentrated sulfuric and nitric acid (4:1 v/v) is mixed with graphite
flakes under agitation and the temperature is kept at 80°C. The reaction is continued
for 16 hrs. The acid treated natural graphite is washed with distilled water and dried at
100°C to remove water. The dried particle is heat treated at 1050°C for 30 sec to form
expanded graphite particles. The c-direction expansion could be few hundred times
depending on the intercalation. This method is known as Hummers method being the
most frequently used till date and well documented in the literature”®. Chen et al.?
have prepared expanded graphite by adding natural graphite and KMNO, into a
mixture of acetic anhydride and nitric acid and heat treating the resultant expandable

graphite as shown in Figure 3.3.2.
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Figure 3.3.2. Expanded graphite synthesis

3.3.2. DC Conductivity Study of PES-ExGr Composites

PES-ExGr composites are prepared by solution blending route after sonicating
expanded graphite in 50-70 ml DCM for 5 hrs and then mixed with solution of PES in
DCM. The dc conductivity variation of PES-ExGr composites is shown in Figure
3.3.3. It is clear that the percolation threshold lies at 3 wt% ExGr. At low
concentrations of Exgr, in-plane conductivity (PIl) is considerably higher than the
through plane conductivity (Pdr) due to the alignment of ExGr nanosheets along the
pellet surface as high pressure compaction has been employed. The conductivity

remains in the insulating range below the percolation threshold due to absence of
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network formation between fillers. Above percolation, the conductivity saturates at

0.01 S/cm due to completion of network between fillers.
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Figure 3.3.3. DC conductivity of PES-expanded graphite composites
Since the expanded graphite particles are ultrasonicated before mixing which led to
the formation of nanosheets, low percolation threshold is obtained. The formation of
nanosheets has been proved by SEM and TEM analysis to be discussed later.
3.3.3. Dimension of Network Formation between Fillers in PES-ExGr

Composites
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Figure 3.3.4. Plot for extracting percolation exponent of PES-expanded graphite

composites
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According to equation 1, the slope of the log o vs log (V¢V,.) yields percolation
exponent which gives information regarding the dimension of network formation.
The plot of log Gpar vs log (V¢ -V¢) is shown in Figure 3.3.4. For this system a
percolation exponent of 2.18 is obtained. It has been reported in the literature that non
universal value of percolation exponent signifies tunneling conduction’.

3.3.4. Effect of Heat Treatment on Electrical Conductivity of PES-ExGr

Composites

The effect of sintering at 240°C for one hour on the electrical conductivity of PES-
ExGr composites has been studied and shown in Figure 3.3.5. Enhancement in the
through thickness conductivity and reduction in the graphite crystallite size are
observed. After sintering, the graphite 002 plane re-orients due to the movement of
polymer chains. XRD analysis clearly shows the reduction of crystallite size and
intensity of graphite 002 peak as shown in Figure 3.3.6.a and b. Further slight shift in
2 Theta towards lower value indicates polymer penetration as explained for PES-

graphite composites.
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Figure 3.3.5. Through plane resistance of PES-ExGr composites (Sample
thickness 5 mm, area lcm?)

The above Figure 3.3.5 shows that the through plane resistance decreases with

sintering. Particularly six orders reduction is obtained for 3 wt% ExGr addition in

PES which is the percolation threshold. Before sintering, PES-3 wt% ExGr remains

as an insulator. After sintering, there occurs re-orientation of graphite 002 planes and

the contact between them is made along the through thickness direction resulting in
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the reduction of resistance. This is possible due to the movement of polymer chains as
the sintering is done above T, of the polymer. Above 3 wt% ExGr the reduction in the
through plane resistance is less as before sintering itself the network formation would
have been completed. The decrease in the resistance after sintering is due to the
crystallite size reduction of expanded graphite leading to uniform distribution of the
filler in the polymer matrix. XRD analysis proves this point.

3.3.5. XRD Analysis of PES-ExGr Composites

800 -
—~ 6004
12}
o
>
Q
(@)
= 4004
2
®
C
L
£ 2004
od
-200 T T T T T T T L T T T T T 1
240 245 250 255 260 265 270 275 280
2Theta
(a)
2000
1500 |
a
c
=]
8
Z 1000
2
‘©
c
9
£
500 -
04
T T T 1

. . . —
240 245 250 255 260 265 270 275 280
2 Theta

(b)
Figure 3.3.6. XRD patterns of a) PES-3 wt% ExGr b) PES-5 wt% ExGr
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The XRD patterns of PES-3 wt% ExGr and PES-5 wt% ExGr are shown in Figure
3.3.6.a and b respectively. One can observe that there is a shift in the 2 Theta towards
lower value as well as increase in the FWHM after sintering (shown by the dotted
curve in the Figure) which signifies crystallite size reduction. Because of this
reduction, the expanded graphite particles are distributed more uniformly resulting in
better contact between them and hence the through plane resistance decreases. The
shift in 2 Theta value signifies polymer penetration in to the gallery of expanded
graphite. Expanded graphite has the structure of graphite with increased interplanar
spacing. The following Table 7 summarizes XRD analysis.

Table 7

XRD analysis of PES-ExGr composites

Sample 2 Theta Intensity (Counts) | Crystallite Size (t”)
(nm)

BS AS | BS AS | BS AS
1. PES-3 wt% 26.53 26.31 | 783 683 | 46.06 42.20
ExGr
2. PES-5 wt% 26.53 26.47 | 1829 1288 | 39.80 36.60
ExGr
3. PES-7 wt% 26.50 26.46 | 1933 1919 | 37.50 34.96
ExGr

BS- Before sintering, AS-After sintering

The above Table 7 clearly shows that after sintering the composites at 240°C for one
hour, the crystallite size of graphite is reduced. For all compositions, the intensity of
002 reflection of graphite is decreased after sintering signifying re-orientation of
graphite planes. The difference in 2 Theta value before and after sintering obtained
for PES-3 wt% ExGr is higher than that obtained for other compositions. It should be
remembered that 3 wt% ExGr has been identified as the percolation threshold and
hence polymer chain penetrates well in to the graphite sheets. For higher loading of
ExGr, the shift is not higher when compared to 3 wt% ExGr suggesting the
agglomerated structure of graphite sheets. Like PES-graphite, PES-ExGr also behaves

in the similar manner.
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3.3.6. SEM Analysis of PES-ExGr Composites

(a) (b)

Figure 3.3.7. SEM pictures of a) pure ExGr b) PES-10 wt% ExGr
The above Figure 3.3.9 clearly shows the porous structure of expanded graphite with
size in micron range. Upon sonication and after mixing with the polymer, the cross
section of PES-10 wt% ExGr shows several nanosheets (shown by arrows)
agglomerated and hence the high aspect ratio of nanosheets leads to better contact
between them. Hence the percolation threshold is reduced in this system when

compared to graphite filled PES.

(b)
Figure 3.3.8. SEM pictures of PES-7 wt% ExGr a) unsintered b) sintered sample

The SEM analysis supports the XRD data as agglomerated nanosheets are seen before
sintering which became separated after sintering due to polymer penetration leading
to improved contact between the fillers as shown in Figure 3.3.8.a and b respectively.

This phenomenon results in higher conductivity after sintering.
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3.3.7. TEM Analysis of PES-ExGr Composites

(a) (b)
Figure 3.3.9. TEM pictures of a) sonicated ExGr b) PES-3 wt% ExGr

TEM picture of ultrasonicated expanded graphite shown in Figure 3.3.9.a exhibits
vanished pore structure and also nanosheets pile one top of the other as shown by
arrows in Figure 3.3.9.b. Nanosheets can be very clearly seen for PES-3 wt% ExGr
composites. Since the length of the sheets runs several microns, the aspect ratios of
nanosheets are very high which result in low percolation. The aspect ratio of ExGr in
PES is 135 as the average length of nanosheets is 8.12 micron and the thickness being
60 nm.

3.3.8. DSC Analysis of PES-ExGr Composites
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Figure 3.3.10. DSC curves of PES and PES-3 wt% ExGr composite
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From the above Figure 3.3.10 it can be seen that the T, of pure PES (213°C) has been
increased by 12° due to the addition of 3 wt% ExGr. This shows that the nanosheets
hinder the motion of polymer chain and good interaction exists between expanded
graphite and PES. This interaction is the driving force for the polymer to penetrate the
layers of graphite.

3.3.9. DC Conductivity of PES-graphite-ExGr Hybrid Composites
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Figure 3.3.11. DC conductivity of PES-7 wt% graphite-x wt% ExGr composites
Since the percolation threshold of PES-graphite solution blended composites lies in
between 5-10 wt% graphite, PES-7 wt% graphite has been chosen to study the effect
of addition of expanded graphite on the dc electrical conductivity of solution blended
PES-ExGr composites. The percolation threshold in these hybrid composites lies at
0.05 wt% ExGr as shown in Figure 3.3.11. Further the saturation in conductivity
occurs at 1 wt% ExGr. It should be noted that a conductivity of 0.01 S/cm for hybrid
composites will be matched by the conductivity of composites with more than 40
wt% graphite loading without ExGr in PES and more than 8 wt% ExGr without
graphite in PES. Thus hybrid composites are so effective in bring down both the
percolation threshold and loading of costly fillers. The ExGr nano sheets reduce the
barrier for the charge transport by occupying predominantly intergraphite space

which will be proved in the following section 3.3.10.
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3.3.10. AC Behavior of PES-7 wt% graphite-ExGr Hybrid Composites
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Figure 3.3.12. AC conductance of PES-7 wt% graphite-x wt% ExGr (X=0.05, 0.5)
With the addition of ExGr in PES-7 wt% graphite, the frequency at which the
conductance starts increasing is shifted to higher values as shown in Figure 3.3.12.
Also the plateau region becomes extended with ExGr loading. The plateau region
signifies dc conductance and it increases to more than three orders for 0.5 wt% ExGr
addition in PES-7 wt% graphite when compared to 0.05 wt% ExGr loading in the
same. The slope of the ac conductance versus frequency plot gives information about
the charge transport. For 0.05 wt% ExGr loading in PES-7 wt% graphite, the charge
transport is coupled with capacitance effects which can be concluded from the value
of the exponent being greater than one. In this case it is 1.21. For 0.5 wt% ExGr in
PES-7 wt% graphite, the charge transport occurs by hopping mechanism as the
exponent is 0.28 which is less than one. The ExGr nanosheets should predominantly
lie in the intergraphite space because without ExGr in PES-7 wt% graphite, the
conductivity of the composite obtained is 10® S/cm. Without graphite, the
conductivity of PES-0.5 wt% ExGr lies in the insulating range as evidenced by the dc
conductivity plot of these binary composites. The increase in the conductivity is
possible only when the above mentioned configuration exists. Considering

conducting particle-polymer-conducting particle configuration as a parallel plate
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capacitor, if ExGr nanosheets lie in between graphite particles, the interjunction
capacitance should increase due to the reduction in the interparticulate distance. This
is equivalent to reducing the distance between the parallel plates in the capacitor.
Impedance measurement has been carried out to find out interjunction capacitance
which increases with ExGr loading.

3.3.11. Impedance Analysis of PES-graphite-ExGr Hybrid Composites
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Figure 3.3.13. Impedance plots of a) PES-7 wt% graphite b) PES-7 wt% graphite-
0.05 wt% ExGr solution blended samples
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From the impedance plots shown in Figures 3.3.13.a and b, it is vivid that addition of
0.5 wt% ExGr in PES-7 wt% graphite decreases the resistance which is concluded
from the reduction in the diameter of semicircle in Argand plane. The experimental
results are fitted to parallel capacitor-resistor with a series resistor model and the
various parameters extracted are shown in the following Table 8. The notations have
the usual meaning as explained in the impedance section of other hybrid composites.
Table 8

Parameters extracted from the model for PES-graphite-ExGr composites

Sample R, (Ohm) | R, (Ohm) C(pF)
PES-7 wt% graphite 370 1.8x 10° 37.6
PES-7 wt% graphite-0.05 wt% ExGr 250 5.5x10° 41.2
PES-7 wt% graphite-0.5 wt% ExGr 150 5200 71.0

It is clear from the above Table 8 that the interjunction capacitance increases from
37.6 pF for 0 wt% ExGr in PES-7 wt% graphite to 41.2 pF for 0.05 wt% ExGr and
corroborates the assumption that ExGr nanosheets occupy intergraphite space. The
interjunction capacitance increases to 71 pF for PES-7 wt% graphite-0.5 wt% ExGr
from 37.6 pF for 0 wt% ExGr in PES-7 wt% graphite. The aggregate resistance
decrease with increasing loading of ExGr can be explained as follows. Presence of
ExGr particles in between graphite particles reduces the barrier for the charge
transport. Since expanded work function is presumed to be higher compared to that of
graphite as literature bears no reports on the evaluation of work function. Hence the
barrier for the charge transfer from the polymer to ExGr becomes lesser and if more
ExGr particles are found in between graphite and the polymer, more charges will be

transferred to graphite via ExGr resulting in the decrease of aggregate resistance.
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3.4. Effect of Aspect Ratio of Second Filler on Electrical Percolation

The aspect ratio of second conducting filler is more important in reducing the
percolation threshold as it improves the contact between fillers. The percolation
threshold follows inverse relation with the aspect ratio of second conducting fillers. In
the systems investigated, ExGr filled hybrid composites exhibit low percolation as the
aspect ratio of ExGr is the highest followed by CNF and CB. The following Figure

3.4.1describes the same.
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Figure 3.4.1. Effect of aspect ratio of second filler in PES-graphite based
composites
3.5. Thermal Conductivity Studies on PES-graphite, PES-graphite-CB Systems
The thermal conductivity measurement details have been mentioned in chapter-2.
Compared to electrical conductivity, thermal conductivity is a slowly varying
parameter since it is mainly governed by phonons. The electrical conductivity is very
sensitive to interparticulate distance where as thermal conductivity is not. The
following Figure 3.5.1 shows the variation of thermal conductivity with respect to
graphite and CB loading in PES prepared by solution blending route. These systems
can find a possible application in heat sinks and fiber spinning spool in order to

dissipate heat.
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Thermal Conductivity (W/mK)
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Figure 3.5.1. Thermal conductivity of PES-graphite-CB composites
Similarly addition of ExGr in PES increases the thermal conductivity to a great extent
compared to PES-graphite composites as shown in Figure 3.5.2. The thermal
conductivity of 0.1 W/m-K for the insulating polymer increases to around 0.42 W/m-

K for PES-60 wt% graphite-7 wt% CB.
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Figure 3.5.2. Thermal conductivity of PES-ExGr and PES-graphite

composites
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3.6. Conclusions

In order to study the effect of second conducting fillers such as CB, CNF and ExGr
on the electrical conductivity of PES-graphite, first dc conductivity variation of PES-
graphite composites was studied with varying graphite loading. The hybrid
composites were prepared by two methods namely solution blending in DCM and
powder mixing routes. The percolation threshold in the solution blended binary
composite was found to lie between 5 and 10 wt% graphite. Solution blending route
resulted in more reduction of graphite particle size as compared to powder mixing
route. Because of high speed stirring, the particle size of graphite was reduced in the
former case. Sintering above the T, of the polymer resulted in re-orientation of
graphite 002 planes along with crystallite size reduction. The polymer also penetrated
the graphite layer which was understood from the XRD analysis as there was a 2
Theta shift towards lower value. Sintering resulted in enhancement in the through
plane conductivity due to downsizing of graphite particles. Hybrid composites were
made with PES-7 wt% graphite- x wt% CB with varying loading of CB by solution
and powder mixing routes. The solution blending route resulted in enhanced
conductivity than that obtained in the powder mixing route for the same composition.
The enhancement in the conductivity was due to graphite particle size reduction. Thus
the processing routes affected the conductivity of the composites. The hardness
measurement showed that the solution blended PES-graphite binary composites
exhibited higher value than powder mixed ones due to graphite particle size reduction
resulting in better dispersion in the former case. PES-CB solution blended composites
exhibited a percolation threshold of 10 wt%. The charge transport in the hybrid
composites was by hopping mechanism for higher loading of CB and at lower loading,
it was coupled with capacitance effects. The frequency dependent conductance
showed insulator-semiconductor transition with the increase in the loading of CB.
The increase in effective dielectric constant at low frequency (0.01 Hz) was due to the
occupation of CB in the interspace of graphite particles. Through impedance analysis,
the interjunction capacitance was evaluated and it was increasing with higher loading

of CB proving the assumption. I-V characteristic of single PES-graphite-PES junction
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showed that space charge limited conduction was the dominant mechanism in the
sandwiched structure.

PES-CNF binary composites prepared by solution blending route, after dispersing
CNF in DCM showed a percolation threshold at 3 wt%. The percolation exponent of
these binary composites was slightly higher than the universal value for three
dimensional network formations. For PES-7 wt% graphite-CNF hybrid composites,
the percolation threshold was identified at 0.4 wt% CNF. The ac conductance analysis
showed that the insulator-semiconductor transition occurred with the increase in the
concentration of CNF. The increase in effective dielectric constant to three orders for
0.5 wt% CNF addition in PES-7 wt% graphite compared to 0.2 wt% CNF in the same
suggested that CNF occupied the interspace between graphite particles. The above
conclusion was proved by impedance measurements by which interjunction
capacitance had been calculated. The interjunction capacitance was found to increase
with higher loading of CNF.

PES-ExGr binary composites were prepared by solution blending route after
sonicating ExGr in DCM. The percolation threshold was identified at 3 wt%.
Sintering of these binary composites above T, of the polymer led to the increase of
through plane conductivity due to re-orientation of graphite sheets. Sintering resulted
in crystallite size and intensity reduction due to polymer penetration in the gallery of
graphite and re-orientation of graphite 002 planes. Sonication of ExGr led to the
formation of nanosheets. The hybrid composites with ExGr as the second conducting
filler in PES-7 wt% graphite showed a percolation threshold of 0.05 wt%. In the
hybrid composites, the graphite nanosheets occupy predominantly intergraphite space
and hence increased the interjunction capacitance obtained through impedance
measurement. Finally, the percolation threshold was found to have inverse relation
with the aspect ratio of the second conducting filler.

The thermal conductivity of few systems like solution blended PES-graphite-CB and
PES-ExGr had been measured and found to increase with the increase in the
concentration of conducting fillers. The composites can be used to replace the fiber

spinning spool to dissipate heat.
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4.1. Introduction

Poly (phenylene sulfide) is a high temperature, semicrystalline thermoplastic with T,
of ~85°C and high melting temperature ~280°C. PPS was first discovered as a bye
product of Friedel-Crafts reaction in 1888. PPS has rather unusual thermosetting—
thermoplastic characteristics. Edmonds and Hills' synthesized PPS by making p-
dichloro benzene to react with sodium sulfide after which the need of PPS arose
exponentially. Rajan et al.? reported that the kinetics of the reaction is faster when
PPS is synthesized from 1,4-dibromo benzene than from p-dichloro benzene. The
crystal structure of PPS was solved by Tabor et al.® and reported to be orthorhombic
unit cell with dimensions a = 8.67 A°, b =5.61 A°, and ¢ = 10.26 A°, comprising of
four monomer unit. It can only be soluble in o-chloronaphthalene at 200°C. The
excellent properties such as good stiffness and rigidity, chemical resistance,
dimensional stability and moldability make it to be used in valves, electrical socket,
telephone components etc. Although PPS is a successful engineering plastic, its low
impact strength and glass transition temperature limits end applications. To improve
those parameters, one approach is to blend the semi-crystalline PPS with other
polymers*® and the other is to add filler in to PPS matrix such as clayG, glass fiber’,
expanded graphiteg.

The crystallinity of PPS is an important parameter which affects electrical and
mechanical properties to a great extent when filled with various fillers. The effect of
crystallinity of PPS on the mechanical properties has been studied by Brady et al’.
Jog and Nadkarni*® have studied bulk crystallization of glass fiber reinforced PPS and
observed the crystallization rate to be maximum at 170°C which was understood in
terms of heterogeneous nucleation in filled PPS. The molecular weight of PPS also
affects the crystallization rate. Increasing molecular weight decreases the
crystallization rate. Radhakrishnan et al.* have studied the effect of surface
modification and crystallinity in compression molded PPS. The crystallization
kinetics of PPS/LCP blends has been reported by Gabellini et al.'2. Deporter and
Baird®™ reported that the changes in crystallinity of PPS cause variations in flexural
strength, flexural modulus and transverse tensile strength of PPS-carbon fiber

composites. There are many reports on the crystallization aspects related to PPS and
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filled PPS. Most of the literature is devoted to the study of mechanical properties
variation of filled PPS systems with respect to crystallinity.
As far as electrical conductivity studies in PPS based conducting composites are

1418 Zhao et al.** have studied

concerned, few reports are found in the literature
electrical, thermal and mechanical properties of PPS-expanded graphite binary
composites prepared by melt mixing method. The electrical conductivity and thermal
stability of nanocomposites increased with expanded graphite addition in PPS. They
further reported that the crystallinity of PPS was increased with the addition of
expanded graphite. Towards the development of fuel cell bipolar plate, highly
conducting PPS-graphite based both binary and hybrid composites with CNF and CB
as second conducting fillers have been reported15'16. The binary and hybrid
composites were injection molded and studied. In those composites, very high
loadings of graphite and second conducting fillers were employed. However there are
no systematic studies on electrical conductivity variation of PPS-graphite binary and
hybrid composites reported in the literature especially nearer to the percolation
threshold. Thus, this chapter deals with the study of electrical conductivity variation
in PPS-graphite, PPS-CNF, PPS-ExGr and PPS-graphite-filler (filler-CB, CNF and
ExGr) hybrid composites. The electrical conductivity of composites and the
percolation threshold depends on processing routes employed. In this study, the
composites were prepared by both powder mixing and melt crystallization routes
wherever required and reported.

A. Powder Mixing Route
4.2. PPS-graphite, PPS-graphite-CB Composites
4.2.1. DC Conductivity Study of PPS-graphite Powder Mixed Composites

1.00E+02

1.00E+00

1.00E-02

1.00E-04

1.00E-06 ——PIl
1.00E-08 —=— Pdr
1.00E-10
1.00E-12
1.00E-14
1.00E-16 -+ |
0 10 20 30 40 50 60 70

Wt%Graphite

Log Sigma (S/cm)

Figure 4.2.1. DC conductivity of PPS-graphite composites
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The electrical conductivity variation of PPS-graphite composites made by powder
mixing route is shown in the above Figure 4.2.1. Below 7 wt% graphite in PPS, the
composites behave as insulators as the amount of graphite is insufficient to form
network between them. At 10 wt% graphite, both in-plane (P1l) and through thickness
(Pdr) conductivities increase by five orders due to the formation of network between
the filler particles. Above 30 wt% graphite, the conductivities saturate indicating
completion of conduction networks formed by graphite particles. The percolation
threshold is identified at 7 wt% graphite. The in-plane conductivity is slightly higher
than through plane conductivity below percolation threshold due to the alignment of
graphite particles along the surface of the pellet as high pressure compaction is
employed for making pellets. Above percolation threshold, both conductivities match
more or less indicating less anisotropy due to the distribution of graphite particles in
the polymer matrix.

4.2.2. Percolation Exponent Determination for PPS-graphite composites
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Figure 4.2.2. Plot for determination of percolation exponent in PPS-graphite
composites

Since the dc conductivity variation is of percolation type, the dimension of network

formation between filler particles can be found out from the percolation theory. The

equation 1 mentioned in Chapter-3 describes through plane conductivity variation

with the volume fraction of graphite particles. A plot of log o vs log (V~V,); Vi> V.,

where the symbols have the usual meaning as described in Chapter-3, yields
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299

percolation exponent ‘t”’. For PPS-graphite system the value of ‘t”” obtained is 2.01

signifying three dimensional network formations between filler particles.

4.2.3. Effect of Heat Treatment on Electrical Conductivity of PPS-graphite
Composites

PPS has high melting temperature ~280°C. In order to understand the effect of heat

treatment on the dc electrical conductivity, PPS-graphite composites were sintered at

240°C for one hour. Above one hour sintering time, significant change in the

conductivity was not observed. The following Figures 4.2.3.a and b show the

variation of through plane and in-plane conductivities before and after sintering.
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Figure 4.2.3. a) Through plane b) In-plane electrical conductivity variation of PPS-

graphite composites
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The conductivities before and after sintering are represented as Usint and Sint
respectively in those figures. The through plane conductivity of PPS-graphite
composites increases after sintering. The enhancement is more pronounced below the
percolation threshold. Above the percolation threshold, the conductivity enhancement
is not significant as the network formation would have been completed before
sintering itself. Furthermore, there is a reduction of more than one order in in-plane
conductivity of composites above the percolation threshold. These results clearly
prove that the graphite (002) are re-oriented along through thickness direction due to
polymer chain movement as the sintering was done above the T, of the polymer.
XRD analysis can explain the observed changes in electrical conductivity in this
system.

4.2.4. XRD Analysis of PPS-Graphite Composites

The XRD patterns of representative samples namely PPS-10 wt% graphite and PPS-
40 wt% graphite are shown in Figures 4.2.4.a and b. From these figures, it can be

clearly seen that after sintering, the intensity of graphite 002 reflection decreases.
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Figure 4.2.4. XRD patterns of powder mixed a) PPS-10 wt% graphite b) PPS-40
wt% graphite
The XRD patterns of unsintered and sintered samples are represented by Usint and
sint respectively. Further the FWHM increases along with a slight shift in 2 Theta
towards lower value indicating polymer penetration between graphite planes. The
increase in though plane electrical conductivity can be due to the decrease in the
graphite crystallite/particle size leading to increase in both the surface area and
particle-particle contact. The reduction in the intensity of (002) of graphite signifies
re-orientation of those planes along through thickness direction facilitating the contact
between fillers in that direction. This is reflected in the enhancement in the
conductivity. Table 1 summarizes XRD details as given below. It is clear from Table
1 that for all compositions, crystallite size (t”) reduction results after sintering along
with 2 Theta shift towards lower value. For crystallite size calculation 002 reflection
of graphite is used. The shift in 2 Theta value is similar to that shift observed in PES-
graphite systems after sintering. In PES-graphite system a large shift in 2 Theta after
sintering was observed. The XRD results prove that polymer can penetrate graphite

planes.
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Table 1

XRD analysis of powder mixed PPS-Graphite composites

Sample Before Sintering After Sintering
20 Intensity t’(nm) | 20 Intensity t’ (nm)
PPS-10wt% | 26.615 16893 68.87 | 26.581 12157 62.60
Graphite
PPS-30wt% | 26.581 75671 68.86 | 26.479 72017 45.90
Graphite
PPS-40wt% | 26.53 151155 68.85 | 26.462 83239 62.59
Graphite
PPS-60wt% | 26.513 233128 68.59 | 26.36 153650 57.34
Graphite
1800—- — 0
1600—- ————— Sint
- 1400—-
2 1200
§ 1000—- (200)
g 800—-
é 600—-
400—-
200—-
0.
200} r . r

16 18
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Intensity (Counts)
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(b)

Figure 4.2.5. XRD patterns of PPS part of a) PPS-10 wt% graphite b) PPS-40
wt% graphite

PPS has orthorhombic crystal structure. It has four major reflections as given below
with 2 Theta values.
(110)-18.7, (200)-20.7, (112)-25.6, (211)-27.4. Out of these four reflections, the
intensity of 200 reflections is the strongest and hence considered for structural
changes analysis. In Figures 4.2.5.a and b, the XRD patterns corresponding to PPS
part of PPS-10 wt% graphite and PPS-40 wt% graphite before and after sintering
denoted by Usint and Sint respectively are shown. In both cases, the intensity of 200
planes increases after sintering. This suggests that more polymer is found on the
surface due to the movement of polymer chains after sintering. Further many planes
would have been re-oriented along through thickness direction resulting in the in-

plane conductivity decrease after sintering.
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4.2.5. SEM Analysis of PPS-graphite composites

(a) (b)
Figure 4.2.6. SEM pictures of a) unsintered PPS-20 wt% graphite b) sintered PPS- 20
wt% graphite

The surface morphology of PPS-20 wt% graphite composite before and after sintering
is shown in Figures 4.2.6.a and b respectively. In the unsintered sample, graphite
flakes are buried in the polymer as shown in Figure 4.2.6.a, where as sintering leads
to separation of graphite flakes as shown in Figure 4.2.6.b. This is due to the
penetration of polymer in to the gallery of graphite resulting in better separation as
evidenced by XRD results. Since the agglomerated flakes are separated, the network
formation between them is feasible after sintering because of which the conductivity
increases.

4.2.6. DSC Analysis of PPS-graphite composites
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Figure 4.2.7. DSC curves of PPS-graphite composites a) melting curve b) cooling

curve
Table 2
DSC analysis of PPS-graphite composites
Sample T (°C) AH,, (J/g) T. (°C) AH. (J/g)
PPS 280.90 60.73 244 .84 40.74
PPS-7wt% 281.06 57.69 249.17 47.67
Graphite
PPS-10wt% 279.61 38.97 244.74 35.26
Graphite
PPS-20wt% 279.93 29.24 243.96 30.39
Graphite

The DSC curves of PPS-graphite composites during heating and cooling cycles are
shown in Figures 4.2.7.a and b respectively. Second heating cycle is taken for the
analysis as the first heating is used to remove the prehistory of the sample. It is clear
from Table 2 that the melting and crystallization temperature depend on graphite

content. With 7 wt% graphite addition, the crystallization temperature (T.) increases
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by 5°C suggesting the nucleating ability of graphite particles. The increase in the area
under the crystallization peak suggests enhanced crystallinity. With increasing
loading of graphite particles, the melting temperature (Ty,) decreases due to fast heat
transfer from the conducting graphite particles to the polymer matrix. T, and also the
area under the crystallization (AH. curve decrease suggesting agglomeration of
graphite particles. Hence, the graphite particles reduce the area of crystallized portion
in the polymer. For higher loading of graphite i.e., 10 wt% and 20 wt%, the area
under the melting peak (AH., decreases which is a sign of sharp melting. In short,
graphite particles act as nucleator at 7 wt% loading. Decrease in the melting
temperature with more conducting particles addition has been reported in the
literature®’. Radhakrishnan® reported the crystallinity of this grade PPS to be ~40%
through XRD analysis.

4.2.7. DC Conductivity Variation in PPS-Graphite-CB Hybrid Composites
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Figure 4.2.8. Through plane conductivity of PPS-7 wt% graphite-x wt% CB
Hybrid composites with CB as the second conducting filler in PPS-7 wt% graphite
have been prepared by powder mixing route as described earlier in Chapter-2. From
the dc conductivity variation of PPS-graphite, the percolation threshold is identified at
7 wt% graphite. Thus the effect of CB on the electrical conductivity of PPS-7 wt%
graphite is shown in Figure 4.2.8. For these hybrid composites, percolation threshold
lies at 1.5 wt% CB. Below which the composites behave as insulators. Saturation in
electrical conductivity occurs above 3 wt% CB in PPS-7 wt% graphite due to

completion in the network formation between fillers. At 2.5 wt% CB, there exists five
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order enhancement in the through plane conductivity when compared to the same of 1
wt% CB in PPS-7 wt% graphite. To attain a conductivity of 0.01 S/cm, without CB at
least 30 wt% graphite would be required. Thus the hybrid composites are so effective
in bringing down not only the percolation threshold but also the quantity of material.
In order to understand the effect of CB on the electrical conductivity of hybrid
composites, PPS-CB composites have been prepared by powder mixing route after

dispersing CB in acetone. The dc conductivity variation is shown in Figure 4.2.9.
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Figure 4.2.9. DC conductivity of powder mixed PPS-CB composites
Since CB particles are very well dispersed in acetone, the percolation threshold of
PPS-CB composites lies at 3 wt%. The aggregate size of CB is 80 nm. In this binary
composites also, in-plane conductivity (PIl) is observed to be higher than through
plane conductivity (Pdr) due to alignment of CB particles along the surface of the
pellet. At 20 wt% CB, the conductivity saturates to about 0.01 S/cm due to network
completion. Since higher loading of CB leads to rubbing off from the surface of the
pellet, small amount of CB can be used as second conducting filler in PPS-graphite
composites. The value of conductivity at 20 wt% CB in PPS matches that of PPS-7
wt% graphite-5 wt% CB. Thus the over all content of the filler can be brought down
in hybrid composites. The CB particles act as connectors between graphite particles

in hybrid composites.
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4.2.8. AC Conductance of PPS-graphite-CB Hybrid Composites
Figure 4.2.10.a shows the variation of room temperature electrical conductance of

PPS-7 wt% graphite-CB hybrid composites.
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Figure 4.2.10. a) AC conductance b) Effective dielectric constant vs frequency of
PPS- graphite composites
For 0 and 1 wt% CB in PPS-7 wt% graphite, the composites exhibit typical ac
response of an insulator i.e., the conductance increases with frequency. The charges

accumulated at the grain boundaries will be decreased with increase in the frequency
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and hence they are available of conduction. For 2 wt% CB addition, there is four
order increase in conductance and the response shows frequency independent and
dependent parts. With higher loading of CB, the critical frequency, at which the
conductance starts increasing, shifts to higher frequency. This is a reflection of
composites switching over to semiconducting state. Increase in the concentration of
CB leads to extension of plateau region to higher frequencies signifying enhanced dc
conductance. The slope of the ac conductance vs frequency both in log scale yields
exponent ‘n’ which signifies the charge transport in the hybrid composites. When the
exponent is less than one, the charge transport is by hopping mechanism. Table 3
summarizes the variation of exponent with composition.

Table 3

Exponent ‘n’ from ac conductance plot

Composition n

1.PPS-7 wt% Graphite 2.462
2.PPS-7wt% Graphite-1 wt% CB 2.376
3.PPS-7wt% Graphite-2 wt% CB 2.076
4.PPS-7 wt% Graphite-3 wt% CB 1.186
5.PPS-7 wt% Graphite- 3.2 wt% CB 0.186

It is clear from the above Table 3 that the charge transport at higher loading of CB i.e.,
greater than 3 wt% is by hopping mechanism as the exponent is less than one. Below
that loading, the charge transport is coupled with capacitance effects. The CB
particles reduce the barrier between graphite particles by occupying intergraphite
space. In order to account for the occupation of CB in hybrid composites, the
variation of effective dielectric constant with frequency has been measured and

shown in Figure 4.2.10.b. At low frequency i.e., at 0.01 Hz, the effective dielectric

132



Chapter 4 PPS based composites

constant increases to almost four orders for 3.0 wt% CB when compared to 0 wt% CB
in PPS-7 wt% graphite. Without CB, PPS-7 wt% graphite behaves as an insulator
which cannot result in the huge increase in effective dielectric constant. Similarly
PPS-3.0 wt% CB is an insulator as evidenced from the dc conductivity plot of PPS-
CB composites. Thus the increase in the effective dielectric constant can be attributed
to the occupation of CB in between graphite particles. Considering conducting
particle-polymer-conducting particle as a parallel plate capacitor, with the occupation
of CB in graphite interspace, the distance of parallel plates will be decreased resulting
in the increase in effective dielectric constant. If this model is true then increase in
interjunction capacitance with higher loading of CB in PPS-7 wt% graphite should be
observed. Interjunction capacitance has been evaluated from impedance
measurements as discussed below.

4.2.9. Impedance Analysis of PPS-7 wt% graphite- CB Hybrid Composites
Figures 4.2.11.a and b show the impedance plots of PPS-7 wt% graphite-2 wt% CB
and PPS-7 wt% graphite-3 wt% CB hybrid composites respectively. With the addition
of 2 wt% CB in PPS-7 wt% graphite, the diameter of the semicircle decreases
indicating enhanced conductivity of the sample. The conducting polymer composites
can be modeled as a parallel resistor-capacitor with a series resistor model as shown

in Figure 4.2.12.

-4000000 —

—m— Original
—o— Fit

-3000000

-2000000

Z" (Ohm)

o
o R——— DO—p

] _® (¥
o® (N
-1000000 - on \

oA

T T T T T T 1
1000000 2000000 3000000 4000000
7' (Ohm)

(2)

133



Chapter 4 PPS based composites

-8000
1 —m— Original
-7000 —o— Fit
-6000
-5000

-4000

o—— 90—
-3000 o m— T,
V ‘\o
] ¥ N
on o

20004 o \.

o ¥

o Y

] e
-10004 @ /
O - Ir T T T T T T T 1

0 1000 2000 3000 4000 5000 6000 7000 8000
Z' (Ohm)

Z" (Ohm)

(b)

Figure 4.2.11. Impedance plots of a) PPS-7 wt% graphite-2 wt% CB b) PPS-7
wt% graphite-3 wt% CB powder mixed samples

Various model parameters extracted by fitting the experimental data with a parallel

model is given in Table 4, where the symbols have the usual meaning as explained in

the impedance section of Chapter-3.
RP

Ri = W/WWW

WA -

Figure 4.2.12. Model of conducting polymer composites
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Table 4
Model parameters extracted from impedance measurements for powder mixed PPS-

Twt% Graphite-x wt% CB composites

Sample R, (Ohm) R, (Ohm) C (pF)
PPS-7 wt% graphite 330 2.8x 10" 44
PPS-7 wt% graphite-2 wt% CB 220 3.1x10° 51
PPS-7 wt% graphite-3 wt% CB 120 6600 75

From Table 4 it can be seen that the interjunction capacitance indeed increases with
higher CB loading in PPS-7 wt% graphite. It increases to 75 pF for 3 wt% CB in PPS-
7 wt% graphite from 44 pF for 0 wt% CB in the same. Thus the model assumed
earlier that the CB particles occupy intergraphite space is true. The bulk resistance
decreases with the increasing concentration of CB. It is worth to notice that the
aggregate resistance R, decreases with CB addition. This can be qualitatively
understood from the work function of individual components. The polymer work
function is taken as 5.2 eV*’. The work functions of graphite and CB are taken as 4.6
eV and 4.8 eV respectively as mentioned in Chapter-3. Without CB, when polymer is
in contact with graphite, a barrier of 0.6 eV needs to be crossed by the charge carriers.
However with CB lying in between, the barrier is reduced and it is only 0.4 eV. The
barrier is essentially the difference in the work function of individual components.
When more CB particles are found in between polymer and graphite more charges
will be transferred to graphite via CB and hence the aggregate resistance decreases.
This configuration can be thought of as connected in series through out the sample

volume to cause conduction. This is pictorially represented in Figure 4.2.13.
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Figure 4.2.13. Work function diagram of fillers
4.3. PPS-EXGr, PPS-graphite-ExGr Composites
4.3.1. DC Conductivity variation in PPS-ExGr Binary Composites

1.00E+00 -
__ 1.00E-02 -
g 1.00E-04
< 1.00E-06
© —a— Pdr
£ 1.00E-08 |
o —e—PIl
@ 1.00E-10
é" 1.00E-12 §

1.00E-14

1.00E-16 : : : : : :

0 2 4 6 8 10 12

W1t% Expanded Graphite

Figure 4.3.1. DC conductivity of PPS-ExGr composites
The dc conductivity variation of PPS-ExGr is shown in Figure 4.3.1. Expanded
graphite (ExGr) particles have been sonicated and then mixed with the polymer.
Ultrasonication results in the formation of graphite nanosheets which will be proved
through SEM and TEM analysis later. The in-plane conductivity (PII) is higher than
that of through plane conductivity (Pdr) due to the alignment of graphite nanosheets
along the surface of the pellet. This phenomenon can be attributed to the high

pressure compaction technique employed for making pellets. The percolation
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threshold is identified at 3 wt%. Such a low value is obtained due to nanosheets
formations which have high aspect ratios resulting in better contact between them at
low loading itself. The conductivities saturate after 5 wt% due to completion of
network formation between filler nanosheets.
4.3.2. Analysis of Network Formation between Fillers in PPS-ExGr Composites
Since percolation type of variation occurs in the dc electrical conductivity of PPS-
ExGr composites, percolation theory can be applied to find out the dimension of
network formation between filler particles. The density of PPS is taken as 1.35 g/cc
and that of expanded graphite 2 g/cc for wt% to vol% conversion. The conductivity
variation predicted by percolation theory is given in equation 1 below.

6 =0, (ViVo)' V>V, (D
Where o -the conductivity of the composites, V¢ is the volume fraction of filler above
percolation threshold and V. is the critical volume fraction. By plotting log ¢ vs log

999

(Vr -V,), the percolation exponent ‘t”” can be found out. For three dimensional
network formation the universal value lies between 1.8 and 2. Figure 4.3.2 shows the
plot of log o (through plane conductivity) vs log (V¢ -V.) from which ‘t”’ value of

1.83 is obtained which reflects three dimensional network structures.

1E-3

Log sigma (S/cm)

1E-4 o

1E-5 4

Log (V;-V)

Figure 4.3.2. Plot for obtaining percolation exponent in PPS-ExGr composites
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4.3.3. Effect of Heat Treatment on DC Conductivity of PPS-ExGr Powder
Mixed Composites

In order to understand the effect of heat treatment on the dc electrical conductivity of

PPS-ExGr composites, the composites were sintered at 240°C for an hour. The

through plane conductivity increases where as in-plane conductivity decreases after

sintering as shown in Figures 4.3.3.a and b respectively.
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Figure 4.3.3. a) Through plane b) In-plane conductivities of PPS-ExGr composites
before and after sintering
The above figures show the variation of through plane and in-plane conductivities of
PPS-ExGr composites before and after sintering. It can be seen that the through plane
conductivity increases after sintering for all compositions. In unsintered samples,
through plane conductivity obtained is lesser than that of in-plane conductivity due to

the alignment of nanosheets along the surface of the pellet. Sintering causes re-
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orientation of graphite sheets along through thickness direction as it was carried out
above T, of the polymer, facilitating polymer chains movement in random directions.
In fact more polymers are found on the surface of the pellet after sintering. This is
reflected in the reduction of in-plane conductivity of the sample after sintering
compared to the unsintered sample. At lower compositions, below the percolation
threshold, the wvariation of conductivity is less. Above percolation threshold
significant variation can be seen. To support these results, XRD analysis has been
done and described below.

4.3.4. XRD Analysis of PPS-ExGr Composites

The XRD patterns of representative samples i.e., PPS-7 wt% ExGr and PPS-10 wt%
ExGr before and after sintering are given in Figures 4.3.4.a and b respectively. It can
be seen from the diffractograms that the intensity of graphite 002 peak is decreased
after sintering. The crystallite size of expanded graphite, calculated from the 002
reflection with increase in FWHM, decreases after sintering. The polymer is able to
penetrate well in to the gallery of graphite causing reduction in the crystallite size.
The reduction is not much pronounced when compared to solution blended PES-
graphite composites. In this case the samples were prepared by powder mixing. The
intensity reduction is due to the re-orientation of graphite planes along through
thickness direction implying decrease in the number of nanosheets along the surface
after sintering. The increase in the through plane conductivity after sintering proves

that the graphite planes are re-oriented along that direction.
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Figure 4.3.4. Graphite part of XRD pattern of a) PPS-7 wt% ExGr b) PPS-10
wt% ExGr

The above Figures 4.3.4.a and b show clearly intensity reduction as well as crystallize

size as discussed before for PPS-7 wt% ExGr and PPS-10 wt% ExGr respectively.
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Figure 4.3.5. PPS part of XRD patterns of a) PPS-7 wt% ExGr b) PPS-10 wt%
ExGr

Figures 4.3.5.a and b show the PPS part of XRD patterns of PPS-7 wt% ExGr and
PPS-10 wt% ExGr respectively. It is clear from the diffractograms that after sintering
the intensity of (200) of PPS increases implying the presence of more polymers on the
surface. Hence the in-plane conductivity after sintering decreases. XRD analysis of
PPS-ExGr composites is given in Table 5. It is clear from Table 5 that the crystallite
size of ExGr decreases after sintering. Before sintering, the crystallite size of ExGr in

powder mixed samples remains the same.
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Table 5

XRD analysis of PPS-ExGr composites

Sample 2 Theta Intensity Crystallite Size
(Counts) t” (nm)
BS AS | BS AS BS AS

PPS-5wt% 26.76  26.632 | 1652 1580 | 31.30 24.59
Expanded

Graphite

PPS-7wt% 26.751 26.649 | 3899 1992 | 31.30 28.7
Expanded

Graphite

PPS-10wt% | 26.598 26.445 | 5019 1798 |31.3 28.7

Expanded
Graphite

BS- before sintering, AS- after sintering,

4.3.5. SEM Analysis of Powder Mixed PPS-ExGr Composites

The surface morphology of powder mixed PPS-ExGr composites is shown in Figures

4.3.6.aandb.

(b)
Figure 4.3.6. SEM pictures of PPS-3 wt% ExGr a) unsintered b) sintered samples
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The cross section of PPS-3 wt% ExGr unsintered sample shows that graphite
nanosheets formed due to sonication are agglomerated and buried in the polymer
matrix. This is shown in Figure 4.3.6.a. Sintered sample shows that the agglomerated
nanosheets are teared off due to polymer penetration as evidenced by Figure 4.3.6.b.
This result supports XRD analysis of PPS-ExGr composites.

4.3.6. TEM Analysis of Powder Mixed PPS-ExGr Composites

The powder mixed PPS-7 wt% ExGr is compression molded to form a sheet. The
sheet was ultra-microtomed, transferred to TEM grids for further analysis. It can be
seen from Figure 4.3.7 that the porous structure of ExGr is destroyed and results in
nanosheets formation due to sonication. Since the aspect ratios of nanosheets are very
high, low percolation results due to better contact between filler particles. The
nanosheets formed are indicated by arrows in Figure 4.3.7. Original ExGr has more
pores as shown in Chapter-3 in PES-ExGr section which on sonication forms graphite

nanosheets

Z 2 ,.-« .
Figure 4.3.7. HRTEM images of ultra-microtomed PPS-7 wt% ExGr

The arrangement of graphene layers in ~15 nm thick nanosheet can be seen in the
above HRTEM image.

4.3.7. Electrical Conductivity Variation in PPS-Graphite-ExGr Composites
Hybrid composites are very important to reduce percolation threshold. Since the
percolation threshold of PPS-ExGr binary composites lies at 7 wt% ExGr, this
particular composition has been chosen to study the effect of ExGr addition as second

filler on the through plane electrical conductivity.

143



Chapter 4 PPS based composites

1.00E+01 -
1.00E-01 -
1.00E-03 -
1.00E-05 -
1.00E-07 -
1.00E-09 -
1.00E-11 1
1.00E-13 -
1.00E-15 ‘ ‘ ‘ ‘ ‘

0 1 2 3 4 5

Wit% Exgr

Log Sigma Pdr (S/cm)

Figure 4.3.8. DC conductivity of PPS-graphite-ExGr hybrid composites
Percolation threshold in hybrid composites lies at 0.25 wt% ExGr. Saturation in
electrical conductivity occurs after 1 wt% ExGr in PPS-7 wt% graphite. The ExGr
particles form nanosheets after sonication and occupy intergraphite spaces when
mixed with PPS-7 wt% graphite. Thus the barrier for the charge transport is reduced
resulting in enhanced conductivity. It should be remembered that without ExGr, PPS-
7 wt% graphite acts as an insulator. Similarly PPS-0.25 wt% ExGr without graphite
also behaves as an insulator. So the possibility remaining for the ExGr nanosheets to
occupy intergraphite spaces will be discussed in the following sections.

4.3.8. Frequency Dependent Conductance of PPS-graphite-ExGr Hybrid
Composites
Figure 4.3.9.a shows the variation of conductance with frequency. With 0 wt% ExGr
addition, PPS-7 wt% graphite exhibits ac conductance variation typical to that of an
insulator i.e., conductance increases with frequency. With the addition of 0.5 wt%
ExGr, plateau region appears signifying enhanced conductivity of the hybrid
composites. In fact insulator-semi conductor transition occurs. With further increase
in the loading of ExGr, the plateau region extends more and the frequency dependent

conductance starts at higher frequency.
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Figure 4.3.9. a) AC conductance b) Effective dielectric constant vs frequency of PPS-7
wt% graphite-ExGr hybrid composites
The plateau region signifies dc conductance of the samples. For 0.75 wt% ExGr in
PPS-7 wt% graphite, the high frequency slope of ac conductance gives a value of 0.28
signifying hopping type of charge transport. Below 0.75 wt% ExGr in PPS-7 wt%
graphite, the charge transport is coupled with capacitance effects as obtained for PES-
graphite hybrid composites discussed in Chapter-3. The six order enhancement in the
dc conductance when 0.5 wt% ExGr is added to PPS-7 wt% graphite is due to the
reduction in the barrier for the charge transport because of the occupation of graphite

nanosheets in between graphite particles. Considering conducting particle-polymer-
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conducting particle as a parallel plate capacitor, if ExGr nanosheets are found in
between graphite particles, the distance of the parallel plate capacitor will be
decreased resulting in an increase in interjunction capacitance as well as effective
dielectric constant. Figure 4.3.9.b supports the above argument as there exists at least
four order increase in the effective dielectric constant at low frequency i.e., at 0.01 Hz
for 0.75 wt% ExGr in PPS-7 wt% graphite when compared to 0 wt% ExGr addition in
the same. In order to evaluate interjunction capacitance, impedance measurement has
been carried out on hybrid composites and discussed below.

4.3.9. Impedance Analysis of PPS-graphite-ExGr Composites
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Figure 4.3.10. Impedance plots of a) PPS-7 wt% graphite-0.5 wt% ExGr b) PPS-7

wt% graphite-0.75 wt% ExGr powder mixed samples

The impedance plots of 0.5 wt% and 0.75 wt% ExGr addition in PPS-7 wt% graphite
are shown in Figures 4.3.10.a and b respectively. These hybrid composites exhibit
semicircular behavior in Argand plane suggesting that they can be modeled as parallel
resistor-capacitor with a series resistor as described in PPS-Graphite-CB hybrid
composites section. There can be series and parallel arrangement of above equivalent
circuit in the samples. It can be seen that the diameter of the semicircle decreases with
the addition of ExGr indicating enhanced sample conductance. The diameter
represents dc resistance. Various parameters extracted by fitting the experimental plot

to parallel model are described in Table 6 where the symbols have their usual

meaning.

Table 6

Parameters extracted from parallel model for PPS-7 wt% graphite-ExGr composites
Sample R, (Ohm) R, (Ohm) | C (pF)

PPS-7wt% Graphite 350 2.8x10" | 44

PPS-7wt% Graphite-0.5wt% 300 2.39x10° | 51

ExGr

PPS-7wt% Graphite-0.75wt% 150 250 77

ExGr

147



Chapter 4 PPS based composites

It can be seen from the above Table 6 that with the addition of ExGr, the bulk
resistance decreases. Moreover, the interjunction capacitance increases from 44 pF
for 0 wt% ExGr addition in PPS-7 wt% graphite to 77 pF for 0.75 wt% ExGr addition
in the same. This result strongly supports the occupation of ExGr nanosheets
predominantly in intergraphite spaces. Further, the aggregate resistance decreases
with increase in the concentration of ExGr. When two particles of different
conductivity are mixed with a polymer, the work function of them comes in to picture.
It should be noted that no reports are available on ExGr work function determination.
PPS work function is taken as 5.2 eV and that of graphite is 4.6 eV. The barrier for
the charges to go directly to graphite is 0.6 eV. Since the worfuction of ExGr is not
reported in the literature, it is presumed that it will be higher than that of graphite and
hence charges will be transported from polymer to graphite via ExGr. If more ExGr
particles occupy graphite interspace, more charges will be transferred to graphite via

ExGr particles. In this way reduction in the aggregate resistance with the addition of

Exgr particles can be better understood.

4.3.10. DSC Analysis of PPS Based Binary and Hybrid Composites
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Figure 4.3.11. DSC plots of a) PPS-3 wt% ExGr b) PPS-7 wt% graphite-0.5 wt%

ExGr

The DSC analysis of PPS is given in PPS-Graphite-CB section. Table 7 summarizes

various parameters extracted from the DSC plots shown in Figure 4.3.11.a and b.

Table 7

Parameters extracted from DSC thermograms

Sample T (°C) T. (°C) AH. (W/g)
PPS Pure 280.90 244.89 40.74
PPS-3wt% 281.02 247.96 49.69
expanded graphite

PPS-7wt% 281.27 249.20 46.51
Graphite-0.5wt%

expanded graphite

With the addition of 3 wt% ExGr in PPS, the crystallization temperature increases by

~ 3°C signifying the nucleating ability of ExGr nanosheets. No significant difference

between melting temperature of the polymer is observed with ExGr addition. Since

the enthalpy of crystallization (AH,) is higher than that of pure PPS, the crystallinity

is increased. For 0.5 wt% ExGr addition in PPS-7 wt% graphite, the crystallization

temperature (T.) increases by ~5°C suggesting that ExGr nanosheets act as nucleators.
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The crystallinity is increased in this hybrid composite as revealed through the
increase in the area under the crystallization peak. No considerable difference in
melting temperature is observed for this composition. The above results evidence
better interaction between polymer and the filler.

4.4. PPS-CNF and PPS-graphite-CNF Composites

4.4.1. DC Conductivity of PPS-CNF Binary Composites

CNF is first dispersed in acetone for five hours and then mixed with required amount
of PPS. The dc electrical conductivity variation with respect to CNF concentration in

PPS is shown in Figure 4.4.1.

PPS-CNF composites
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Figure 4.4.1. DC conductivity of powder mixed PPS-CNF composites
After 0.2 wt% CNF in PPS, the dc electrical conductivity shoots up to many orders
and regarded as the percolation threshold. Below the threshold, the composites
remain as insulators due to insufficient network formation. After 2 wt% CNF in PPS,
the conductivity saturates at 0.01 S/cm due to saturation in the network formation
between the high aspect ratio fillers. The in-plane (P1l) and through thickness (Pdr)
conductivity remains more or less the same indicating very good dispersion of

nanofiller in the polymer matrix.
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4.4.2. Effect of Sintering on DC Electrical Conductivity of PPS-CNF Composites
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Figure 4.4.2. DC conductivity of PPS-CNF composites after sintering
The composites are sintered at 240°C for one hour. Sintering causes re-orientation of
CNF along through thickness direction due to the movement of polymer chains as the
sintering temperature is kept above T, of the polymer. This results in enhancement in
the through plane conductivity (Pdr) than in-plane conductivity (P1l) as more polymer
will be found on the surface of the sample. The enhancement is considerable at and
above the percolation threshold. Below the percolation threshold, no significant
change is observed as the composites behave as insulators. The result obtained is

similar to that of other PPS based systems.
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Figure 4.4.3. XRD Patterns of a) Graphite part b) PPS part of PPS-7 wt% CNF
composites

It is clear from the XRD pattern shown in Figure 4.4.3.a that the intensity of 002
reflection of graphite in PPS-7 wt% graphite composite decreases after sintering
signifying re-orientation of CNF due to the movement of polymer chains. The XRD
pattern of PPS part of PPS-7 wt% graphite shown in Figure 4.4.3.b clearly depicts
that the intensity of 200 peak of PPS increases after sintering implying the presence
of large amount of polymer on the surface of the pellet. Therefore in-plane
conductivity of composites decrease after sintering when compared to that of
unsintered samples.
4.4.3. SEM Analysis of PPS-CNF Composites
The surface morphology of pure CNF after sonicating in acetone for five hours and
the cross section of PPS-3 wt% CNF composite before and after sintering is shown in
Figure 4.4.4.a, b and c respectively. It is clear that there exists a variation in tube
diameter as tubes with 200 nm diameter can also be found which could be the
agglomerated fibers. Because of high aspect ratio of fibers, low loading is required to

register higher conductivity i.e., low percolation threshold results.
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(c)
Figure 4.4.4. SEM pictures of a) Pure CNF b) Unsintered c) Sintered PPS-3 wt%

CNF composites
The fibers are well separated after sintering which leads to better contact resulting in
the enhancement of through plane conductivity.

4.4.4. TEM Analysis

e

Figure 4.4.5. TEM picture of CNF mixed in PPS

Carbon nanofibers are added to the polymer after sonication in acetone for five hours.

After mixing, the composites are sonicated for half an hour more. So it is assumed
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that the aspect ratio of CNF will not be changed further due to polymer resistance and
the same phenomenon has been observed. Hence for the calculation of aspect ratio of
CNF, the sonicated fibers length and diameter have been reported as shown in Figure
4.4.5. Well dispersed CNFs have an average diameter~72 nm and length~8 micron
(from SEM) resulting in the aspect ratio of 111 being less as compared to original
CNFs.

4.4.5. DSC Analysis of PPS-CNF Composites

The DSC of pure PPS has already been shown in the section of PPS-graphite
composites and hence only the DSC of PPS-0.5 wt% CNF is shown in Figure 4.4.6.
No significant change in the melting temperature is observed where as almost 4°C
enhancement in the crystallization temperature could be observed suggesting the

nucleating ability of CNFs. Table 8 describes various parameters obtained from DCS

analysis.

B ﬁ\

= l

§ o004 L

ExeUp * " f:mperature j?;o, = o Universal \id ciihsnmems
Figure 4.4.6. DSC of PPS-0.5 wt% CNF

Table 8
DSC analysis of PPS-CNF composites
Sample T (°C) T.(°C) AH. (W/g)
PPS pure 280.90 244.89 40.74
PPS-0.5wt% CNF | 281.02 248.74 45.08
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It is clear from the Table 8 that the area under the crystallization peak increases (AH,)
with the addition of CNF indicating increased crystallinity.

4.4.6. PPS-graphite-CNF Hybrid Composites

The dc electrical conductivity variation of PPS-7 wt% graphite-CNF powder mixed
composites with the addition of CNF is shown in Figure 4.4.7. The percolation
threshold is much lower than 0.2 wt% CNF. In-plane conductivity (Pll) is slightly
higher than the through plane (Pdr) one. After 1 wt% CNF in PPS-7 wt% graphite,

saturation in conductivity is observed due to complete network formation.
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Figure 4.4.7. DC conductivity of PPS-7 wt% graphite- CNF composites

4.4.7. AC Behavior of PPS-graphite-CNF Composites
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Figure 4.4.8. a) AC conductance b) Effective dielectric constant variation with
frequency of PPS-7 wt% graphite-x wt% CNF (X=0.05,0.1,0.15)
Figure 4.4.8.a shows the variation of conductance of PPS-7 wt% graphite-CNF hybrid
composites with frequency. With the addition of 0.05 wt% CNF in PPS-7 wt%
graphite, the conductance increases compared to 0 wt% CNF in the same. With
increasing loading of CNF, the plateau region extends well and the frequency
dependent conductance starts at higher frequency. From this plot it is ascertained that
the percolation threshold lies between 0.05-0.1 wt% CNF in PPS-7 wt% graphite. The
plateau region signifies dc conductance. The enhancement in the conductivity is due
to the occupation of CNFs in between graphite particles, leading to the reduction in
barrier for the charge transport. Conducting particle-polymer-conducting particle can
be considered as a parallel plate capacitor. If CNF occupies intergraphite space, the
distance between parallel plates is decreased which is equivalent to the reduction in
interparticulate distance. Based on this hypothesis, the effective dielectric constant
and the interjunction capacitance should increase with increase in loading of CNFs. It
is to be remembered that without CNF, PPS-7 wt% graphite behaves as an insulator.
Similarly without graphite PPS-0.05 wt% CNF exhibits insulating behavior. Thus the
enhancement in the conductivity must be due to the occupation of CNF in between
graphite particles. Figure 4.4.8.b shows that the effective dielectric constant increases

to many fold with CNF addition at low frequency (0.01 Hz) supporting the model.
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Effective dielectric constant decreases with increase in the frequency which is a
typical variation in disordered systems. After certain frequency, it remains more or
less constant. As conducting polymer composites can be modeled as parallel resistor-
capacitor with a series resistor, impedance measurement becomes easier to evaluate
interjunction capacitance.

4.4.8. Impedance Analysis of PPS-graphite-CNF Composites
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Figure 4.4.9. Impedance plots of a) PPS-7 wt% graphite-0.1 wt% CNF b) PPS-7
wt% graphite-0.15 wt% CNF
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The impedance plots shown in Figure 4.4.9.a and b suggest that with increasing CNF
loading in PPS-7 wt% graphite, the diameter of the semicircle decreases. The
diameter represents dc resistance. Further the semicircular response of the material
suggests that parallel resistor-capacitor model can be used to fit the data. The
following Table 9 describes various model parameters extracted from the impedance

behavior of hybrid composites.

Table 9

Model parameters for PPS-7 wt% graphite-CNF composites

Sample R, (Ohm) R, (Ohm) | C (pF)
PPS-7wt% Graphite-0.05wt% CNF 250 49x10" | 49.0
PPS-7wt% Graphite-0.1wt% CNF 200 9630 70
PPS-7wt% Graphit-0.15wt% CNF 160 2010 80.5

From the above Table 9 it can be seen that the interjunction capacitance increases
from 49 pF for 0.05 wt% CNF in PPS-7 wt% graphite to 81 pF for 0.15 wt% CNF
corroborating that CNFs occupy intergraphite space. The decrease in aggregate
resistance can be qualitatively understood from the arrangement and work function of
the individual components. As mentioned in the previous Chapter-3 that the work
function of CNF is taken as 5 eV and that of polymer 5.2 eV. The work function of
graphite is taken as 4.6 eV. Without CNF, for the charge transport from polymer to
graphite, a barrier of 0.6 eV needs to be crossed by the charges. When CNFs are
found in between polymer and graphite the barrier for the charge transport is reduced
being 0.2 eV. So with CNF addition, the interspace between the polymer and graphite
is occupied by them and more charges will be transferred to graphite via CNF. Barrier
is nothing but the difference in the work function of individual components in contact.
The polymer-CNF-Graphite configuration can be assumed to be connected in series

throughout the volume of the sample to cause electrical conduction.
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4.4.9. Effect of Aspect Ratio on Percolation Threshold of PPS-7 wt% graphite
Based Hybrid Composites

1.6 - CB
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0 25 50 75 100 125

Percolation Threshold (Wt%)
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Figure 4.4.10. Effect of aspect ratio of second conducting fillers on electrical
percolation threshold
The percolation thresholds of hybrid composites are found to be inversely related to
the aspect ratio of the second conducting fillers as shown in the above Figure 4.4.10.

4.4.9.1. CB Aspect Ratio

Figure 4.4.11. SEM picture of Carbon Black

CB has more or less spherical shape and agglomerated structure with aggregate size
80 nm. The length of the agglomerates is 300 nm on an average as shown in Figure

4.4.11. So the aspect ratio is rounded of to four.
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4.4.9.2. Expanded graphite Aspect Ratio

(a) (b)

Figure 4.4.12. a) SEM b) TEM pictures of expanded graphite
The average length of ExGr particles is taken as 2.6 micron as shown in Figure
4.4.12.a and the thickness 30 nm from Figure 4.4.12.b leading to an aspect ratio of 87.
CNF aspect ratio has been discussed in section 4.4.4 and its value is 111.

B. Melt crystallization

4.5. Melt Crystallized PPS-graphite Composites
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Figure 4.5. DC conductivity of melt crystallized PPS-graphite composites
Melt crystallized samples were prepared by heating the composite to 300°C for two
minutes period and immediately transferred to water. The process leads to the
formation of sheets which are used for measuring electrical resistance. It is clear from
the above Figure 4.5 that for PPS-graphite composites, the percolation threshold lies
at 10 wt%. The percolation threshold of the same composites prepared by powder
mixing route is 7 wt%. The increase in the percolation threshold is due to the increase

in the interparticulate distance in melt crystallized samples as the viscosity decreases
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at higher temperature. The in-plane conductivity (PIl) is higher than the through plane
(Pdr) one due to the alignment of filler particles along the surface of the sheets.

4.5.1. Melt Crystallized PPS-ExGr Composites
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Figure 4.5.1. Effect of preparation routes on the through plane conductivity of melt
crystallized PPS-ExGr composites

PPS-ExGr composites were melt crystallized at 300°C and then immediately
transferred to water. The sheet formed is used for measurement. The above Figure
4.5.1 clearly shows that the percolation threshold of melt crystallized samples is
higher than the powder mixed ones. Through plane conductivity is considered for the
analysis. The percolation threshold in melt crystallized PPS-ExGr composites is 5
wt% and for powder mixed samples it is 3 wt%. The difference is due to the increase
in interparticulate distance in melt crystallized samples. This phenomenon could be
attributed to decrease in the polymer viscosity at 300°C. Further the saturation in
through plane conductivity occurs at higher loading in melt crystallized samples than
the powder mixed ones. The value of conductivity in the saturated region of melt
crystallized sample is lesser than that of powder mixed one because of polymer
wrapping.

4.5.2. XRD Analysis of Melt Crystallized PPS-graphite Sample

The XRD pattern of melt crystallized PPS-7 wt% graphite does not show any new
structural features when compared with powder mixed one. The PPS reflections are
reduced in intensity due to quenching as enough time is not given for the crystals to
grow in this process. The intensity of graphite 002 peak decreases due to polymer

wrapping. This is shown in Figure 4.5.3.
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Figure 4.5.3. XRD of PPS-7 wt% graphite melt crystallized sample
4.5.3. SEM Analysis of PPS-ExGr Melt Crystallized Sample

Figure 4.5.3. SEM picture of cross section of PPS-3 wt% ExGr melt crystallized
sample

The SEM picture shown in Figure 4.5.3 clearly shows that the individual nanosheets

are separated by polymer penetration due to decrease in the viscosity at high

temperature. Due to the increase in interparticle distance, the conductivity becomes

less in melt crystallized samples.
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4.5.4. Melt Crystallized PPS-CNF Composites
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Figure 4.5.4. Effect of preparation route on the through plane conductivity of PPS-
CNF composites

The above Figure 4.5.4 shows that the percolation threshold of PPS-CNF composites
prepared by melt crystallization route is higher than that of powder mixed samples. In
the former case, the percolation threshold is around 2 wt% CNF and in the later case,
it is at 0.2 wt% CNF. The decrease in through plane conductivity of melt crystallized
samples is due to increase in the interparticulate distance since the connectivity
between the particles is diminished.

4.5.5. SEM Analysis of Melt Crystallized PPS-CNF Composites

(a) (b)
Figure 4.5.6. SEM pictures of melt crystallized a) PPS-7 wt% CNF b) PPS-10 wt%
CNF composites
The above Figures 4.5.5.a and b strongly support that CNFs are buried as well as the

interdistance between them is increased. There exists variation in the distribution of
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CNFs which is the reason for obtaining higher percolation threshold in melt
crystallized samples compared to powder mixed ones.

4.5.6. Thermal Conductivity of PPS-graphite Composites
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4.5.6. Thermal conductivity of PPS-graphite composites

Normally fiber spinning spool will be made of polymer. Due to the heat generated in
the process, the spool gets damaged. In order to make it intact, the spool should be
made of thermally conducting material so that it can dissipate heat. As part of
application, the thermal conductivity of PPS-graphite system has been measured. PPS
has low thermal conductivity of 0.15 W/m-K. Addition of 30 wt% graphite increases
the thermal conductivity to 0.4 W/m-K. This has been shown in Figure 4.5.6.
Therefore such a system can be used to replace the polymer based spool.

4.5.7. PPS Synthesis

The synthesis of PPS has been described in Chapter-2. The synthesized PPS has been

compared with commercial grade Ryton PPS.
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4.5.7.1. XRD Analysis
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Figure 4.5.7. XRD pattern comparison between synthesized and commercial

PPS

The XRD pattern of lab synthesized PPS has been compared with Ryton PPS as

shown in Figure 4.5.7 and they match well.

4.5.7.2. DSC Analysis
The DSC of synthesized PPS is shown in Figure 4.5.8. The melting and

crystallization temperature matches well with that of commercial one.
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Figure 4.5.8. DSC of synthesized PPS
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4.5.7.3. IR Analysis

The IR of synthesized PPS and Ryton PPS are compared in order to evaluate the

synthesized PPS. The region between 400 cm™ and 1600 cm™ of synthesized PPS

shows various peaks which exactly match with that of standard Ryton PPS. As IR is

used here to characterize synthesized PPS, the wave numbers are not assigned. IR of

synthesized and commercial PPS is compared in Figure 4.5.9.
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Figure 4.5.9. IR of Ryton and synthesized PPS

4.5.8. In-situ Polymerization Route for Preparing PPS-ExGr Composites
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Figure 4.5.10. Through plane conductivity of synthesized PPS-ExGr composites
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It is clear from the above Figure 4.5.10 that in-situ polymerization route yields
percolation threshold less than 1 wt% where as for the powder mixed composites it is
at 3 wt%. In-situ polymerization route results in better dispersion as well as
separation of expanded graphite nanosheets. As the aspect ratios of nanosheets are
very high, low percolation threshold results.

4.6. Conclusions

In this chapter PPS-graphite based hybrid composites with varying aspect ratio of
second conducting fillers such as CB, ExGr and CNF were prepared and studied the
effect of aspect ratio on the electrical percolation. In order to understand hybrid
composites effect on electrical conductivity, a systematic study was carried out on the
electrical properties of binary composites. Furthermore, the study of electrical
conductivity variation in binary composites became indispensable to determine the
percolation threshold.

The percolation threshold in PPS-graphite composites was found to be at 7 wt%.
Below this value, the composites behaved as insulators. Through plane conductivities
of PPS-graphite composites were found to be lesser than that of in-plane conductivity
due to the alignment of graphite particles along the surface of the pellet. Sintering of
PPS-graphite composites above the glass transition temperature of the polymer led to
re-orientation of graphite 002 planes along through thickness direction. This resulted
in an increase in the through plane conductivity when compared to that of unsintered
composites. XRD analysis proved crystallite size reduction and re-orientation of
graphite planes after sintering. DSC analysis showed that for PPS-7 wt% graphite the
crystallization temperature was increased by 5°C. This result demonstrated the
nucleating ability of graphite particles. The percolation exponent signified three
dimensional network formations. For PPS-7 wt% graphite-CB hybrid composites
percolation threshold was found to be at 1.5 wt% CB. From the dc conductivity study
on PPS-CB binary composites, the percolation threshold was identified at 3-5 wt%
CB. For less than 3 wt% CB in PPS-7 wt% graphite-x wt% CB, CB particles
predominantly occupied intergraphite space as without CB, the composite PPS-7 wt%
graphite behaved as an insulator similar was the case without graphite in those

composites. AC measurements also proved this result. The increase in the effective
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dielectric constant at 0.01 Hz reflected the occupancy of CB in the interspace of
graphite particles. The interjunction capacitance with the addition of CB was found to
increase from 44 pF for 0 wt% CB in PPS-7 wt% graphite to 75 pF for 3 wt% CB
addition in the same. The charge transport for 3.2 wt% CB in PPS-7 wt% graphite
was found to be by hopping mechanism below which it was coupled with capacitance
effects. Melt crystallization of PPS-graphite binary composites showed higher
percolation threshold than the powder mixed samples due to decrease in the polymer
viscosity at 300°C resulting in an increase in interparticulate distance of filler
particles. Thermal conductivity increased with the addition of graphite and no sharp
variation was observed.

PPS-ExGr binary composites were prepared by powder mixing, melt crystallization
and in-situ polymerization routes. In powder mixing route, the percolation threshold
was identified at 3 wt% ExGr. In-plane conductivity was found to be higher than that
of through plane conductivity due to the alignment of nanosheets along the surface of
the pellet. In powder mixed samples, sintering at 240°C for one hour led to crystallite
size as well as intensity reduction of 002 planes of graphite. Sonication led to the
formation of graphite nanosheets as otherwise expanded graphite had more pores.
SEM and TEM analysis also proved this result. The dc conductivity study on PPS-7
wt% graphite-x wt% ExGr hybrid composites exhibited a percolation threshold of
0.25 wt% ExGr. The increase in the conductivity was due to the occupation of high
aspect ratio nanosheets in the interspace of graphite particles. Effective dielectric
constant increased to more than four orders at 0.01 Hz for 0.75 wt% ExGr in PPS-7
wt% graphite when compared to 0 wt% ExGr addition in the same. The interjunction
capacitance was evaluated from impedance measurements and found to increase with
the addition of ExGr in PPS-7 wt% graphite. DSC analysis on PPS-3 wt% ExGr
composite showed an increase of 3°C in the crystallization temperature supporting the
nucleating ability of ExGr particles. Percolation exponent of PPS-ExGr composites
demonstrated the formation of three dimensional network among the filler particles.
Melt crystallized PPS-ExGr composites at 300°C showed increase in the percolation
threshold. This finding was attributed to increase in the interparticulate distance due

to decrease in the polymer viscosity at that temperature. In-situ polymerized PPS-
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ExGr composites exhibited very low percolation threshold i.e., less than 1 wt% due to
better separation and dispersion of nanosheets of graphite when compared to powder
mixed samples of the same.

PPS-CNF composites were prepared by powder mixing and melt crystallization
routes. Powder mixed PPS-CNF composites exhibited a percolation threshold at 0.2
wt% CNF. Sintering at 240°C led to increase in the through plane conductivity of the
composites and the in-plane conductivity was found to decrease due to polymer
presence at the surface. DSC analysis showed increase in the crystallization
temperature for PPS-CNF composites signifying the nucleating ability of CNFs. For
PPS-7 wt% graphite-CNF composites, percolation threshold was found at 0.05 wt%
CNF. With the addition of CNF in PPS-7 wt% graphite, the interjunction capacitance
increased proving the parallel model and also the occupation of CNFs in the
interspace of graphite particles. Increase in the effective dielectric constant at low
frequency (0.01 Hz) with increase in the loading of CNF also proved the occupation
of CNFs in the graphite interspace. Decrease in the aggregate resistance was
understood qualitatively from the work function of individual components. Melt
crystallized samples exhibited higher percolation threshold when compared to powder
mixed one ie., 7 wt% CNF for binary composites due to decrease in the viscosity of
the polymer at 300°C which would have resulted in more separation of CNFs. Finally
the percolation thresholds in the hybrid composites were found to have inverse

relation with aspect ratio of second conducting fillers.
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5.1. Introduction

Isotactic polypropylene (iPP) is an important stereo regular polymer which is semi
crystalline in nature. It exhibits three polymorphs under different conditions. The
most common phase, a form has monoclinic structure. Less common phases are 3

and y forms and they exist in hexagonal and triclinic structures respectively. The

XRD profiles are shown in Figure 5.1.1.

Intensity

w=1arm

Figure 5.1.1. XRD patterns of polymorphs of iPP
The lattice parameters of different polymorphs of iPP are given in Table 1. § phase

can be induced by adding nucleating agents and also tuning the processing conditions

as this phase is more uncommon. It is identified from the XRD pattern shown in
Figure 5.1.1 in which a peak at 20 corresponding to16° signifies the presence of B
phase. High content of [ phase crystals can be produced by shear induced

crystallization®.
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Table 1
Lattice parameters of iPP polymorphs
Polymorphs of iPP Lattice parameters

a(A)  b(AY)  c(A”) o B Y
a form - Monoclinic 6.65 20.96 6.50 90 99.3 90
B form - Hexagonal 19.08 19.08 6.49 90 90.0 120
y form - Orthorhombic 8.94 9.93 42.41 90 90.0 90

Li et al.? have reported that more than 90% [ phase can be induced by adding pimelic
acid based nucleating agents under compression molding. Garbarczyk®* has reported
series of crystalline substances like 2-mercapton-benzimidazole, triphenodithiazine,
phenothiazin, anthracene and phenanthrene as nucleating agents. Various mechanisms
of formation of p phase have been outlined by Li et al.”.

The y form®’ of iPP was first noticed in 1960 and could be generated by different

& or with the

methods. It is mainly produced by crystallization at elevated pressure
addition of ethylene and butene® with iPP. The crystallization characteristic of a-iPP
has been studied in detail under isothermal and non-isothermal conditions. The
morphology and crystallization of iPP have been reviewed by Varga™ and Clark™.

Electrically conducting composites with graphite in grafted PP has been reported by

|.12

Shen et al.”” where the composites were prepared by solution mixing and the

1. have studied the

percolation threshold reported was 0.67 vol%. Kalaitzidou et a
flexural and electrical properties of exfoliated graphite-polypropylene
nanocomposites prepared by melt mixing technique and the electrical percolation

.1 studied ac

threshold of these nanocomposites obtained was 0.3 vol %. Zois et a
conductivity and dielectric constant of polypropylene/carbon black (PP/CB)
composite systems, whose percolation threshold was calculated to be 6.2 wt %.
Gopakumar et al.”® have studied PP-natural graphite, PP-g-MA-graphite composites
by melt blending method. They reported the formation of B phase. Katbab et al.’®
have studied the electrical properties of PP-EPDM dynamically cross linked

thermoplastic vulcazinate-expanded graphite composites prepared by melt mixing

route. They have also discussed the effect of microstructure of graphite on the
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electrical conductivity and melt rheology. Electromagnetic shielding efficiency of
graphite filled polypropylene was reported by Sawai et al.'’. Towards the
development of bipolar plates for fuel cell applications, highly loaded PP-graphite
conducting binary and hybrid composites with CNF and CB have been reportedlg. In
such hybrid composites, the loading of second conducting filler was very high. The
percolation threshold of PP-synthetic graphite was reported to be 25 wt%"® after
injection molding. In many injection molded PP-graphite based hybrid composites,
electrical conductivity was studied with high loading of the second conducting
component grater than 15 wt%”’. Naficy et al.?! have reported electrical and
mechanical properties of PP/PA6 blends with super conductive carbon black. They
also investigated the effect of extensional flow on microstructure, mechanical and
electrical properties of the blend. Cerezo et al.** have investigated morphology,
thermal stability and mechanical behavior of PP-g-MA layered expanded graphite
oxide composites. They had shown that the degradation temperature of the polymer
was increased when expanded graphite oxide was mixed with the polymer. Further
incorporation of expanded graphite oxide in PP-g-MA increased the storage modulus
of the composite. Kalaitzidou et al.*® have investigated thermal, viscoelastic and
barrier properties of PP-exfoliated graphite nanoplatelets as a function of aspect ratio
of the platelets. The composites were prepared by melt mixing and followed by
injection molding. They showed by properly orienting exfoliated graphite
nanoplatelets, coefficient of thermal expansion of the matrix can be reduced in two
directions. Further the thermal conductivity of the composites was found to increase
with the filler addition.

Though wealth of informations is available on the electrical conductivity variation in
PP based binary composites, there seems to be void as far as hybrid composites are
concerned. Few reports on hybrid composites show that very high loading of both
fillers is employed for product development. There are no reports found in the
literature on the dc and ac behavior of hybrid composites nearer to percolation
threshold. With the aim to address ac as well as dc behavior nearer to the percolation
threshold, studies on PP based binary and hybrid composites have been carried out as

explained further in the present chapter.
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A. Powder Mixed Samples
5.2. PP-graphite and PP-graphite-CB Composites
5.2.1. DC Conductivity Study of Powder Mixed PP-graphite Composites
In order to understand the effect of addition of second conducting filler on the
electrical conductivity, PP-graphite binary composites have been prepared and

studied first.
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Figure 5.2.1. DC conductivity of PP-graphite composites

The above Figure 5.2.1 shows the variation of dc conductivity of PP-graphite
composites. The percolation threshold can be identified at 10 wt% graphite as
insulator to semiconductor transition starts there. The variation in in-plane (pll) and
through plane (pdr) conductivity is appreciable below the percolation threshold. At
higher loading not significant difference between the two conductivities is observed
implying anisotropy is nearly equal to one. This value of anisotropy reflects the case
of well dispersed state of filler particles in the polymer matrix. After 30 wt% graphite,
the conductivities become saturated due to completion in the network formation
between fillers. Below percolation threshold, the network would not have resulted
and hence the composites behave as insulators.

5.2.2. Effect of Heat Treatment on the Electrical Conductivity

Effect of heat treatment on the electrical conductivity of powder mixed PP-graphite
composites has been studied. The composites were sintered at 140°C above the T, of

PP for one hour. Through plane conductivity increases to about one order than in-
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plane conductivity which is noticeable after 20 wt% graphite loading in PP as shown

in Figure 5.2.2.
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Figure 5.2.2. DC conductivity of PP-graphite composites after sintering
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Figure 5.2.3. Through plane conductivity of PP-graphite composites before
and after sintering
The through plane conductivity after sintering increases by more than an order at low
loading of graphite. Similar difference in the conductivity exists at 30 wt% graphite
loading. After that, both values coincide due to complete network formation. XRD

analysis is used to explain the observed effect and discussed below.
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5.2.3. XRD Analysis of PP-graphite Binary Composites
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Figure 5.2.4. XRD patterns of graphite part of a) PP-10 wt% graphite b)
PP-40 wt% graphite
It is clear from Figure 5.2.4.a and b that after sintering, reduction in the intensity of
002 reflection of graphite occurs. The increase in FWHM after sintering can be
observed. The shift in 2 Theta value towards lower value is very less. Since sintering

is done well above the T, of the polymer, chain movement causes the graphite planes
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to re-orient along through thickness direction. This results in decrease in the intensity
of 002 reflections. It should be noted that the crystallite size reduction is not much
when compared PES based systems after sintering. As PP does not have any polar
group, the polymer penetration in to the graphite plane is not significant. Table 2

describes various parameters extracted from the XRD analysis of PP-graphite

composites.
Table 2
XRD analysis of PP-graphite composites
Sample 2 Theta Intensity Crystallite Size t’
(nm)

BS AS BS AS BS AS
PP-10wt% Graphite | 26.462 26.309 | 59162 56734 | 67.6 64.2
PP-20wt% Graphite | 26.462 26.360 | 111039 85987 | 67.6 64.2
PP-30wt% Graphite | 26.377 26.360 | 168405 147195 | 67.6 64.2
PP-40wt% Graphite | 26.377 26.326 | 310864 211194 | 67.59 64.2

BS- before sintering, AS- after sintering

The above Table 2 shows that the crystallite size of graphite is reduced by ~ 3 nm for
all samples. The intensity reduction exists after sintering supporting re-orientation of
graphite 002 planes. Since sintering causes the graphite planes on the surface to re-
orient towards through thickness direction resulting in more polymer penetration on
the surface under investigation. This is reflected in the XRD of PP part as shown
below in Figure 5.2.5. More polymer on the surface of the composites results in

decrease in the in-plane conductivity after sintering.
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Figure 5.2.5. XRD pattern of PP part of PP-40 wt% graphite
The intensity of major peaks of PP i.e., (110) and (040) increases after sintering
indicating the presence of more polymer on the surface of the pellet due to polymer
chain movement.

5.2.4. Electrical Conductivity Variation in PP-graphite-CB Hybrid Composites
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Figure 5.2.6. DC conductivity of PP-7 wt% graphite-CB hybrid composites
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In order to understand the effect of addition of CB nearer to the percolation threshold
of PP-graphite composites, a particular composition namely PP-7 wt% graphite has
been chosen. Up to 2.2 wt% CB addition in PP, the hybrid composites behave as
insulators as there may not be network formation between fillers. Above 2.2 wt% CB
in PP-7 wt% graphite, the through plane (Pdr) and in-plane (Pll) conductivities
increase by more than five orders reflecting the formation of network between filler
particles. Both conductivities remain more or less the same within the experimental
error suggesting less anisotropy. To achieve the conductivity of what is obtained from
PP-7 wt% graphite-2.35 wt% CB, 15-20 wt% of graphite without CB will be required.
Thus the overall filler amount can be reduced in hybrid composites. Further the
density of graphite is much higher than CB so that reducing graphite amount will
reduce the product weight made out of these hybrid composites. Thus hybrid
composites are very effective in reducing the percolation threshold as well as the total
amount of filler to achieve a particular value of electrical conductivity. In order to
understand the effect of carbon black on the through plane conductivity of hybrid
composites, dc electrical conductivity variation of PP-CB binary composites with

respect to CB loading has been studied and shown in Figure 5.2.7.
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Figure 5.2.7. DC conductivity variation of PP-CB powder mixed composites
The dc conductivity variation of PP-CB composites shows that the percolation
threshold lies at 5 wt%. Thus up to 4 wt% CB addition in PP-7 wt% graphite, the
conductivity enhancement can be due to the occupation of CB in intergraphite space

reducing the barrier for the charge transport. Without graphite, PP-4 wt% CB behaves
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as an insulator. This point will be proved in the effective dielectric constant
measurement section of PP based hybrid composites.

5.2.5. Frequency Dependent Conductance of PP-7 wt% graphite-CB Hybrid

Composites

Figure 5.2.8.a shows the variation of conductance of PP-7 wt% graphite-CB hybrid
composites with varying concentration of CB. It is clear that PP-7 wt% graphite-2.2
wt% CB remains as insulator as this composition shows the variation of conductance
typical to that of an insulator. For insulators, the conductance increases with the entire

frequency range.
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Figure 5.2.8. a) AC conductance b) Effective dielectric constant vs frequency of PP-7
wt% graphite-CB hybrid composites
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With further addition of CB, plateau region appears representing dc conductance of
the composite as the barrier for the charge transport is decreased. The frequency at
which the conductance starts increasing is shifted to higher value with higher loading
of CB implying the enhanced conductance of samples. The increase in the
conductance with the addition of 2.35 wt% CB in PP-7 wt% graphite is attributed to
the occupation of CB in the intergraphite space. Without graphite, the range of CB
loadings employed will result in insulating composites. To verify this particular
aspect, effective dielectric constant of hybrid composites with respect to frequency
and CB content has been measured and shown in Figure 5.2.8.b. Considering
conducting particle-polymer-conducting particle assembly as a parallel plate capacitor,
occupation of CB in between graphite particles will be equivalent to decreasing the
distance between parallel plates. Hence the effective dielectric constant and
interjunction capacitance should increase with CB addition. Increase of effective
dielectric constant by six orders for 2.35 wt% CB in PP-7 wt% graphite when
compared to 2.2 wt% CB in the same at 0.01 Hz proves the point. Thus CB
predominantly occupies intergraphite space.

5.2.6. Charge Transport in PP-7 wt% graphite-CB Hybrid Composites

Table 3

Exponent ‘n’ from ac conduction plot

Sample Exponent ‘n’
1. PP-7 wt% graphite-2.2. wt% CB 1.34
2. PP-7 wt% graphite-2.35 wt% CB 0.87
3. PP-7 wt% graphite-2.75 wt% CB 0.56

It is clear from Table 3 that the exponent ‘n’ obtained from the slope of ac
conductance vs frequency is less than one for loading of CB greater than or equal to
2.35 wt% in PP-7 wt% graphite signifying hopping conduction. From the following
equation 1, the exponent ‘n’ is obtained.

Zwt=60+A(Dn (1)
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Y ot - total conductivity, oo - DC conductivity and n — exponent (<1 for hopping

conduction). Below 2.35 wt% CB in PP-7 wt% graphite, the charge transport is

coupled with capacitive effects as the exponent becomes greater than one.

5.2.7. Impedance Analysis of PP-7 wt% graphite-CB Hybrid Composites
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Figure 5.2.9. Impedance plots of a) PP-7 wt% graphite b) PP-7 wt% graphite-2.75

wt% CB
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The insulating PP-7 wt% graphite and conducting PP-7 wt% graphite-2.75 wt% CB
impedance plots are shown in Figure 5.2.9.a and b respectively. With the addition of
more CB, semicircular response in Argand plane can be clearly seen, suggesting that
the material can be replaced by parallel resistor-capacitor with a series resistor
equivalent circuit as described in Chapter-3. Furthermore, the diameter of the
semicircle represents dc resistance of the sample which decreases with more CB
loading in the hybrid composites. This will be the case for conducting samples. The
interjunction capacitance can be calculated when real and imaginary parts of
impedance become equal at a particular frequency ®max. The interjunction
capacitance C is calculated by the following equation

C =1/ (®max Rp) (2)
Where R;, is the bulk resistance.
Table 4 describes various model parameters. It can be seen that the interjunction
capacitance indeed increases with the addition of CB in PP-7 wt% graphite. It
increases to 52.2 pF for 2.75 wt% CB addition in PP-7 wt% graphite from 31 pF for 0
wt% CB in the same. Thus the model assumed earlier i.e., CB particles predominantly
occupy intergraphite space is true. With the addition of 2.75 wt% CB, the bulk
resistance drops down signifying that the composite has become more conducting.
Table 4

Impedance parameters extracted from the model for PP-graphite-CB system

Sample Ra(Ohm) R,(Ohm) C (pF)
1. PP-7 wt% graphite 600 6.8x10" 31.0
2. PP-7 wt% graphite-2.75 wt% CB 300 16400 522

It is worth to note that the aggregate resistance also decreases with increase in the CB
loading. This phenomenon can be explained in terms of work function of individual
components. The work function of PP is 5.7 ev?* and that of graphite is 4.6 eV. The
work function of CB is 4.8 eV as mentioned in Chapter-3 for PES-graphite-CB
system. Without CB, for the charge transport from polymer to graphite, a barrier of

1.1 eV needs to be crossed by the charges as the barrier is essentially the difference in
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work function of materials in contact. When CB particles lie in between polymer and
graphite, a barrier of 0.9 eV need to be crossed by the charges. Thus if more CB
particles are found in between polymer and graphite, more charges will be transported
to graphite via CB and hence the aggregate resistance decreases. This configuration
can be considered as being connected in series through out the sample volume and
hence charge transport occurs from one end of the electrode to the other. It should be
remembered that a potential is applied for measuring resistance which drives the
charges in one direction. The work function diagram is schematically represented in
Figure 5.2.10.

Vacuum

Graphite
CB

Polymer

4.6 eV

\ 4
4.8 eV

v
5.7eV
Figure 5.2.10. Work function diagram of components in hybrid composites

5.2.8. DSC Analysis of PP-graphite Composites
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Figure 5.2.11. DSC cooling curve of PP and PP-10 wt% graphite
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The first cycle cooling curve of pure PP and PP-10 wt% graphite is shown in Figure
5.2.11. The crystallization temperature and change in enthalpy of crystallization are

mentioned in Table 5 as given below.

Table 5

DSC analysis of PP, PP-graphite composite

Sample T. (°C) AH. (J/g)
PP Pure 110.03 114.53
PP-10wt% graphite 119.25 81.78

The increase in the crystallization temperature to 9°C with the addition of graphite in
PP reflects the nucleating ability of graphite particles. However, the crystallinity of
the polymer decreases because of agglomeration of graphite particles reducing the
effective crystallized portion in the composite. It has been reported for PP-synthetic
graphite composites prepared by melt mixing that the crystallization temperature
increases by 20°C for 60 wt% graphite in PP*’. However the grade of PP and the one
used in our research are different along with graphite and the processing routes. From
XRD analysis, the crystallinity in this grade of PP has been reported to be ~60% by
Khare et al. .

5.3. PP-ExGr, PP-graphite-ExGr Composites

5.3.1. DC Conductivity Study of PP-ExGr Composites
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Figure 5.3.1. DC conductivity of powder mixed PP-ExGr composites
Percolation type variation of dc conductivity of PP-ExGr composites can be seen

from Figure 5.3.1. The percolation threshold can be identified at 4 wt%. Expanded
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graphite particles were sonicated before mixing with PP leading to the formation of
nanosheets. Before the percolation threshold, significant variation in in-plane (pll)
and through plane conductivities (pdr) can be seen. At least one order difference in
the two conductivities can be noted. In-plane conductivity is higher than the through
plane due to the alignment of nanosheets along the surface of the pellet as high
pressure compaction was employed for making pellets. Above the percolation
threshold, both conductivities more or less match signifying unit anisotropy. The
saturation in conductivities occurs above 10 wt% ExGr due to complete network
formation between the filler nanosheets. Below the percolation threshold insufficient
formation of network causes the composites to remain as insulators.

5.3.2. Percolation Exponent of PP-ExGr Composites
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Figure 5.3.2. Log Gpar vs Log (V-V.) plot of PP-ExGr composites
As explained in chapter-3 for PES-graphite composites, plot of Log Gpar vs. Log (Vs -
V.) yields percolation exponent where the symbols have their usual meaning. For this

system the exponent obtained is 1.63 which is close to that of 3D network.
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5.3.3. Effect of Heat Treatment on the Electrical Conductivity of PP-ExXGr
composites
In order to understand the effect of heat treatment on the electrical conductivity of
PP-ExGr composites, the composites were sintered at 140°C below the melting
temperature of PP (~165°C) for one hour as no significant variation in electrical
conductivity above this time was observed. There is a significant increase in the
through plane conductivity (Sigma pdr) after sintering below saturation compositions
which has been shown in Figure 5.3.3. The increase in the conductivity can be

explained on the basis of XRD results.
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Figure 5.3.3. Through plane conductivity variation before and after sintering of PP-
ExGr composites

5.3.4. XRD Analysis of PP-ExGr Composites
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Figure 5.3.4. XRD patterns of a) PP-1 wt% ExGr b) PP-3 wt% ExGr powder mixed
composites

The above XRD patterns show the graphite part of PP-1 wt% ExGr and PP-3 wt%
ExGr before and after sintering. It is clear from the diffractograms that after sintering,
the crystallite size decreases as FWHM corresponding to 002 reflections of graphite
increases. The crystallite size reduction leads to better dispersion and increased
surface area resulting in better contact between filler particles along the through
thickness direction and hence the corresponding conductivity increases. The intensity
of 002 reflection of graphite is reduced after sintering but not to that extent observed
in the case of PES based composites. Reduction in 2 Theta after sintering signifies
polymer penetration in to the graphite planes. High pressure compaction followed by
heat treatment would have pushed polymer chains in to the layers of graphite. As
there are no functional groups present in PP, one has to arrive at the above conclusion.
Table 6 summarizes various parameters extracted from the XRD analysis of PP-ExGr

composites.
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Table 6
XRD analysis of PP-ExGr composites
Sample 2 Theta Intensity Crystallite Size (t’)
(nm)

BS AS BS AS BS AS
PP-1wt% Expanded | 26.695 26.544 1308 1212 | 28.5 25.2
Graphite
PP-3wt% Expanded | 26.679 26.477 | 3805 3603 | 28.5 24.8
Graphite
PP-4wt% Expanded | 26.562 26.377 | 3961 3745 | 28.5 24.5
Graphite

Crystallite size reduction and re-orientation of graphite 002 planes after sintering can
be understood from the above Table 5.

5.3.5. Effect of EXGr on the DC Conductivity of PP-7 wt% graphite Composite
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Figure 5.3.5. DC conductivity of PP-7 wt% graphite-ExGr composites
The dc through plane conductivity (Sigma pdr) of PP-7 wt% graphite with the

addition of ExGr after sonication in acetone for five hours is shown in Figure 5.3.5.
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Up to 0.75 wt% ExGr addition, the composites behave as insulators due to
insufficient network formation between fillers. Above 0.75 wt% ExGr, the
conductivity starts increasing and saturates at 3 wt% because of completion of
network formation between the filler particles. The increase in the conductivity could
be due to the occupation of ExGr nanosheets in the interspace of graphite particles as
without ExGr sheets, PP-7 w% graphite behaves as an insulator and without graphite,
PP-ExGr composites up to 4 wt% are insulators. Thus it can be concluded that the
occupation of ExGr particles in the interspace of graphite reduces the barrier for the
charge transport and hence the conductivity increases. This point can be proved by
studying ac behavior of the hybrid composites.

5.3.6. Frequency Dependent Conductance of PP-7 wt% graphite-ExGr

Composites
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Figure 5.3.6. a) AC conductance b) Effective dielectric constant vs frequency of PP-7
wt% graphite- x wt% ExGr composites (x = 0.75, 1, 1.5)
With the addition of 0.75 wt% ExGr in PP-7 wt% graphite, the composite exhibits
typical variation of conductance corresponding to that of insulators in the entire
frequency range. With 1 wt% ExGr addition, plateau region originates indicating
higher dc conductivity and the frequency dependent conductance starts at higher
frequency. There exists at least eight orders increase in dc conductance for 1.5 wt%
ExGr in PP-7 wt% graphite when compared to 0.75 wt% ExGr in the same. This has
been shown in Figure 5.3.6.a. Conducting particle-polymer-conducting particle
configuration can be thought of as a parallel plate capacitor with dielectric in between.
When the second conducting particles occupy the interspace between the first
particles, the interparticulate distance is decreased eventually leading to increase in
effective dielectric constant and interjunction capacitance. To prove this point the
effective dielectric constant variation with frequency has been measured and shown
in Figure 5.3.6.b. It can be seen that the effective dielectric constant decreases with
increase in the frequency and after some frequency practically remains constant. The
effective dielectric constant of 1.5 wt% ExGr in PP-7 wt% graphite at 0.01 HZ is
more than four orders higher than that of 0.75 wt% ExGr in the same. As already
mentioned without ExGr, PP-7 wt% graphite will be an insulator and whose dielectric

constant remains very low. Similarly without graphite PP-1.5 wt% ExGr will behave
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as an insulator which will also exhibit a low dielectric constant. Therefore it can be
concluded that the ExGr nanosheets will occupy predominantly intergraphite space
with the range of loading employed in the hybrid composites.

5.3.7. Charge Transport in PP-7 wt% graphite-ExGr Hybrid Composites

Table 7

Exponent ‘n’ from equation 1 for PP-7 wt% graphite-ExGr hybrid composites

Sample n

1. PP-7 wt% Graphite-0.75 wt% ExGr 2.245
2. PP-7 wt% Graphite-1 wt% ExGr 2.133
3. PP-7 wt% Graphite-1.5 wt% ExGr 0.642

Table 7 shows the exponent ‘n’ variation, evaluated from the slope of conductance vs
frequency plot (after conductance starts increasing with frequency), which decreases
with ExGr addition. For 1.5 wt% ExGr in PP-7 wt% graphite, it is less than one
signifying hopping conduction. For other compositions below 1.5 wt% ExGr in the
same, the charge transport is coupled with capacitance effects.

5.3.8. Impedance Analysis of PP-7 wt% graphite-ExGr Composites
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Figure 5.3.7. Impedance plots of a) PP-7 wt% graphite-1 wt% ExGr b) PP-7 wt%
graphite-1.5 wt% ExGr powder mixed composites
In order to evaluate interjunction capacitance of hybrid composites, impedance
measurement has been carried out. As already mentioned in previous Chapters that a
conducting polymer composite can be replaced by an equivalent circuit which
comprises of parallel resistor-capacitor connected to a series resistor. It can be seen
from the impedance plots of PP-7 wt% graphite-1 wt% ExGr and PP-7 wt% graphite-
1.5 wt% ExGr shown in Figure 5.3.7.a and b respectively that they trace semicircle in
Argand plane and hence parallel model can be invoked. With the addition of more
ExGr, the diameter of the semicircle decreases indicating enhanced conductivity of
samples. Various model parameters after fitting the experimental points to parallel

model are given in Table 8.

193



Chapter 5

PP based composites

Table 8

Model parameters for PP-7 wt% graphite-ExGr hybrid composites from impedance

measurement
Sample R, (Ohm) R, (Ohm) C (pF)
1. PP-7wt%graphite- 0.75 wt% ExGr | 400 3.2x10" 37.0
2. PP-7wt%graphite- 1 wt% ExGr 300 5.1x10° 49.0
3. PP-7wt%graphite- 1.5 wt% ExGr 100 1074 61.7

R, refers to the aggregate resistance, R, represents bulk resistance of the sample and
C is the interjunction capacitance.

It is vivid from the above Table 8 that addition of 1.5 wt% ExGr in PP-7 wt%
graphite decreases the bulk resistance by eight orders when compared to 0.75 wt%
ExGr addition in the same. Also it can be noted that the interjunction capacitance
increases to 61.7 pF for PP-7 wt% graphite-1.5 wt% ExGr from 37 pF for PP-7 wt%
graphite-0.75 wt% ExGr. Thus the assumption of occupation of ExGr nanosheets
predominantly in between graphite particles is true. It can also be gauged from Table
8 that the aggregate resistance decreases with the addition of ExGr. When two
materials of different conductivities contact each other, work function of them comes
in to picture for the charge transfer. Since the ExGr work function is not reported in
the literature, it is presumed that it will be higher than that of graphite as it has less
conductivity than graphite. When ExGr nanosheets lie in between polymer and
graphite, the barrier is reduced for the charge transport and hence the aggregate

resistance decreases with increase in ExGr loading.
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5.3.9. SEM Analysis of PP-ExGr Composites

Figure 5.3.8. SEM image of cross section of PP-6 wt% ExGr composite

The nanosheets formed after sonication of porous expanded graphite can be clearly
seen in the above Figure 5.3.8. Since the aspect ratio of them is high facilitating better
contact between them at low loading resulting in low percolation threshold. The
sheets connecting the adjacent ones can be seen.

5.3.10. DSC Analysis of PP-ExGr Composites

As crystallization effects are focused, only the cooling cycle of the DSC thermogram
is shown in Figure 5.3.9. The crystallization temperature of the polymer matrix
increases when ExGr is added to PP. It is clear from the Figure 5.3.9 that an
increment of 14°C in the crystallization temperature for 4 wt% ExGr in PP prepared

by powder mixing route results indicating the nucleating ability of the filler.
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Figure 5.3.9. DSC of PP pure, PP-1 wt% ExGr and PP-4 wt% ExGr
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Table 9 summarizes various parameters extracted from the DSC analysis of PP-ExGr
composites. The crystallinity decreases with the loading of ExGr as obtained for PP-
graphite composites reflecting the agglomerated state of filler particles. An
enhancement of 14° in the crystallization temperature reflects the nucleating ability of
filler particles. Since the increase in T, for 4 wt% ExGr in PP is higher than 1 wt%
Exgr in the same, the value of that composite is reported in Table 9.

Table 9

DSC analysis of PP-ExGr and PP-7 wt% graphite-ExGr composites

Sample T. (°C) AH, (J/g)
1. PP Pure 110.03 114.53
2. PP-4 wt% ExGr 123.70 107.20

5.4. PP-CNF and PP-graphite-CNF Composites
5.4.1. DC Conductivity of PP-CNF Binary Composites
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Figure 5.4.1. DC conductivity variation of PP-CNF powder mixed composites
The above Figure 5.4.1 shows that the percolation threshold for PP-CNF binary
composites lies at 0.2 wt% due to high aspect ratio of CNF. Below percolation
threshold, the composites behave as insulators and above that they become more

conducting due to the formation of network between fillers. After 3 wt% CNF, the
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conductivities saturate due to completion in the formation of network. It can be seen
that both in-plane (P1l) and through plane (Pdr) conductivities remain more or less the
same signifying unit anisotropy reflecting better dispersion of fillers in the polymer
matrix. At lower loading in-plane conductivity is slightly higher than the through
plane one.

5.4.2. Dimension of Network Formation in PP-CNF Composites

104

Log Sigma Pdr (s/cm)
-
1

0.1

0.1 1 10

Log (V,-V)

Figure 5.4.2. Log conductivity vs Log (V¢Vc) plot
In order to find out the dimension of network formation between fillers, percolation
equation mentioned in Chapter 3 has been used to evaluate the same. A plot of log
conductivity vs log (V¢ -Vc) leads to the exponent ‘t’’” where the symbols have the
usual meaning as mentioned in equation 1 in Chapter-3. For these composites, a value
of 1.1 is obtained which is close to that of two dimensional network formation values
as reported for other systems also?. Through plane conductivity is considered for the

evaluation of the exponent.
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5.4.3. SEM Analysis of PP-CNF Composites

Figure 5.4.3. SEM pictures of cross section of PP-7 wt% CNF composite

Figure 5.4.3 shows SEM pictures of cross section of PP-7 wt% CNF composites in
different magnifications. The interpenetrating and high aspect ratio carbon nanofibers
burried in the polymer matrix can be clearly seen. The high aspect ratio CNFs lead to
better contact between them at low loading itself resulting in low percolation
threshold.

5.4.4. Electrical Conductivity of PP-graphite-CNF Hybrid Composites

In order to understand the effect of high aspect ratio filler namely CNF as second
conducting filler in PP-graphite composites, hybrid composites with different CNF
loading in PP-7 wt% graphite composite have been prepared by powder mixing route.
The variation of through plane conductivity (Sigma pdr) with varying loading of
second conducting component namely the CNFs is shown in Figure 5.4.4. The
percolation threshold lies well below 0.2 wt%. Taking the average, it lies at 0.1 wt%
CNF. Such a low percolation threshold is obtained due to nanofiber surface area and
the occupation of them in between graphite particles reducing the barrier for the

charge transport.
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Figure 5.4.4. Through plane conductivity of PP-7 wt% graphite-CNF composites
After 1 wt% CNF in PP-7 wt% graphite, saturation in the conductivity is obtained due
to completion in the network formation.

5.4.5. AC Behavior of PP-graphite-CNF Composites
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Figure 5.4.5. a) AC conductance b) Effective dielectric constant vs frequency of PP-7
wt% graphite-CNF composites
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In order to find out charge transport in PP-7 wt% graphite-ExGr hybrid composites,
room temperature ac conductance with respect to loading of second conducting filler
namely CNFs has been studied. Without CNF addition in PP-7 wt% graphite, the
composite exhibits insulating behavior as plateau region is absent and the
conductance starts increasing with the frequency. With the addition of CNF, plateau
region appears and the frequency dependent conduction starts at high frequency. With
higher loading of CNF, the plateau region extends further and the frequency at which
the conductance starts increasing is shifted to higher value. To find out charge
transport in these hybrid composites a plot of log Sigma vs. log F is made which

yields a slope as mentioned in equation 1.

Table 10
Exponent ‘n’ extracted from equation 1
Sample ‘n’

1. PP-7wt% Graphite 2.409
2. PP-7wt%Graphite-0.2wt% CNF 2.343
3. PP-7wt%Graphite-0.5wt% CNF 2.280
4. PP-7wt%Graphite-0.7wt% CNF 1.887
5. PP-7wt%Graphite-1wt%CNF 0.110

Table 10 summarizes exponent ‘n’ values for different loadings of CNF in PP-7 wt%
graphite. It is clear that for 1 wt% CNF in PP-7 wt% graphite, the charge transport is
by hopping mechanism as the exponent is less than one. For other compositions it is
coupled with capacitive effect. Since the investigated ranges of compositions are
above the percolation threshold, the occupancy of CNF in the interspaces of graphite
can be proved by studying the ac behavior of binary composites. In Figure 5.4.5.b, the
increase in the effective dielectric constant can be attributed to both CNF-polymer-
CNF and graphite-polymer-CNF-polymer-graphite junctions. In order to delineate the
effect due to the occupancy of CNFs in the intergraphite space, ac behavior of PP-

CNF binary composites are discussed below.
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5.4.6. AC Behavior of PP-CNF Binary Composites
The effective dielectric constant variation with frequency of PP-CNF binary

composites is shown in Figure 5.4.6.
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Figure 5.4.6. Effective dielectric constant vs. frequency of PP-CNF composites
On comparing the effective dielectric constant of PP-0.2 wt% CNF with PP-7 wt%
graphite-0.2 wt% CNF composites, one order enhancement in the same at 0.01 Hz is
due to the occupancy of CNF in the intergraphite space. The same is true for 1 wt%
CNF in PP-7 wt% graphite. In this conducting sample especially in the binary
composite, two CNFs with polymer in between constitutes parallel plate capacitor and
the increase in the effective dielectric constant can be attributed to only CNF
distribution. The effective dielectric constant at 0.01 Hz is ~10°. The same is
increased to 10" when mixed with PP-7 wt% graphite. Since PP-7 wt% graphite is an
insulator, one order increase in the effective dielectric constant is due to graphite-
CNF-graphite configuration with polymer in between. Similarly the increase in the
interjunction capacitance between binary and hybrid composites for the same loading
of CNF can be used to find out the effect of CNF occupation in between graphite
particles on the electrical conductivity. Impedance analysis of both binary and hybrid

composites are shown in Figure 5.4.7.
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5.4.7. Impedance Behavior of PP-CNF Binary Composites
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Figure 5.4.7. Impedance plots of a) PP-0.2 wt% CNF b) PP-1 wt% CNF

Figures 5.4.7.a and b show impedance plots of 0.2 and 1 wt% loadings in PP

respectively. The plots clearly show that with the addition of CNF, the diameter of the

semicircle decreases signifying enhanced conductance of samples. The semicircular
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response of the composite with higher loading of CNF in Argand plane suggests that
parallel model can be used to fit the experimental data. Table 11 summarizes various
parameters extracted from the impedance plots of PP-CNF binary composites.

Table 11

Model parameters for PP-CNF composites extracted from impedance measurement

Sample R, (Ohm) R, (Ohm) C (pF)
1. PP-0.2wt% CNF 300 1.26x10'" 32
2. PP-1wt% CNF 150 2100 68

Symbols have the usual meaning as explained in chapter-3. It is clear that with 0.2
wt% CNF addition in PP, the interjunction capacitance due to CNF-polymer-CNF
junctions is 32 pF. This result is useful to extract the interjunction capacitance due to
graphite-CNF-graphite junctions which is done after measuring the impedance
response of hybrid composites. The aggregate resistance decreases with the addition
of CNF due to better contact between the filler particles.

5.4.8. Impedance Analysis of PP-graphite-CNF Hybrid Composites

To calculate interjunction capacitance in hybrid composites, impedance behaviors of
PP-7 wt%-0.2 wt% CNF and PP-7 wt% graphite-0.7 wt% CNF samples have been
shown in Figure 5.4.8.a and b respectively. The samples exhibit semicircular response
which proves that they can be replaced by parallel model i.e., resistor-capacitor in

parallel configuration with a series resistor.
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Figure 5.4.8. Impedance plots of a) PP-7 wt% graphite-0.2 wt% CNF b) PP-7 wt%
graphite-0.7 wt% CNF

The bulk resistance decreases as signified by the reduction in the diameter of the

semicircle with higher loading of CNF. Table 12 summarizes various model

parameters extracted from the impedance behavior of samples fitted to parallel model.
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Table 12
Model parameters of PP-7 wt% graphite-CNF hybrid composites
Sample R,(Ohm) R,(Ohm) C(pF)

1. PP-7wt%Graphite 600 6.8x10" 31.0
2. PP-7wt%Graphite- | 500 3.76x10° 41.5
0.2wt%CNF
3. PP-7wt%Graphite- 250 52700 48.0
0.5wt% CNF
4. PP-7wt%Graphite- 200 14500 56.0
0.7wt% CNF

From the above Table 12 it can be seen that the addition of CNF decreases the bulk
resistance of the sample due to the reduction in the barrier for the charge transport.
The interjunction capacitance increases with CNF addition in PP-7 wt% graphite. For
0.2 wt% CNF in PP-7 wt% graphite, the interjunction capacitance obtained is 41.5 pF.
Without graphite, PP-0.2 wt% CNF exhibited 31 pF. Thus the increment in the
interjunction capacitance of 10 pF in hybrid composites is due to the occupation of
CNFs in the interspace of graphite particles. Similar argument shall be invoked for
other conducting samples as well. Further it can be noted that the aggregate resistance
decreases with the addition of CNF in PP-7 wt% graphite. This can be understood in
terms of work function of individual components. The work function of the polymer
is 5.7 eV and that of CNF is 5.0 eV. Graphite work function is 4.6 eV. In the absence
of graphite, for the charge transfer from the polymer to graphite a barrier of 1.1 eV
need to be crossed. When CNF is present in between the polymer and graphite, a
barrier of 0.7 eV needs to be crossed by the charges and hence more charges will be
transferred to graphite via CNF. Thus when CNF concentration is increased, more
CNFs will be found in between the polymer and graphite resulting in the enhanced
charge transport to graphite via CNF. Thus the aggregate resistance decrease can be
understood. The configuration of polymer-CNF-graphite can be connected in series

through out the volume of the sample and hence graphite-CNF-graphite junction can
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be realized. For the measurement of electrical resistance, field is applied which causes
the charges to flow along one direction.

5.4.9. DSC Analysis of PP-CNF, PP-graphite-CNF Composites

In order to prove the nucleating ability of CNF in PP, only cooling DSC thermogram
is shown in Figure 5.4.9. There exists 17°C enhancement in the crystallization
temperature of PP when 3 wt% CNF is added to PP. Similarly for PP-7 wt% graphite-
1 wt% CNF hybrid composites, the crystallization temperature increases by 15°C as

shown in Figure 5.4.10.
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Figure 5.4.9. DSC cooling curve of pure PP and PP-3 wt% CNF composite
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Figure 5.4.10. DSC cooling curve of PP-7 wt% graphite-1 wt% CNF
Since in hybrid composites both fillers are graphitic, there is no cumulative effect of

them in increasing the crystallization temperature of PP. However crystallinity
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becomes less which is signified by the decrease in the area of the crystallization curve
of filled PP when compared to that of pure PP. This could be due to agglomeration of
filler particles which reduces the effective area of crystallized portion in binary and
hybrid composites than pure PP. Table 13 summarizes different parameters extracted
from the DSC cooling curve.

Table 13

Parameters extracted from DSC cooling curve of PP-CNF and PP-7 wt% graphite-1
wt% CNF

Sample T.(°C) AH. (J/g)
1.PP Pure 110.30 114.53
2.PP-3wt% CNF 127.75 107.60
3.PP-7wt% Graphite-1wt% CNF | 125.16 98.26

The increase in the crystallization temperature is higher in the case of binary
composite than that of hybrid composite. The better dispersion in the former case
implying more polymer area will be in contact with the filler and hence T. and
crystallinity is higher than hybrid composite. In the later case, since the total loading
of fillers is high and can lead to agglomeration resulting in incomplete wetting of the
polymer.

5.5. Effect of Aspect Ratio of Second Conducting Filler on the Electrical
Percolation of Powder Mixed PP-graphite-filler (Filler-CB, ExGr and CNF)

The second conducting fillers are sonicated for five hours before mixing with the
polymer. The mixed polymer-filler system is sonicated further for half an hour before
being poured in a Petri dish for drying the solvent. The aspect ratio of them after
sonicating for five hours is taken for finding the diameter of CNF, thickness of
expanded graphite and the diameter of CB as mentioned in Chapter-4. The same
values have been taken as the conditions remain the same. It is obtained that the
electrical percolation thresholds of hybrid composites have inverse relation with the

aspect ratio of second conducting components as shown in Figure 5.5.
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Figure 5.5. Aspect ratio of second filler vs percolation threshold
B. Melt Crystallization
5.6. DC Conductivity of Melt Crystallized PP-graphite Composites
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Figure 5.6. Through plane conductivity of melt crystallized PP-graphite
composites

PP-graphite composites are melted at 180°C and then immediately transferred to
water. The polymer layer engulfing the composites on the surface is removed by
scratching with polish paper. The electrical resistance is measured along through
thickness direction.
Figure 5.6 clearly shows that the percolation threshold in melt crystallized PP-
graphite composites lies at 20 wt%. This is higher when compared to that obtained in
powder mixed samples (10 wt%). The increase in the percolation threshold can be

attributed to the increase in interparticulate distance due to the formation of
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transcrystals which will be proved in XRD analysis section. When the interparticulate
distance is increased, the barrier for the charge transport will become high eventually
resulting in poor conductivity.

5.6.1. XRD Analysis of Melt Crystallized PP-graphite Composites
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Figure 5.6.1. XRD patterns of melt crystallized PP-graphite composites
Five major reflections of monoclinic a.-phase of PP are given in the following Table

14.

Table 14
Standard reflections of alpha phase of PP
2 Theta Plane (hkl)

14.0 (110)
16.8 (040)
18.6 (130)
21.2 (131)
21.8 (111)
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Melt crystallized PP-graphite composites exhibit a strong b-plane orientation which is
revealed through increase in the intensity of 040 reflection of PP in XRD as shown in
Figure 5.6.1. The observed effect can be explained in terms of transcrystalline
morphology discussed as follows.
Semicrystalline polymers when reinforced with various types of organic/inorganic
reinforcements like fibers not only improve mechanical properties but also
morphology and crystallinity. Fibers may act as heterogeneous nucleating agents and
nucleate crystallization along the interface with sufficiently high density of nuclei.
These nuclei will hinder the lateral extension and growth in one direction namely
perpendicular to the fiber surfaces and result in columnar crystalline layers with
limited thickness. The mechanism by which transcrystalline layers occur is not fully
understood and there are no rules to predict the appearance of transcrystallinity in a
particular polymer matrix/fiber system. Fiber topography, surface coating of the fiber
and processing conditions of the composites have been reported to influence
transcrystallinity. The phenomenon is highly specific to filler-matrix combination.
The following factors have been reported for transcrystal formation.

1. Epitaxy between fiber and the matrix

2. Topography of the fiber

3. Mismatch of thermal coefficients between fiber and the matrix

4. Thermal conductivity of the fiber

5. Chemical composition of the fiber surface

6. Surface energy of the fiber

7. Processing conditions such as cooling rate, temperature etc.
Saujanya et al.?" have explained transcrystals formation in PET fiber filled PP
composites through lattice mismatch theory. From the lattice parameters of a-phase
of PP and with that of PET, the lattice mismatch between b-axis of PP and twice c-
axis of PET is less than 3% while that between c-axis of PP and b-axis of PET is less
than 8.5%. They further reported that the bc planes of PP crystals get aligned initially
along the fiber axis of PET fibers and subsequently these crystals grow with
preferential b-plane orientation. Thus the alignment of b-axis of PP cystallites gives

rise to change in intensity of 040 reflection . It is further reported when the lattice
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mismatch factor is less than 10%, epitaxial growth of one phase over the other can be
expected. According to lattice mismatch theory, the mismatch factor J is defined as

O = |pl-qlg / 15| x 100 (3)
Where | is the lattice parameter along any axis; p and q are integers. The subscripts s
and g represent substrate and growing media. The lattice parameters of graphite and
monoclinic a phase are given below.
Graphite : a=b=2.46 A°, ¢c=6.7 A°
PP :a=6.5 A°, b=20.9 A°, c=6.5 A°
The lattice mismatch factor is less than 3% when lattice parameter ¢ of graphite and a
and c of PP are considered. Thus ac planes of PP get aligned along the filler edges
and grow along the b-axis. The transcrystalline morphology increases the
interparticulate distance of fillers and hence in melt crystallized samples, the
percolation threshold is higher than that of powder mixed samples. For one
dimensional structure like CNT in PP prepared by solid state mechano chemical
pulverization process results in b-plane orientation®. Table 15 summarizes the XRD
analysis on the melt crystallized PP-graphite composites. Yukata et al.® have
reported for PP-CNT composites prepared by melt mixing route that when the
intensity ratio of of a-PP (110) reflection to (040) reflection is greater than 1.5, a-axis
of PP will be found along the surface. When the same is less than 1.3, a strong b-
plane orientation will be observed. In our case we observed b-plane orientation as the
ratio Iy10/Ipso after melt crystallization becomes less than 1.3. The b-plane orientation
of PP crystals is because of the formation of transcrystals at filler edges due to less

lattice mismatch.
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Table 15

XRD analysis of PP part of melt crystallized PP-graphite composites

Sample 2 Theta Intensity- Lia/Toao

I(Counts)

14.101 (110) 7874 2.12
16.872 (040) 3698 1.00

PP pure 18.538 (130) 3143 0.85
21.008 (131) 3611 0.98
21.802 (111) 3523 0.95
14.100 (110) 5661 0.62
16.853 (040) 9122 1.00

PP-5 wt% graphite | 18.537 (130) 2689 0.30
21.121 (131) 2445 0.27
21.835(111) 3243 0.36

5.7. PP-ExGr, PP-graphite-ExGr Melt Crystallized Composites

5.7.1. DC Conductivity of Melt Crystallized PP-ExGr Composites
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Figure 5.7. Melt crystallized a) PP-ExGr b) PP-7 wt% graphite-ExGr composites
Figures 5.7.a and b show electrical conductivity variation in melt crystallized PP-
ExGr binary and PP-7 wt% graphite-ExGr hybrid composites respectively. After
melting at 180°C, polymer coated filler forms sheet which up on scraping with polish
paper yields a fresh surface for electrical measurements. The percolation threshold in
binary PP-ExGr composites is at 6 wt% where as for powder mixed samples it is at 4
wt%. Sigma Pll refers to in-plane conductivity and Sigma Pdr refers to through plane
conductivity. In-plane conductivity is slightly higher than the through plane
conductivity. The transcrystals formation perpendicular to the filler surface results in
decrease in through plane conductivity. In PP-7 wt% graphite-ExGr hybrid
composites, the percolation threshold is identified at 3 wt% where as for powder
mixed hybrid composites it is at 0.7 wt%. The higher percolation threshold can be
attributed to the transcrystalline morphology of PP crystals which further increases
interparticulate distance in melt crystallized samples. The transcrystallinity is proved
by the strong b-plane orientation as evidenced by the XRD results.

5.7.2. XRD Analysis of Melt Crystallized PP-ExGr Composites

In order to find out any structural change of polymer due to melt crystallization
process, XRDs of few representative samples of PP-ExGr composites are shown in
Figure 5.7.1. They are compared with that of melt crystallized pure PP at the same
temperature. The intensity of (110) melt crystallized pure PP is higher than that of

other peaks. After sonication, ExGr nanosheets are added to PP and melt crystallized.
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The b-plane orientation of PP is due to transcrystals formed at the edges of the filler.

Expanded graphite essentially has graphite structure.
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Figure 5.7.1. XRD of melt crystallized pure PP, PP-1 wt% ExGr and PP-7 wt% ExGr
As explained in the section of PP-graphite melt crystallized samples, the lattice
mismatch factor of a and ¢ axes of PP and c-axis of graphite is less than 3% which
can induce transcrystals of PP with b-plane orientation. Similar result has been
reported for PP-CNT composites where CNT aids b-plane orienatation’” when
composites are prepared by mechano chemical synthesis. The formation of
transcrystals is due to the heterogeneous nucleation as many nucleating sites will be
existing on the surface as well as edges of the filler. The transcrystals increase the
interparticulate distance and hence melt crystallized samples exhibit higher
percolation threshold. XRD analysis of melt crystallized PP-ExGr is shown in Table
16. Since the intensity ratio of (110) to (040) is less than 1.3 for melt crystallized PP-
ExGr composites, a strong b-plane orientation exists. Anisotropy in dc electrical
conductivity of melt crystallized samples results due to higher through plane

resistance because of transcrystals growth perpendicular to the filler surface.
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Table 16

XRD analysis of PP part of melt crystallized PP-ExGr samples

Sample 2 Theta Intensity-I(Counts) Lia/Toao
14.137 (110) 4723 1.79
16.959 (040) 2637 1.00

PP pure 18.591 (130) 1973 0.75
21.158 (131) 1125 0.42
21.872 (111) 1780 0.68
14.130 (110) 2733 0.74
16.935 (040) 3635 1.00

PP-1 wt% ExGr
18.601 (130) 1395 0.38
21.168 (131) 1107 0.30
21.831 (111) 1406 0.39
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5.8. Melt Crystallized PP-CNF and PP-graphite-CNF Composites
5.8.1. DC Conductivity of Melt Crystallized PP-CNF Composites

1.00E+00 -
1.00E-02 -
1.00E-04 -
1.00E-06 - —e— Sigma pdr
1.00E-08 - —=— Sigma pll
1.00E-10 ~
1.00E-12 -

1.00E-14 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12

W1t% CNF

Log Sigma (S/cm)

(a)

1.00E+00 -
1.00E-02 +
1.00E-04 +
1.00E-06 -

—e— Sigma Pdr
1.00E-08 +

—=— Sigma PII

1.00E-10 +

Log sigma (S/cm)

1.00E-12 +
1.00E-14 -

1.00E-16 ‘ ‘ ‘ ‘
0 1 2 3 4

W1% CNF

(b)

Figure 5.8.1 Melt crystallized a) PP-CNF b) PP-7 wt% graphite-CNF composites
The melt crystallized PP-CNF binary composites exhibit a percolation threshold of 3
wt% as shown in Figure 5.8.1.a which is much higher than that of powder mixed
samples. For the later case the percolation threshold lies at 0.2 wt% CNF. The
increase in the percolation threshold is due to increase in the inter fiber distance

because of transcrystals formation which is reflected in the XRD as strong b-plane
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orientation is observed for melt crystallized samples. Sigma PII refers to in-plane
conductivity which is higher than the through plane conductivity denoted as sigma
Pdr. The transcrystals formed at the edges of the filler particles, would have arranged
in the perpendicular direction resisting the charge flow along that direction and hence
the through plane conductivity is found to be lesser than that of in-plane conductivity.
Similar trend is observed for PP-7 wt% graphite-CNF hybrid composites as shown in
Figure 5.8.1.b. The percolation threshold in hybrid composites is also increased.
Figure 5.8.2 clearly depicts the effect of processing routes on the through plane

electrical conductivity of PP-CNF binary composites.

1.00E+01
1.00E-01 +
1.00E-08 -
1.00E-05 +
1.00E-07 -
1.00E-09 +
1.00E-11 -
1.00E-13

—e— powder mix

—a— melt crystal

Log Sigma Pdr (S/cm)

W1t% CNF

Figure 5.8.2. Effect of processing route on the through plane conductivity of PP-CNF
binary composites
It can also be seen from the above Figure 5.8.2 that the through plane conductivity in
the saturation region of melt crystallized PP-CNF binary composites are lower than
that of the same prepared by powder mixing route. This is due to the fact that
transcrystals of PP in the melt crystallized samples increase interparticle distance as it
cannot be reduced below a certain value because of the hindrance of those crystals.
Essentially the lattice parameters of CNF are same as that of graphite. The lattice
mismatch factor suggests that the transcrystals will grow at the edges of CNF

increasing the interparticulate distance. The XRD results prove this point.
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5.8.2. XRD Analysis of Melt Crystallized PP-CNF Composites
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Figure 5.8.3. XRD patterns of melt crystallized PP, PP-3 wt% CNF and PP-

Twt% CNF

Similar to the case of melt crystallized PP-graphite, PP-ExGr, PP-CNF composites
also exhibit b-plane orientation of PP crystals as shown in Figure 5.8.3 where the
intensity of 040 reflection of PP in melt crystallized composites is higher than that of
110 reflection. CNF aids in the formation transcrystals of PP at the edges as well as
surface with b-plane orientation. This is due to the lattice mismatch as explained in
PP-graphite melt crystallized sample section. CNF is graphitic in nature possessing

same lattice parameters as that of graphite.

C. Thermal Conductivity Studies
5.9. Thermal Conductivity Studies on PP-graphite, PP-CNF Composites

Fiber spinning spools which are conventionally made of plastics get damaged due to
the heat generated in that process. Hence they can be replaced by thermally
conducting materials. The thermal conductivities of PP-graphite and PP-CNF binary
composites have been measured and shown in Figure 5.9.a and b respectively. For
PP-graphite composites, the thermal conductivity increases from 0.14 W/m-K to 0.9

W/m-K for 50 wt% graphite loading. Similarly for PP-CNF composites, it increases
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from 0.14 W/m-K to 0.23 W/m-K for 10 wt% CNF. Thus these electrically and
thermally conducting composites can be used to replace the plastic fiber spinning

spool.
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Figure 5.9. Thermal conductivities of a) PP-graphite b) PP-CNF powder mixed

composites
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5.10. Conclusions

PP-graphite binary composites were prepared by powder mixing route and from dc
conductivity studies, percolation threshold was identified at 10 wt%. Effect of heat
treatment above the T, of the polymer for binary composites was studied. Sintering at
140°C for one hour led to crystallite size and intensity reduction of graphite 002
planes. Crystallite size reduction was specifically observed from the increase in
FWHM of graphite 002 reflection after sintering. Intensity reduction was understood
in terms of re-orientation of graphite 002 planes. After sintering, enhancement in the
through plane conductivity was observed due to re-orientation of graphite 002 planes
along the through thickness direction. At least one order enhancement in the through
plane conductivity was obtained at various loadings. One particular composition
namely PP-7 wt% graphite was chosen to study the effect of addition of different
aspect ratio fillers such as CB, ExGr and CNF.

The effect of addition of CB in PP-7 wt% graphite on the dc electrical conductivity
was studied. Percolation threshold of 2.2 wt% CB was obtained for hybrid composites.
Further in-plane and through plane conductivities change marginally suggesting that
the anisotropy was close to one. The frequency dependent conductance of PP-7 wt%
graphite-CB showed insulator to semiconductor transition with increasing loading of
CB. PP-7 wt% graphite and PP-7 wt% graphite-2.2 wt% CB behaved as insulators.
With 2.35 and 2.75 wt% CB addition in PP-7 wt% graphite, plateau region appeared
and extended further with higher loading. The plateau region signified dc
conductance. The frequency dependent conductance started at higher frequency with
increasing loading of CB. This showed that the samples became more conducting.
The charge transport in PP-7 wt% graphite-2.75 wt% CB was by hopping mechanism.
For less than 2.75 wt% CB in hybrid composites, it was coupled with capacitance
effects. The enhancement in the conductivity because of the addition of CB in PP-7
wt% graphite was due to the occupation of CB in the graphite interspace. This could
be so because without CB, PP-7 wt% graphite behaved as an insulator. Without
graphite, up to 4 wt% CB addition in PP, the composites behaved as insulators
suggesting the lower effective dielectric constant of that composite. Graphite-

polymer-graphite configuration was considered as a parallel plate capacitor with
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dielectric in between. When CB particles lie in between graphite particles, the
distance between parallel plate capacitor got reduced and eventually resulted in the
increase in effective dielectric constant and interjunction capacitance. When the
effective dielectric constant at 0.01 Hz of PP-7 wt% graphite-2.75 wt% CB was
compared with 2.2 wt% CB in the same, more than seven orders enhancement was
obtained for the former case proving the occupation of CB particles in intergraphite
space. Through impedance measurement, the interjunction capacitance was found out
and it indeed increased from 31 pF for 2.2 wt% CB in PP-7 wt% graphite to 52 pF for
2.75 wt% CB in PP-7 wt% graphite which supported the model. Parallel model was
used to fit the experimental impedance data. The aggregate resistance was decreasing
with increase in the loading of CB which was explained on the basis of individual
filler’s work function. The result proved that the charge transfer from the polymer to
CB occurred first and then to graphite via CB. So addition of more CB would have
resulted in more charges being transferred to graphite via them and thus the aggregate
resistance decrease was understood. DSC analysis on PP-graphite binary composites
proved the nucleating ability of graphite as the crystallization temperature was
increased by 9° for 10 wt% graphite in PP when compared to that of pure PP.

The powder mixed PP-expanded graphite (ExGr) composites exhibited an electrical
percolation threshold of 4 wt%. Below the percolation threshold, in-plane
conductivity was found at least one order higher than the through plane conductivity.
After 10 wt% ExGr addition in PP, the conductivity was saturated due to completion
in the network formations. Percolation exponent suggested 3D network formation in
these binary composites. Sintering at 140°C for one hour of PP-ExGr composites
showed re-orientation and crystallite size reduction as explained for PP-graphite
composites. Since expanded graphite was sonicated well before adding to PP, it
resulted in nanosheets formation which was proved by SEM and TEM studies. After
sintering, the through plane conductivity got increased by at least one order when
compared to that of unsintered samples due to re-orientation of graphite nanosheets
along the through thickness direction. The effect of addition of ExGr in PP-7 wt%
graphite on electrical conductivity was investigated and a percolation threshold of

0.75 wt% was obtained. Frequency dependent conductivity study showed insulator-
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semiconductor transition with increasing loading of ExGr. The origin of plateau
region signified that the samples were more conducting. The charge transport in PP-7
wt% graphite-1.5 wt% ExGr was by hopping mechanism and below 1.5 wt% ExGr in
the same resulted in the transport coupled with capacitance effects. The increase in
the conductance could be attributed to the occupation of ExGr sheets in the
intergraphite space as without ExGr, the composite behaved as an insulator. Similar
was the case for the composites without graphite till the maximum loading of ExGr
employed in this study of hybrid composites. The interjunction capacitance obtained
from impedance measurements, increased to 61.7 pF for 1.5 wt% ExGr in PP-7 wt%
graphite from 37 pF for 0.75 wt% ExGr in the same. The aggregate resistance
extracted from the parallel model was found to decrease with ExGr loading. DSC
analysis on PP-4 wt% ExGr suggested the nucleating ability of ExGr nanosheets as
the crystallization temperature was increased by 14°C. However, the crystallinity of
the binary composite was decreased.

PP-CNF binary composites prepared by powder mixing route showed a percolation
threshold of 0.2 wt%. The in-plane and through plane conductivities more or less
remain the same suggesting good dispersion of CNF in the polymer matrix. For
hybrid composites, the percolation threshold was found to lie at 0.1 wt%. The binary
composites were characterized by SEM which showed the interpenetrating structure
of CNF. AC behavior showed insulator-semiconductor variation with the addition of
more CNF. The charge transport was found to be by hopping mechanism at higher
CNF loading and at lower loadings it was coupled with capacitive effects. The
increase in the effective dielectric constant at low frequency i.e., 0.01 Hz to five
orders for 1 wt% CNF in PP-7 wt% graphite when compared to 0.2 wt% CNF in the
same was obtained. Through impedance measurement, interjunction capacitance due
to the occupation of CNF in the interspace of graphite was evaluated. The aggregate
resistance decrease with increasing loading of CNF was explained on the basis of
individual filler’s work function. The DSC result proved the nucleation ability of
CNF when powder mixed with PP as the crystallization temperature of PP crystals
was increased by 15°. The aspect ratio of second conducting fillers was found to have

inverse relation with the percolation threshold.

222



Chapter 5 PP based composites

Melt crystallized PP-graphite, PP-ExGr, PP-CNF, PP-7 wt% graphite-ExGr and PP-7
wt% graphite-CNF showed higher percolation threshold when compared to powder
mixed samples of same compositions due to transcrystals formation by epitaxial
growth on the filler edges resulting in increased interparticulate spacing. The XRDs
of melt crystallized binary composites showed a strong b-plane orientation of PP
crystal which was explained on the basis of transcrystallinity. Finally as part of
application, the thermal conductivity of PP-CNF and PP-graphite composites were

measured. The conducting composites can replace plastic fiber spinning spool.
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Chapter 6 Summary and Conclusions

Conducting polymer composites (CPCs) find extensive applications in EMI shielding
devices, bipolar plates for fuel cells etc. Depending on the end applications, the
conductivity of the composites can be tailor made by varying the loading of fillers.
The electrical conductivity of CPCs is mainly governed by filler particle size,
dispersion, aspect ratio and orientation along with the processing routes. The
parameter such as percolation threshold, at which the conductivity of CPCs increases
considerably, should be minimized. In order to obtain very high conductivity in
binary composites, enhancement in the loading of filler particles need to be employed.
However, the filler loading can be minimized by using nanofillers such as graphene,
CNT, CNF etc in binary composites which are expensive and thus limit their
widespread applications. Nevertheless, strategies of using these expensive fillers in
small quantities can be followed so that enhancement in the conductivity can be
achieved by the reduction of both percolation threshold and filler loading. Thus the
present dissertation deals with the study of electrical conductivity variation in hybrid
and binary composites. Three polymer matrices such as amorphous Polyether sulfone
(PES), semicrystalline Polyphenylene sulfide (PPS) and Polypropylene (PP) were
chosen to study the effect of crystallinity on the electrical conductivity of the resultant
hybrid composites. Furthermore, to study the effect of aspect ratio of fillers on the
electrical conductivity of binary and hybrid composites, fillers such as graphite,
carbon black (CB), expanded graphite (ExGr) and carbon nanofiber (CNF) were
chosen. The summary and conclusions obtained from the above mentioned study are
described below.

The dc electrical conductivity variation of PES-graphite binary composites was
studied to determine the percolation threshold. The composites were prepared by both
solution blending and powder mixing routes. Percolation threshold in solution
blended binary composites was found to lie between 5-10 wt%. One particular
composition namely, PES-7 wt% graphite has been chosen to study the effect of
different aspect ratio fillers like CB, ExGr and CNF. Solution blended PES-7 wt%
graphite-CB composites exhibited low percolation threshold than powder mixed
samples, due to enhanced graphite particle size reduction obtained by the former
route. The effect of sintering above Tg of the polymer facilitated the re-orientation of
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graphite 002 planes along through thickness direction as well as reduction in
crystallite size resulting in higher through plane conductivity. The re-orientation of
graphite 002 planes and crystallite size reduction after sintering was more pronounced
in solution blended PES-graphite composites than powder mixed samples. Polymer
penetration in between graphite planes as evidenced by the shift in the 2 Theta
towards lower value in XRD was found to be more pronounced in solution blended
PES-graphite samples.

The enhancement in the through plane conductivity after sintering was also observed
in PES-ExGr and PES-CNF binary composites. Further sintering resulted in
enhancement in the hardness of PES-graphite composites when compared to
unsintered samples. DSC analysis on PES based binary composites supported the
nucleating ability of filler particles as evidenced by increase in Ty of the polymer after
filler addition. More concentration of graphite was needed to enhance the T4 of the
polymer by 11°C. The same level of enhancement was obtained by adding 5 wt%
CNF and 3 wt% EXGr respectively in PES. The result showed that low concentration
of high aspect ratio fillers was sufficient to increase the Ty by the value which would
have been obtained by higher loading of low aspect ratio fillers. This was attributed to
the increase in the surface area of the high aspect ratio fillers at low loading, wetting
the polymer thoroughly. The increase in the Ty of the polymer by the addition of
graphite, ExXGr and CNF demonstrated better interaction between the polymer and
fillers.

The ac behavior of hybrid composites with CB, CNF and Exgr as second conducting
fillers in PES-7 wt% graphite showed insulator-semiconductor transition with
increase in the loading of second conducting fillers. The percolation threshold
obtained from the dc conductivity study in these hybrid composites exhibited inverse
relation with the aspect ratio of the second filler particles. The preparation process
was also found to affect the percolation threshold. Solution blended PES-7 wt%
graphite-CB hybrid composites showed lower percolation threshold (0.7 wt% CB)
than the powder mixed samples (1.3 wt% CB). The aspect ratio of fillers in the
polymer was increasing in the order CB < CNF < ExGr. The predominant occupation
of second conducting fillers in between graphite particles was proved by impedance
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and effective dielectric constant measurements. The interjunction capacitance was
found to increase with increase in the loading of second filler in PES-7 wt% graphite.
The decrease in aggregate resistance with the addition of second conducting filler was
better understood from the work function of individual components in the hybrid
composites. With the addition of CB, thermal conductivity of solution blended PES-
graphite-CB composites was increased.

The dc electrical conductivity variation of powder mixed PPS-graphite composites
showed that the percolation threshold lie at 7 wt%. Similarly PPS-ExGr and PPS-
CNF powder mixed binary composites were prepared after dispersing fillers in
acetone thoroughly and the percolation threshold was found to be inversely related to
the aspect ratio of filler particles. The aspect ratio increased in the order graphite <
ExGr < CNF. Sintering process above the T of the polymer on graphite, ExGr loaded
composites resulted in the reduced crystallite sizes of the filler particles along with re-
orientation of graphite 002 planes. This phenomenon resulted in enhanced through
plane conductivity. DSC analysis on these binary composites proved the nucleating
ability of the fillers as the crystallization temperature was increased after filler
loading.

The percolation threshold of PPS-7 wt% graphite-filler (filler = CB, ExGr and CNF)
powder mixed bybrid composites had inverse relation with the aspect ratio of the
second conducting fillers. AC measurements showed insulator-semi-conductor
transition with increase in the loading of second fillers. The loading at which hopping
conduction started was found be inversely related to the aspect ratio of second
conducting particles in hybrid composites. The predominant occupation of second
filler particles in the graphite interspace in hybrid composites was proved by
impedance and effective dielectric constant measurements. The interjunction
capacitance and effective dielectric constant at 0.01 Hz increased at higher loading of
second conducting fillers. Consequently, the aggregate resistance in these hybrid
composites decreased with the loading of second conducting filler particles. This
result was better understood in terms of reduction in the barrier for the charge
transport because of the occupation of second conducting fillers in the interspace of

graphite particles.
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Melt crystallization of binary and hybrid composites showed higher percolation
threshold compared to that of powder mixed samples due to increase in the
interparticulate distance at that temperature. Thermal conductivity of PPS-graphite
composites was found to increase with the addition of graphite. The PPS-ExGr
composites prepared by in-situ polymerization route resulted in very low percolation
threshold (<1 wt%) due to better delamination of ExGr sheets which resulted in
enhanced dispersion and contact between them.

Similar to PPS based composites, powder mixed PP-graphite, PP-EXGr and PP-CNF
composites were made and the percolation threshold of such composites showed
inverse relation with the aspect ratio of the filler particles. The percolation threshold
obtained in PP-graphite, PP-ExGr and PP-CNF was 10, 4 and 0.2 wt%, respectively.
Sintering process especially above the Ty of the polymer was to increase the through
plane conductivity due to re-orientation of graphite 002 planes. In addition, the
crystallite size of filler particles was reduced after sintering. This particular aspect
resulted in increased contact, surface area and better distribution of filler particles in
the polymer matrix. DSC analysis on the binary composites showed enhanced
crystallization temperature supporting the nucleating ability of such type of filler
particles. The increase in the crystallization temperature was found to be higher for
CNF filled composites due to its high aspect ratio, which would have had many
nucleating sites.

The dc conductivity studies on powder mixed PP-7 wt% graphite-filler (filler = CB,
Exgr and CNF) showed that the percolation threshold was found to be inversely
related to the aspect ratio of second conducting fillers. The aspect ratios varied in the
order CB < ExGr < CNF. AC measurements on those hybrid composites showed
insulator-semiconductor transition with increase in loading of the second conducting
filler particles. The barrier for the charge transport was decreased due to the presence
of second conducting fillers in the interspace of graphite particles. The increase in the
effective dielectric constant at 0.01 Hz and interjunction capacitance with the addition
of second fillers in hybrid composites proved the occupation of second conducting

filler in the interspace of graphite particles.
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Melt crystallized PP based binary composites exhibited higher percolation threshold
due to the formation of transcrystalline morphology predominantly on the fillers
edges. This was concluded from the strong b-plane orientation of PP crystals as
witnessed by XRD patterns where the intensity of 040 reflection of PP was increased
after melt crystallization. The b-plane orientation was due to epitaxial growth of PP
crystals on graphitic filler edges with b-axis parallel to the surface under investigation.
Due to transcrystals growth on the filler edges, through plane conductivity was
decreased.

From the results obtained, the effect of polymer matrix on the dc electrical
conductivity can be understood. The electrical percolation threshold of hybrid
composites such as PES-graphite-CB, PPS-graphite-CB and PP-graphite-CB prepared
by powder mixing route can be compared to understand the role of polymer matrix.
The following Table 1 summarizes the percolation threshold in different polymer
based hybrid composites.

Table 1

Percolation threshold variation with different polymer matrices in graphite-CB based

hybrid composites

Sample Percolation Threshold (W1t%)
1. PES-7 wt% graphite-CB 1.3
2. PPS-7 wt% graphite-CB 1.5
3. PP-7 wt% graphite-CB 2.2

Before making hybrid composites, all polymers were sieved (100 mesh) and then
used. Thus the powder mixing route for the preparation of hybrid composites fixed
the average particle size of polymers. PES is totally an amorphous polymer. PPS and
PP are semi crystalline polymers. The percolation threshold is less for amorphous
polymer based hybrid composites. The crystallinity increases from PPS to PP. More
the crystallinity, the charge transport became difficult in insulating polymers leading
to higher percolation threshold. Similar conclusion can be drawn from the impedance

analysis of different polymer based hybrid composites.
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Table 2

Impedance parameters for PES-7 wt% graphite-CB powder mixed samples
Sample Ra (Ohm) Ry (Ohm) C (pF)
1. PES-7 wt% graphite 250 5.0x10M 33

2. PES-7 wt% graphite-2 wt% CB 150 2.45x10° 58

Table 3

Model parameters for PPS-7 wt% graphite-CB powder mixed hybrid composites
Sample Ra (Ohm) Rp (Ohm) C (pF)

1. PPS-7 wt% graphite 350 6.8x 10™ 32

2. PPS-7 wt% graphite-2 wt% CB 220 3.1x10° 51

3. PPS-7 wt% graphite-3 wt% CB 120 6600 75

Table 4

Model parameters for PP-7 wt% graphite-CB powder mixed composites

Sample Ra (Ohm) Rp (Ohm) C (pF)

1. PP-7 wt% graphite 600 6.8x10" 31.0

2. PP-7 wt% graphite-2.75 wt% CB 300 16400 52.2

Table 2-4 show the model parameters extracted from the impedance analysis of
powder mixed PES-7 wt% graphite-CB, PPS-7 wt% graphite-CB and PP-7 wt%
graphite-CB respectively. Comparing the data on the impedance spectroscopy for the
three systems, it is evident that Rs and R, increase in the order PP > PPS > PES for
the same concentration of graphite. These result suggest that the charge transport in
PES-graphite is better than both PPS-graphite and PP-graphite composites. It may be
pointed out that the crystallinity in the PES is nil (amorphous) while PPS and PP have
40% and 60% respectively. Thus, it is favorable to choose an amorphous polymer
matrix with high temperature stability such as PES for making graphite composite

plates. Moreover, hybrid composites are very effective in reducing the percolation
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threshold as well as total filler content. In order to achieve low electrical percolation
threshold, high aspet ratio fillers and amorphous polymer matrices can be chosen.
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