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Preface

There is availability of a large number of books under two classes, such as: the
books dealing with either the phenomena of percolation/applications of percola-
tion phenomena or on the development of polymer composites/nanocomposites for
their electrostatic energy storage applications. The books on percolation theory deal
mostly with the theoretical and/or computational aspect of the systems and target
very broad/large audiences comprising of statistical physicists, solid-state physi-
cists, theoretical physicists, mathematicians, social scientists, etc., while the books
on polymer nanocomposites deal with the synthesis and characterization of materials
for electrostatic energy storage applications and targets the audiences comprising of
experimental condensed matter physicists, materials scientists, polymer scientists,
chemists, mechanical, civil, electrical, chemical and electronics engineers, etc.

Hence, a book of unique kind of this type containing both of the above contents
is demanded and should be available in the market, which will target the audiences
comprising from the above two different classes; i.e., it should contain both physics
and applications of the polymer composites. This book contains the synthesis, struc-
ture, microstructure, phase transition, percolation, scaling, relaxation, magnetic,
multiferroic, rheological behaviors, and the electrostatic energy storage applica-
tions of the polymer composites. An additional chapter is also included to have
an understanding of the non-percolative polymer composites.

This book will be a concise report and will try to inculcate mostly the percola-
tive phase transitions and the relaxation behavior of insulating polymers/conductor
composites across the percolation threshold and their applications. The explanation of
the critical and relaxation exponents across the phase transition point will be mostly
the key features of this book. The detailed explanation of the relaxation behavior
by applying dielectric spectroscopy and impedance spectroscopy in such systems
will be very innovative, novel, and interesting features of this book. In addition, the
multifunctional properties, such as the multiferroic, viscoelastic properties, and the
physical properties of non-percolative polymer composites will also make the addi-
tional interesting parts of this book. The last chapter of the book also explains the
importance of ferroelectric polymer dielectrics for future electrical energy storage
applications.



< Preface

Over the past 18 years of working in this area of research, I was highly curious to
write a book in this area of research, which will contain a unique combination of both
physics and materials science. This book will be largely beneficial for the beginners
who are starting their carrier in this field of research, as they are confused with so
many books, which are either targeting only the theoretical/computational aspect or
the materials sciences aspect separately. Hence, this approach of finding both physics
and materials sciences along with their applications, i.e., engineering of physics will
make this book unique and interesting as compared to the books currently available
in the market. In the writing of this book, I was highly inspired by my spouse and
kids and the students of my class.

Sagar, Madhya Pradesh, India Maheswar Panda, Ph.D.
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About This Book

Subject: Physical sciences/Condensed matter physics/Statistical physics/Materials
science/Polymer science and technology.

This book Percolation, Scaling, and Relaxation in Polymer Dielectrics will be a
book of unique kind, highly useful to the graduate students of condensed matter
physics, applied physics, statistical physics, materials sciences, polymer sciences
and technology, chemistry, engineering, etc. This book will also contain a genuine
flavor of both physics and applications of percolative composites based on polymer
matrix and will be useful for a larger domain of audiences comprising of physi-
cists, materials scientists, polymer scientists, chemists, engineers, etc. This book
provides the fundamentals and basic understanding of polymer dielectrics based on
percolative composites. This book also may be a reference book for the UG and PG
students, going through some sections of phase transition of the course statistical
mechanics/physics. The microstructure and the associated physical properties, e.g.,
dielectric, electrical, magnetic, and rheological properties of the polymer compos-
ites, are discussed. The properties have been explained based on various theoretical
models and through the application of varieties of spectroscopies, such as dielectric
spectroscopy, impedance spectroscopy, conductivity spectroscopy. It also discusses
a chapter on non-percolative polymer composites. The book discusses the suitability
of these polymer dielectrics for their electrical energy storage applications in various
devices. The structure of the book in terms of various topics in different chapters
is explained as follows. Chapter 1 provides a general introduction and the recent
work done on polymer dielectrics. Chapter 2 describes the basic physical proper-
ties and the fundamental models and spectroscopic techniques to understand them.
Chapter 3 deals with sample preparation and the experimental measurements on
them. Chapters 4 and 5 explain the percolative and scaling behaviors respectively.
Chapters 6 and 7 explain their electrical relaxation behavior in terms of dielec-
tric and impedance spectroscopy respectively. Chapter 8 describes their magnetic,
multiferroic, and rheological behavior. Chapter 9 discusses the electrical and dielec-
tric properties of non-percolative polymer composites. Chapter 10 summarizes and
concludes the importance of ferroelectric polymer dielectrics.
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Xiv About This Book

Key Features:

e Focuses on both the fundamentals and application of the percolative polymer
composites as electrostatic energy storage materials.

e Deals with various physical properties along with their thorough understanding,
through standard models.

e Includes the current state-of-the-art research focus in the field of polymer
dielectrics.

e The unique combination of both physics (percolation, scaling, and relaxation) and
applications of energy storage materials.

e Additional properties, such as the multiferroic and rheological properties, are also
included.

e Electrical properties of additional and special non-percolative polymer composites
are also included, in the book.

Keywords: Polymer matrix composites, Polymer-metal composites, Microstructure,
Phase transition, Polymer dielectrics, Percolation, Boundary layer capacitor effect,
Percolation theory, Effective medium theory, Scaling exponents, Critical exponents,
Relaxation exponents, Impedance spectroscopy, Dielectric spectroscopy, Electrical
conductivity, Dielectric ceramics
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Chapter 1 ®)
Introduction Check for

Engineering materials constitute the foundation of technology, and technological
development depends on advances in the field of materials. Whatever the field may
be the final limitation on advancement depends on materials. In the development of
these materials, the milestone research on nanoscience and nanotechnology started
60 years ago, when in 1959, Richard P. Feynman first delivered a lecture entitled,
“There’s Plenty of Room at the Bottom” [1]. Composite materials consisting of
micro-to nanofillers in this regard represent a giant step in the ever-constant endeavor
of optimization in materials, whether the technology pertains to structural, electrical,
dielectric, magnetic, optical, thermal, electrochemical, environmental, mechanical,
rheological, biomedical, or any other multifunctional applications. The importance
of these composite materials as engineering materials is reflected by the fact that out
of over 1600 engineering materials available in the market today, more than 200 are
composites [2].

Composites offer several advantages over traditional engineering materials. These
beneficial characteristics have enabled the rapid acceptance of these composites in
many products. They offer a range of properties suitable for multifunctional appli-
cations along with their tremendous durability and high specific strength, with an
ability to be formed easily and accurately into any complex geometric shape, which
is impossible to match with traditional engineering materials. A composite works
based on the following three types of properties [2-5] (i) sum properties, (ii) product
properties, and (iii) combination properties.

Among the different matrix composites, polymer matrix composites are gaining
much interest because of several advantages, such as low cost of fabrication, relatively
low processing temperature, lightweight, easy processing, flexibility, moldability,
non-toxicity, and ability to absorb mechanical shock. Polymer matrix composites
can again be classified according to whether the matrix used is a thermoset or ther-
moplastic. Both thermoplastics and thermosets have been used widely as matrices for
composite materials showing excellent properties. However, the thermoplastic matrix
composites are under rapid development, and their advantages over thermoset-matrix
composites are the cost-effectiveness and their better performance. As polymers
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possess the lowest average density (1.20 g/cc) compared with other host matrices,
such as metals or ceramics, polymer composites show the highest specific strength
(strength/density) which cannot be met by any other composites.

In the study of these polymer composites, there is an increasing interest in
nanocomposites due to their use in various fields, such as electrical engineering,
memory, and biomedical and optical applications [2-20]. Composites can exhibit
unprecedented features in their overall response when compared with that of their
components. The emergent properties can rarely be predicted by simply knowing
the behavior of individual components as the interaction between them is a defining
factor. In general, such composites consist of particles, fibers, or nanotubes dispersed
in a polymer matrix. The physical properties of these composites change signifi-
cantly, when the conducting filler particles form a percolative network in the polymer
matrix, particularly when the constituent components differ largely in their electrical
properties, such as conductivity [21-30]. The combined behavior of the composites
also depends on their microstructure, e.g., with decreasing particle size, the prop-
erties of the interfaces become more important and finally start to influence the
composite behavior affecting permittivity, conductivity, and electromechanical and
optical properties. The insulating polymer—conductor composites (PCC) undergo an
insulator-to-metal transition (IMT) at a critical concentration of conductor/metal in
an insulating matrix, which is called a percolation threshold (f,). In particular, as the
filler concentration approaches f. from below, the effective AC electrical conduc-
tivity (oer) and the dielectric constant (ge¢) of the composites increase significantly.
It is observed that the enhancement in .5 values with low dielectric loss (Tan 8) at
fcis attained at lower filler concentrations for PCC as compared to polymer-ceramic
composites. On the other hand, polymer-metal composites (PMC) show relatively
new electrical characteristics close to those of metals, whereas the mechanical prop-
erties and processing methods are typical that of plastics. The electrical properties
of PMC depend on several factors, including the kind of conducting filler, their
spatial distribution, the interaction between polymer and filler, and the contact inter-
action between the particles. The fundamental physics of these insulator—conductor
composites (ICC) in the vicinity of f. is very interesting both from the theoretical
and experimental points of view. Percolation theory states that in the critical phase
transition region, the .4 diverges and o, increases abnormally at f ., and they scale
as the following relations

Eeff(@, feon X fe) X o™’ (1.1)

Ocfi(@, feon X f¢) X " (1.2)

Eeff X (fc - fcon)is for fcon < fc

or
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Eeff X <@> for feon < fe (1.3)
04

Oett X (fe — fcon)is, for feon < fe (1.4)

Ot X (feon — fc)t for f. < feons (1.5)

where f .o, 1s the volume fraction of conductor in the composite, w is the frequency
of applied ac signal, x and y are the critical exponents, and they are expected to
satisfy the relation; x + y = 1. ‘s’ is the dielectric exponent in the insulator region,
while ‘s” and ‘¢’ are the conductivity exponents in the insulator and conductor
region, respectively. o.o, and o, are the conductivity of the conductor and insulator,
respectively. According to the percolation theory, the values of the critical expo-
nents are only sample dimension dependent and are independent of other factors.
The ideal f. value for three-dimensional (3D) ICC is f .o, = 0.16. The 3D universal
values of the various exponents are given by; s = 0.7-1, s = 0.7-1 and 7 = 1.6-2.
According to the intercluster polarization model and anomalous diffusion model, the
3D universal values of critical exponents are x = 0.72, y = 0.28, and x = 0.58 and
y = 0.42, respectively. In general, the percolation theory is used for explaining the
observed effects, though often the obtained experimental data do not always agree
well with the theoretical predictions, which indicates the role of structural pecu-
liarities, such as the microstructure and the process conditions on the percolative
characteristics. In the study of this PCC, particularly, ferroelectric or electrostric-
tive polymers, like polyvinylidene fluoride (PVDF), poly[(vinylidene fluoride)-co-
trifluoroethylene] [P(VDF-TrFE)], polytetrafluoroethylene (PTFE), etc. (because of
their higher dielectric constants as compared to normal polymers), with a variety
of conductive fillers are under rapid development and large changes in e.¢ have
also been reported in the neighborhood of f. [31-63]. In particular, the PMC is the
potential candidate for testing the theories based on the percolative approach. The
dielectric relaxation behavior and the electrical properties of PCC are also interesting
and have been presented experimentally across f . to find out the consistency of the
relaxation phenomenon and its universalization [64—66].

The polymer magnetic composites, in dispersing ferromagnetic and magne-
tostrictive materials, such as iron, nickel, and cobalt-nickel into polymer matrices,
show interesting applications, such as electromagnetic interference shielding [67,
68], polymer magnetoelectrics [69—72], the magnetic percolation threshold [71—
74], and other physical properties, e.g., viscoelasticity. The polymer composites
showing multiferroic, viscoelastic properties, and non-presence of magnetic perco-
lation threshold and electrical percolation threshold also have been included in this
book.



4 1 Introduction

1.1 Review of Scientific Literature

According to the percolation theory for continuum percolation systems in 3D, the
ideal f. value is f.on = 0.16, and the 3D ideal values of critical exponents are given
by s = 0.7-1, s = 0.7-1, and r = 1.6-2. However, a meticulous literature survey
done on ICC/PCC/PMC shows the scattered values of f. observed experimentally
in various systems as demonstrated in Fig. 1.1. Similarly, it is also observed that the
values of critical exponents in the various experimental systems are largely deviating
from their respective universal values. The detailed literature survey (Fig. 1.1) on
PCC shows that a large number of systems comprising polymer/carbon black or
carbon nanotube (multiwalled/single-walled) composites (points numbered from 40
to 57 in Fig. 1.1) give a very low value of f; i.e., fcon < 0.01, as the conducting path
in PCC is formed at very lower f .o, due to the higher aspect ratio of the fillers. The
value of scaling exponents is also found to be smaller than their respective universal
values in the case of PCC having carbon nanotubes as fillers and has been attributed
to the aspect ratio of the fillers. Similarly, the observation is that there are a large
number of PCC systems based on carbon black and metal fillers (points numbered
from 1 to 17 in Fig. 1.1), which show a higher value of f., and critical exponents are
also found to be very high as compared to their respective universal values.

Very few reports are seen in the literature in which the experimental f,. matches
with the ideal theoretical f.. For example, although several studies show deviations
from the percolation theories, interestingly the systems numbered (Fig. 1.1) as 18.
PVDF/LNO, 19. PVDF/Ni, 20. Butadiene rubber/CB, 21. Butadiene rubber/CB, 22.
PVDF/Ni show ideal percolative behavior. PVDF/Ni composites (points numbered
19 and 22 in Fig. 1.1) show ideal percolative behavior with f . of 0.16—0.17 which is in
agreement with the theoretically predicted value for continuum percolation systems.
From Fig. 1.1, it is amply clear the scatter is quite significant though the origin for
this discrepancy is still debated in PCC. The literature survey also indicates that the
extent of enhancement of e, and Tan 3 at f. in the case of this different PCC is
different. The observation of an extraordinary increase of ges ~ 400 with low Tan 3
< 0.1 at 100 Hz and true percolative nature in PVDF/Ni composites is interesting to
be investigated.

Experimental work reported in the literature also shows that as the filler concen-
tration approaches the f,. from below, a dramatic change in o and . occurs. In
addition, above f, the og continues to increase before saturating, while the e is
theoretically predicted to decrease just as dramatically as it is increased. However,
experimentally the e, sometimes continues to increase above f., although less
dramatically than below it. These observations point toward the question, whether
there is a problem with the sample preparation or with the theory itself (Is percolation
theory correct or something is lacking in the model?). The literature also indicates
that higher values of critical exponents have been observed for continuum percolation
systems. These investigations suggest that the dielectric behavior of the composites
depends on the physical properties of the constituents, preparation method, adhe-
siveness, interactions between fillers and polymer, as well as the size and shape of
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50. PMMA/BaTiOs-Ni ~ 51. PVDEF/Bi,S; 52. PVDF/MWNT 53. PVDE/MWNT 54. PVDF/MWNT 55.
PVDF/MWNT 56. PVDF/BaTiO3-MWNT 57. PVDF/MWNT 58. Polyimide/Ag 59. PVDF/PCMO.

Fig. 1.1 Experimental values of f for various PCC systems corresponding to the labeled numbers
and the labeled numbers are given with the systems/samples studied [1-74]

the fillers. Therefore, the compositions near f. are of fundamental interest, as they
become a testing bed for various percolation mechanisms formulated from theoretical
investigations. Hence, the origin of enhancement of e.¢ and the origin of deviation
of f. value from its ideal value are some of the issues that need to be investigated.
The observed critical exponents which are higher than that of the universal values
have been tentatively explained based on various models, such as the random void
model/the Swiss cheese model and the inverted Swiss cheese model, the position
space renormalization group approximation model, and the transfer matrix method.
No clear understanding of the origin of higher values observed and the extent of devi-
ation of the critical exponents (s, s’, t) from their respective universal values (i.e., the
quantification of the increment in terms of any experimentally measurable physical
parameter) is found in literature till date. Hence, the quantification of the deviation
of scaling exponents from their respective universal values in terms of an experimen-
tally measurable physical parameter can provide a very clear understanding of this
controversial and presently well-debated problem.



6 1 Introduction

The above discussion is mainly focused on filler concentration dependencies.
However, for practical reasons, it would be appropriate to be able to extract infor-
mation on the homogeneity of a composite from a single measurement on a sample.
In principle, such a procedure may be possible using frequency analysis. Therefore,
investigation of dielectric relaxation behavior and the electrical properties of this
PCC across f is of significant importance. Although the percolation behavior and
studies on critical phase transition have been explored in the varieties of ICC and
PCC described in Fig. 1.1, no systematic study on dielectric relaxation behavior
and the electrical properties of this PCC across f . is reported experimentally in a
coherent way to date in this PCC. Although significant theoretical research work
has been carried out on dielectric relaxation behavior, very few experimental inves-
tigations are reported. Almond et al. [65] and Calame et al. [66] have proposed a
phenomenological model based on a random resistor (R)-capacitor (C) network and
explained theoretically the power-law dispersions in permittivity and dielectric loss
for ICC. This response was portrayed universally by the Cole-Davidson response
function [64] for the composites with f.on > f, but very few experimental reports
deal with these issues.

In addition to these, various composites are based on electrostrictive and magne-
tostrictive components, such as Ni/PZT/Ni, Fe/PZT/Fe, PVDF/Terfenol-D/PZT,
BaTiO3/Ni, and BaTiO3/Co show magnetoelectric effects. PVDF is a semicrys-
talline thermoplastic having a remarkable high piezoelectric coefficient, excellent
thermal stability, and chemical resistance compared with other polymers. Conse-
quently, PVDF and its copolymers find widespread industrial applications in trans-
ducers, transistors, and capacitors. Moreover, PVDF is an attractive polymer matrix
for micro and nanocomposites with superior mechanical and electrical properties.
Since PVDF is a piezoelectric material, the magnetoelectric effect in PMC based
on it is reported. The concept of magnetic percolation and the magnetic anomaly
behavior is also reported for magnetic metal-insulator (polymer) composites at f .
The viscoelastic properties of this PMC are also interesting and are placed in this
book. A typical case of non-percolative composites is also interesting to be placed
in this book.

1.2 Scope of the Book

The salient features of the book are

1. The microstructure of the polymer composites and the effect of various factors
on their microstructure.

2. The scaling behavior, the origin of non-universality of scaling exponents, and the
extent of enhancement of the electrical properties of the polymer composites.

3. The universal dielectric relaxation behavior across f. in PCC and the evidence
of the interesting third kind of Jonscher’s like universal dielectric response.
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4. The relationship between the microstructure and electrical properties through the
various complex impedance spectroscopic techniques.

5. The magnetic, multiferroic, and rheological properties of the polymer compos-
ites.

6. Understanding the microstructure and electrical properties of the non-percolative
polymer composites also.

7. Importance of ferroelectric polymer dielectrics as emerging materials of future
for energy storage applications.

1.3 Organization of the Book

The book has been divided into ten chapters in the following way. In this chapter
provides a general introduction, the work done in this area of research of percolative
polymer composites as polymer dielectrics. Chapter 2 describes the basic phys-
ical properties of these composite dielectrics along with their fundamental concepts
and the different models along with the spectroscopic techniques to understand the
behavior of these dielectrics. The detailed theoretical background of complex spec-
troscopic techniques, such a; impedance spectroscopy, dielectric spectroscopy, and
conductivity spectroscopy, is also included in this chapter. Chapter 3 deals with
the details of the sample preparation along with their characterization by various
commercial instruments and their utility also. Chapter 4 emphasizes the percola-
tive behavior of polymer composites, prepared under various processing conditions
with different fillers, as well as with varying particle sizes and shapes. Chapter 5
focuses on rigorous analysis of frequency dependence of electrical properties to
unravel their origin of the extent of enhancement at their respective f . and their non-
universal scaling behavior. The interesting frequency-dependent scaling behavior of
them is also included in Chap. 5. Chapter 6 deals with the study of the dielectric
relaxation behavior of PCC and its quantification in terms of the dielectric relax-
ation exponents across f. as a function of f,, and the existence of the third kind
of universal dielectric relaxation phenomena. Chapter 7 deals with the correlation
between microstructure and electrical properties of the PCC. Chapter 8 describes
the study of the magnetic, multiferroic, and rheological behavior of the polymer
composites. Chapter 9 introduces the flavor of electrical and dielectric properties of
non-percolative polymer-ceramic composites. Chapter 10 gives the overall impor-
tance of ferroelectric polymer dielectrics and their emergence as future electrostatic
energy storage materials.
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Chapter 2 ®)
Fundamentals of the Models oo
and Spectroscopic Techniques

This chapter deals with the fundamental concepts of connectivity and the working
of polymer composites along with the important theoretical models, which are used
to describe the percolation and scaling behavior of PCC and also the non-percolative
systems. The complex spectroscopies, such as dielectric spectroscopy, impedance
spectroscopy, and conductivity spectroscopy, are also explained in detail to provide
an understanding of the electrical parameters of these inhomogeneous and disordered
materials.

2.1 Introduction

The word composite has come from the Latin word “compositus: com-component,
ponere-to place” which means made up of distinct parts or elements. Composite
materials are obtained by the artificial combination of two or more different mate-
rials to get innovative and effective properties as output, which is absent in the
individual components. These multiphase materials are not formed through natu-
rally/any reactions/phase transformations/other phenomenon, etc. In other words, a
composite material, although, appears as a single structure but has identifiable inter-
faces among the two or more components, which are present in them. The properties
of the composites are strongly influenced by the properties of their constituent mate-
rials, their distribution, and the interaction among them. The composite properties
may be due to the amount of the components, due to the sum effect, or may be due
to the specific combination among the components due to the combination proper-
ties. Also some times in a composite, the output is an interesting property due to
the transfer of properties among the components, i.e., the product properties. The
geometry (shape, size, and size distribution), orientation, and concentration of the
reinforcing agent also affect the properties of these composites to a great extent as
the interfacial area determines the extent of the interaction between the components.
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Although the research on composites dates back 60—70 years and many theoretical
approximation models for different situations have been developed to understand the
experimental results, the models are undergoing modification even now. Among
these models, the most important are effective medium theory (EMT) or effective
medium approximation (EMA) [1-10] and the percolation theory [11-13]. Although
EMT has attracted the most attention, due to certain limitations of it in the case of
3D samples, percolation theory has been developed. Before going to the detailed
descriptions of the models, it would be useful to discuss some of the fundamental
concepts in the case of composites.

2.2 Fundamental Concepts

2.2.1 Concept of Connectivity

On the basis of the concept of connectivity introduced by Newnham et al. [14], in the
3D space there are ten possible connectivities for a diphasic composite such as (a)
0-0, (b) 1-0, (c) 2-0, (d) 3-0, (e) 1-1, (f) 2—1, (g) 3—1, (h) 2-2, (i) 3-2, and (j) 3-3.
Imagine an epoxy matrix in which small particles of other materials are dispersed
so that they don’t touch each other. This is an example of 3—0 connectivity, because
one of the phases, namely epoxy, is self-connected in all three dimensions, whereas
the other phase (comprising of the dispersed particles) is not self-connected in any
dimension or direction. Similarly, for a 2—1 connectivity pattern, one phase is self-
connected in two-dimensional layers; the other is self-connected in one-dimensional
chains or fibers. In this way, the other connectivities can be understood [14].

2.2.2 How Composites Work?

A composite works based on the following three types of properties: (1) sum proper-
ties, (2) product properties [15], and (3) combination properties. A “sum property”
of a composite is a weighted sum of the contributions from the individual component
phases, and it is proportional to the volume or weight fractions of these phases in
the composite. Physical quantities like density and resistivity are sum properties.
A more interesting result of a composite structure is the product property, which
is reflected in the composite structure but is absent in the individual phases. In a
biphasic composite material, if one phase exhibits a property A — B (application
of an independent variable A resulting in an effect B) with a proportionality tensor
dB/dA = X (may be a constant or dependent on A or B) and the second phase exhibits
a property B — C with a proportionality tensor dC/dB = Y, then the composite will
exhibit a property A — C which is absent in either of the initial phases. The property
A — (s called a “product property” of the composite. The proportionality tensor
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dC/dA is the product of the proportionality tensor of the two individual phases, i.e.,
dC/dA = (dC/dB)(dB/dA) =Y * X.

In certain cases, the averaged value of the output shows the optimized result for a
particular combination between the two components and will exhibit a maximum
at an intermediate ratio of the phases. This is called a “combination property”.
Depending on the application, the appropriate properties of the individual phases
can be invoked to design a composite to yield the requisite effect for the desired
application.

2.3 Theoretical Models

To understand the physical properties of the composites [the properties of the compos-
ites which are usually considered are effective conductivity (o) or effective dielec-
tric constant (g.g)] made up of various components of different dielectric constants
and conductivities, there are various models which are used to understand the physics
and in the evaluation of their physical parameters. These parameters are interchange-
able in the formulas in a whole range of models due to the wide applicability of
Laplace’s equation. The problems that fall outside of this class are mainly in the field
of elasticity and hydrodynamics, due to the higher-order tensorial character of the
effective medium constants. A discussion about the o.¢ and e of the composites is
required.

Various models used to describe the e and oo of a composite are (i) EMA or
EMT and (ii) scaling/percolation theory.

2.3.1 Effective Medium Approximations

Effective medium approximations (EMA) are physical models that describe the
macroscopic properties of a medium (e and o) based on the properties and the
relative fractions of its components. They can be discrete models such as applied
to resistor networks or continuum theories as applied to elasticity or viscosity but
most of the current theories have difficulty in describing percolating systems. There
are many different effective medium approximations, each of them being more or
less accurate in distinct and separate situations. Nevertheless, they all assume that
the macroscopic system is homogeneous and typical of all mean-field theories, and
they fail to predict the properties of a multiphase medium close to the f. due to the
absence of long-range correlations or critical fluctuations in the theory. Some of the
important EMA for linear composites (i.e., linear relationship between fields and
current densities exist) are Maxwell-Garnett approximations or mixture rule [16],
Yamada [7], Landauer [17] and Bruggeman’s approximations [2], etc., which have
been the basis for a vast number of studies of macroscopically inhomogeneous media
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to deal, and they have been generalized by numerous authors to treat in a wide variety
of problems.

In general, in the case of Maxwell-Garnett EMA, the conditions under which this
approximation is expected to be valid are (a) volume fraction of the embedded mate-
rial is very low as compared to the matrix (may be an insulating ceramic or polymer
matrix) and (b) the domains of the embedded materials are spatially separated. Under
this approximation, the g of the composite made up of more than two components
consisting of matrix and inclusions has been dealt, and it was found that this explains
very few systems to match with the experimental results.

Under the earlier simplified assumptions, the experimental values of physical
parameters did not match with the theoretical values, and it was found that the
assumptions in obtaining the effective response from a medium in the previous cases
needed to be taken care of. Hence, Bruggeman considered the shape of the filler
particles to be elliptical or ellipsoidal and increased the predictive capability of
EMA. Although Brugemman EMA dates back to 1935, still the prediction of f, for
2D samples in the case of percolation systems matches well with the experimental
results.

In Landauer’s assumptions, a theory for a random mixture is given based on the
assumption that each crystal acts as if surrounded by a homogeneous medium whose
properties are those of the mixture, and under these assumptions, some experimental
results match with the theoretically predicted values.

In the case of Bruggeman’s approximations for 3D Percolating systems, the EMA
is of particular interest in two special cases. One is the limit for one component is of
zero conductivity and the other is of finite conductivity. This corresponds to a metal-
insulator composite. The other limit is one component is of finite conductivity and
another one is of infinite conductivity corresponding to a composite of normal metal
and perfect conductor. (not to say “superconductor” because the magnetic properties
of component 1 are unspecified). In these cases, o is predicted by the EMA to
have singular properties near a percolation threshold (f.) at f. ~ 1/3 [1]. The special
concentration f. = 1/3 has a natural physical interpretation: It is the “connectivity
threshold”, above which there is a connected path of material 1 extending throughout
the sample. The EMA predicts f. to be 1/3 for a 3D sample with approximately
spherical grains. In general, in D dimensions and compact grains, it is found that the
Bruggemans EMA predicts f. = 1/D.

It is often difficult to make a direct comparison between these predictions and
experiments since real materials hardly ever perfectly satisfy the geometrical expec-
tations of the EMA in its simplest form (symmetric arrangement of the two compo-
nents in the form of compact, nearly spherical grains, with no short-range order).
The results show that the EMA is in excellent agreement with the computer “exper-
iment”. In particular, the broad surface plasmon band predicted by the EMA is very
similar to that found in the computer results, as a function of concentration. The main
discrepancies arise near f .. These are not surprising, since it is known that the EMA,
being a mean-field approximation, must give incorrect power-law relations between
Oetf and fc.
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In the above discussions in the case of systems undergoing a drastic change in their
physical properties, they cannot be described by the EMA. The main approximation
in EMA is that all the domains are located in an equivalent mean field. Unfortunately,
it is not the case close to the f, in a composite where the system is governed by the
largest cluster of conductors, which is a fractal, and long-range correlations are
absent from Bruggeman’s simple formula. The f. values are in general not correctly
predicted. It is 0.33 in the EMA, in 3D, far from the 0.16 expected from percolation
theory [11-13] and observed in experiments. However, in two dimensions, the EMA
gives a f. of 0.50 and has been proven to model percolation relatively well. Hence to
understand further the percolation, the percolation/scaling theory has been developed.

2.3.2 Percolation Theory

From the above discussion of EMA, it is found that the predicted f. for metal-
dielectric composites matches with the experimental value of f . only in 2D. However,
the predicted value of f . by EMA fails to coincide with the experimental value of f . in
3D. That is why the percolation theory for two-component composites is developed.
According to percolation theory depending upon the critical occupation probability
(p.) of one component in the matrix of another or depending upon the fraction of
one component in the component of other matrices, the physical properties, such as
conductivity and dielectric constant, undergo a drastic change in their values which
is known as a percolative phase transition. According to the theory at the phase tran-
sition, there will be a divergence in the real part of e. (i.e., a singularity is observed)
and the o.¢ undergoes a drastic change in their values. The f is a mathematical term
related to the percolation theory, which is the formation of long-range connectivity in
random systems. The f . is the critical value of the occupation probability or fraction
of conducting component, such that infinite connectivity (percolation) first occurs.
In general, there exist different types of percolation, and it can be broadly divided
into two types such as (i) lattice percolation and (ii) continuum percolation which is
observed depending upon the p, or f. in the matrix of another, respectively.

(i) Lattice percolation: The most common percolation model is to take a regular
lattice, like a square lattice, and make it into a random network by randomly
“occupying” sites (vertices) or bonds (edges) with a statistically independent
probability p. At a critical threshold, i.e., at p., the long-range connectivity first
appears, and this is called the percolation threshold. More general systems have
several probabilities py, p», etc., and the transition is characterized by a critical
surface or manifold. Again depending upon the occupancy either at the sites
(vertices) or bonds (edges), the lattice percolation is of two types, such as (a)
site percolation and (b) bond percolation.

(a) Site percolation: If the percolation of infinite connectivity occurs at critical
occupation probability and the occupancy is along with the sites or vertices
of the crystal structure, then the percolation is called site percolation. The



16 2 Fundamentals of the Models and Spectroscopic Techniques

site percolation threshold value varies largely from 0.80 to 0.4 depending
upon the crystal lattice structure and on the dimensionality of the samples.

(b) Bond percolation: Similarly if the percolation of infinite connectivity
occurs at a critical occupation probability and the occupancy is only at
the edges or bonds of the crystal structure, then the percolation is called
bond percolation. One of the subclasses of bond percolation is the directed
percolation where connectivity along a bond depends upon the direction
of the flow. The value of the percolation threshold varies largely also from
0.74 to 0.39 depending upon the crystal lattice structure and on the dimen-
sionality of the samples. The value also varies depending upon the random
or quasilattices, such as 0.66 to 0.33.

Now depending upon the percolation probability, the scaling laws have been found
in the critical region of the phase transition. The different scaling laws are given by
€etf and o that follow universal fractional power laws as a function of frequency in
the vicinity of p, for both site percolation and bond percolated systems as given by

eefi(@, p X pe) X 0™ 2.1
And

Oett(@, p ~ pc) X ", (2.2)

where p is the probability of occupation, w is the frequency of applied AC signal,
x and y are the critical exponents, and they are expected to satisfy the relations x +
y =1 [18-34]. According to percolation theory, the power-law behavior of ¢4 and
oeff in the vicinity of p, is given by

eff X (pe — p)~*F for p < p. (2.3)
and

Oeft X (pe — p)_" for p < p. 2.4)

0etr ¢ (p — pe)' for p. < p, (2.5)

where ‘s’ is the dielectric exponent in the insulator region and ‘s” & ‘t’ are the
conductivity exponents in the insulator and conductor region, respectively. The value
of critical p. is very different for different kinds of systems depending on the type of
lattices.

(ii)) Continuum percolation

One can also consider continuum systems, such as overlapping disks and spheres
placed randomly, or the negative space (Swiss cheese models) where the percolation
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is achieved due to relative change in the fraction of one component in the matrix
of another. The fraction of the component at which the percolation transition occurs
is called the critical percolation threshold (f.). Similarly, the value of f. also varies
largely in this case depending upon the shape, size of the fillers, and dimensionality
of the samples. The value varies from 0.66 to 0.004 (Fig. 1.1). However, the predicted
ideal f. for 3D continuum systems in which all the ideal approximations are there is
found to be 0.16. This ideal f. value of 0.16 is rather a very special case as long as
the conducting fillers used are with micron-scale and spherical shape. The different
power laws which are governed by s and o, to follow universal fractional power
laws as a function of frequency in the vicinity of f. are given by Eqs. (1.1)—(1.2) as

efi(@, feon ~ f¢) X o™ oer(w, Jeon & f) x w”,

where f ¢on 1S the volume fraction of conductor in the composite, w is the frequency of
applied AC signal, x and y are the critical exponents, and they are expected to satisfy
the relations x + y = 1 [18-34]. According to percolation theory, the power-law
behavior of e.¢ and o, in the vicinity of f, is given by Egs. (1.3)—(1.5) as

Eeff X (fc - fcon)is for fcon < fc; Oeff X (fc - fcon)is’ for fcnn < fc;

and

Oetf X (feon — fc)t for fo < feon,

where ‘s’ is the dielectric exponent in the insulator region and ‘s”, ‘t’ are the
conductivity exponents in the insulator and conductor region, respectively.
According to the two different physical models, such as the intercluster
polarization/resistor-capacitor (RC) model and the anomalous diffusion model, the
3D universal values of critical exponents are x = 0.72, y = 0.28, and x = 0.58, y =
0.42, respectively. According to the percolation theory in 3D, under the consideration
of intercluster polarization model, the relations x = #/(s + t) and y = s/(s + t) are
valid and the universal values of s, s/, and 1 are given by sy, =5/, = 0.7-1 and 1 =
1.6-2.0 [18-34]. Similarly under the anomalous diffusion model, as suggested by
Gefen et al. [23, 24] that polarization effects occur only within finite clusters, and
the values of exponents ‘x” and ‘y’ are purely independent of the transport exponents
‘s and ¢’. In this approximation, the values of ‘x” and ‘y’ are purely a combination of
the geometrical exponents ‘v’ and ‘n’. Under this approximation, the value of ‘s’ in
the usual scaling laws is replaced by s =2v — 1. Under this approach, the exponent
values of x and y are given by x = t/v(2 4+ 6) and y = 2v — 1n/v(2 + 0) where the
exponent 6 is related to the electrical percolation in terms of diffusion and ‘s”, ‘¢’
characterize the divergence of e¢¢ and o, in the vicinity of f.. According to perco-
lation theory, the values of the critical exponents are only dimensional dependent
of the samples, i.e., whether the samples studied are of 2D, 3D, or others and are
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independent of other factors. The 3D universal values of s, sl, and ¢ are given by sy,
= 5y, = 0.7-1 and t = 1.6-2.0. Similarly, the 2D universal values of the exponents
are given by sy, = s,, = fun = 1.1-1.3, and the universal value of critical exponents
for other dimensional samples also can be referred [11, 12]. This book has discussed
the experimental results of only continuum percolative systems.

2.4 Spectroscopic Techniques

2.4.1 Dielectric Spectroscopy

To understand the dielectric behavior and other related phenomena (relaxation,
dispersion, saturation, etc.) in a system, several formalisms have been developed.
All these formalisms describe frequency response characteristics of dielectric prop-
erties of a system and provide valuable insight into the prevailing relaxation mecha-
nism and the distribution of relaxation times due to dipolar interaction. The observed
complex relative permittivity of a system is expressed as e(w) = & — ig”. Debye
[35] was the first to propose a law for an ideal non-interacting dipolar system, e.g., a
non-viscous fluid. He gave the simplest and most ubiquitous model for the dielectric
response of a monodispersive system and established that the complex permittivity
e(w) = &’ — ig” varies as

1

_ 2.6
1+iwt 2.6

e(w) = ey + (85 — &)

where w is the angular frequency and ¢, and ¢/, denote the static (w = 0) permit-
tivity and the limiting permittivity at high frequencies (wt — o00) that depend
on atomic and electronic polarizabilities, respectively. It is now well established
that for monodispersive ideal systems having a single characteristic relaxation time
(1), the complex permittivity spectrum (¢ vs. ¢’ plot) exhibits a semicircle with
the center on the ¢ axis such that it intersects this axis at & = &, and ¢ = /..
This approach is intuitively attractive since Eq. (2.6) in the frequency domain gives
an adequate description of the behavior of the orientational polarization for many
dipolar systems. However, there are practical problems in implementing Eq. (2.6)
due to inherent dipolar interactions and related complexity of the material due to the
distribution of relaxation times. For a continuous distribution of relaxation times,

there is a need to replace the factor 1/1 + iwt fooo [li([—.fw)r]dr of Eq. (2.6), to ensure

normalization fooo g(t)dt = 1. However, the difficulty with this interpretation is
that there is no independent way of confirming the form g(z) required for giving
the desired fit to the experimental data. In addition, frequency-domain spectroscopy
indicates that pure Debye response is virtually nonexistent in solids and is hardly ever
seen in condensed matter. Debye dielectric spectra are the most elementary form of
dielectric response for an independent non-interacting polarizing entity. They have
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the identical time-independent probability of relaxation from the stressed condition,
and hence for such systems, the ratio of imaginary to real part of permittivity is given
by

8// (0))
7 @) = ot forw > w,, 2.7)
where w,, is the frequency corresponding to the loss peak position. It indicates that
the loss would increase monotonously with frequency for frequencies greater than
wp, which is the characteristic of non-viscous liquids. In reality, the existence of
non-viscous liquid type dielectric response is hardly ever seen in solids.

Subsequently, an alternative approach for dielectric relaxation (dipolar relaxation)
was developed by Cole—Cole [36], Cole—Davidson [37], and Havriliak—Negami (H-
N) [38] based on experimental observations on dispersion and absorption of a consid-
erable number of liquids and solid dielectrics. To generalize the dipolar relaxation
phenomena and the practical dielectric response of materials having a distribution of
relaxation times, H-N gave a purely empirical expression as

1
[1+ (for)!=]1=F

e(w) = ¢, + (5 — &) (2.8)

where it is assumed that the non-negative quantities « and 8 gauge the symmetric and
asymmetric broadenings of the dielectric loss spectrum, respectively. The empirical
Cole—Cole and Davidson—Cole relations are seen to be the special case of Eq. (2.8)
for 0 <o <1with 8 =0,and 0 < B < 1 with « = 0, respectively. Although
H-N Eq. (2.8) takes care of all types of heterogeneity present in a dipolar system, it
was Jonscher [39], who proposed a new insight into the understanding of universal
dielectric response (JUDR) in materials based on a systematic analysis of experi-
mental results available in the literature. According to Jonscher, there are two funda-
mentally different types of polarization response under a steady electric field (in
frequency as well as in time domain) depending on the nature of the polarizing
species. They are

(1) astrongly correlated dipolar system with dipolar species having a finite amount
of charge displacement such that the dielectric response has a loss peak in the
frequency spectrum due to the delayed response of the dipolar flipping with
respect to the frequency of applied electric field and

(i) a strongly correlated charge carrier (ionic, electronic, or a semiconductor)
system with hopping electrons or ionic charges such that an indefinite amount
of charge carriers may be displaced leading to the steep dispersion at low
frequencies referred to as “anomalous low-frequency dispersion (ALFD)”.

JUDR laws for both the dipolar and charge carrier-dominated solid systems
provide rich physics associated with relaxation and charge transport phenomena.
In the case of a broader dipolar response than the Debye-type feature, polydispersive
response in the frequency domain is given by Jonscher’s two fractional power laws in
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two distinct regions flanking the loss peak. They occur at a unique frequency called
peak frequency (w,) expressed in different frequency ranges as
at low frequencies
g —&'(w) x (W) x " forw € w, with0 < m < 1 (2.9a)
and at high frequencies
'(®) x e(w) x " forw > w, with0 <n < 1 (2.9b)
The combined form of the above two power laws can be represented as

1
" = 2.1
&’ (w) @) + @) (2.10)

in which the exponent’s m and 1 — # fall in the range [0, 1] and w,, is temperature
dependent. The universal law for the dipolar systems showing a loss peak in their
frequency spectrum may therefore be represented as

8// (a))
&'(®)

= cot(nm/2) = const for w > w, with0 <n < 1. (2.11)

The physics associated with this Eq. (2.11) is that the ratio of energy lost per
reversal of macroscopic polarization to energy stored in every macroscopic polariza-
tion for w > w),, is constant and independent of frequency unlike that of the Debye
behavior. If the value of ‘n’ lies between 1/2 < n < 1, then the real part &'(w) of the
dielectric constant is higher than the imaginary part ¢”(w) while if ‘n’ is in between
0 <n < 1/2, the converse is true. In the special case of n = 1/2, the two components
are equal. Because of this approach due to Jonscher, H-N Eq. (2.10) can be redefined
as

1

[1+ (ia)r)m](l—n)/m' (2.12)

e =g, + (6 — &)

It provides useful physics from the approximation of the experimental data in
terms of the correct asymptotic behavior in accordance with the Eqgs. (2.11) and
(2.12).

On the other hand, in the case of dielectric response for a charge carrier-dominated
system, there is no dielectric loss peak. Instead, two clear regions with dielectric
dispersion are the typical feature of the dielectric spectrum. A region with continu-
ously rising loss toward low frequencies arising due to the long-range DC conduc-
tivity is the most striking feature. It is referred to as the anomalous low frequency
dispersion (ALFD). Another is the high-frequency dispersive region above its crit-
ical frequency (w.), which w, separates the DC and AC conductivity region in the
material systems and the JUDR type response may again be expected to be valid as
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in the case of dipolar systems thereby giving the same physical significance. In this
case, w. plays the same role as that of w, in dipolar systems. Hence, JUDR for a
charge carrier-dominated system may be expressed in different frequency regime as
at low frequencies
&' (w) x e(w) x w™? for w <K w. with 0 <p <1 (2.13a)
and at high frequencies
g'(w) — &, o e(w) x 0" for ® > w, with 0 <n< 1 (2.13b)
Now combining Eqgs. (2.13a) and (2.13b), we get

1
(@/@)P + (@/w)' ™"

¢’ (w) = (2.14)

The typical frequency dependence is now characterized by the two fractional
exponents ‘n’ and ‘p’. This is the dielectric response associated with a system domi-
nating mobile charge carriers as the polarizing species. At low frequency, for ideal
charge carrier systems, the exponent p is generally close to 1. A consequence of
the high-frequency behavior of Eq. (2.13b) for the ALFD is that the ratio £ is
independent of frequency and is given by

8// ((1))
&'(w)

= cot(nm/2) = const for w > w. with 0 <n < 1. (2.15)

In this book, the validity and consequences of Eq. (2.11) and (2.15) in a
wide variety of polymer—conductor composites (PCC) exhibiting insulator-to-metal
transition (IMT) across f . are discussed.

2.4.2 Impedance Spectroscopy

Complex impedance spectroscopy (CIS) is a very convenient and non-destructive
powerful experimental technique which is used to investigate the microstructural
and electrical properties of the ceramics/composites. This technique enables us to
separate the real and imaginary components of the electrical parameters and hence
provides a true picture of the material properties. Each representation can be used
to highlight a particular aspect of the response of a sample. Impedance is a complex
quantity that consists of a real part and an imaginary part, which are both a func-
tion of frequency. The main advantage of using impedance spectroscopy is that it
can detect the rapidly changing electrical response in the samples. Impedance data
of materials that have capacitive and resistive components, when represented in the
Nyquist plot, lead to a succession of semicircles arising from the contribution of bulk,
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grain boundary/interface between the components, and electrode-material interface,
respectively. Generally, the semicircle corresponding to the electrode-material inter-
face comes at low frequency for ionic conductors only. But in the case of dielec-
tric ceramics and composites, the semicircles arise from the contribution of bulk,
grain boundary/interface between composite components, respectively, at different
frequency ranges. CIS enables the evaluation of the relaxation frequency of the mate-
rial which is only an intrinsic property of the material independent of the geometrical
factors of the samples. CIS can also be used to detect the percolation in PCC. To have
a complete and clear understanding regarding the electrical behavior of any mate-
rial, the simultaneous analysis of the frequency-dependent electrical properties of a
material, such as the impedance (Z), dielectric constant or relative permittivity (¢),
electric modulus (M), and admittance (Y)/AC conductivity (o), is required which is
possible through CIS. These electrical parameters can be related to one another as per
the equivalent circuit model. The static dielectric constant is given by ¢ = Cd/gpA
where C is the capacitance of the pellet, d is the pellet thickness, A is the cross-
sectional area of the pellet, and &y is the permittivity of free space (8.854 x 1072
F/m), and the loss tangent is given by tand = ¢/’ = M"/M' = 2'/Z2" =Y'/Y",
where (') and (”) represent the real and imaginary parts of the corresponding phys-
ical quantities. For the case of an ideal R-C combination of the electrical network
(Debye-type relaxation), the impedance is given by

Z(w)=2Z — jZ = Roo + (2.16)

1 + jwRC’

where R, is the resistance at infinite frequency and w is the angular frequency. For
non-Debye-type relaxation, the impedance should satisfy the Cole—Cole formalism
which is given by

R
VA =R _—
(@) = Reo ¥ 1 RO T
or
R
Z(w) = Ry + (2.17)

1+ j(o/wo)' =

where wy = 1/RC is the peak relaxation frequency. The impedance corresponding to
the constant phase element (CPE) which is a non-Debye circuit element is given by

1

_ 2.18
Qiw)" 19

Zcpg =

where i = +/—1, O, and u are the fitting parameters and Q is called CPE such
that it may behave as an electrical analog of resistance, Warburg impedance, capac-
itance, and inductance for different values of u = 0, 0.5, 1, and —1 respectively.
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The dimension of CPE is Q~'s", whereas that of capacitance is Q™' s so that CPE
and capacitance may be treated as proportional to each other and they are related
as C = Q(@max)" " [40, 41]. The value of Qy is frequency independent, while it is
temperature and material dependent. The parameter Qy describes the magnitude of
dispersion. The exponents of Egs. (2.17) and (2.18) are related to each other by u
= 1 — a and a determines the extent of depression of the semicircle below the real
axis [40]. The exponent o represents the magnitude of the departure of the electrical
response from an ideal condition that has a single relaxation time. In other words, o
gives a further representation of the distribution of the relaxation times and can be
determined from the location of the centers of the semicircle. When a goes to zero,
(1 —a — 1), Eq. (2.17) reduces to the classical Debye formalism. The admittance
corresponding to Eq. (2.18) can be written as

Y(®) = Qjo" = Byw"[cos(umr/2) + jsin(urw/2)] = Aw* + Ba®  (2.19)

With A = Bycos(ur/2) and B = By sin(ur/2).

The impedance analysis involves the display of the impedance data in different
formalisms and provides us the maximum possible information. The display of
impedance data in the complex plane plot appears in the form of a succession of
semicircles attributed to relaxation phenomena with different time constants due to
the contribution of grain bulk, grain boundary/interfacial polarization, and electrode
polarization in a polycrystalline material or a composite. Hence, the contribution to
the overall electrical property from various components in the material is separated
easily. The peak of the semicircle in the complex plane plot enables us to evaluate the
relaxation frequency (fmax) of the material corresponding to the origin of different
type of polarization in accordance with the relation:

OmaxT0 = Omax RC = 27 fnax RC =1

1
B Q'nfmax '

d 7 (2.20)

1
fmax = 277 RC an

where 7 is the peak relaxation time. The impedance data also enable us to investigate
the information on relaxing dipoles in the material in terms of the real and imaginary
parts of the complex dielectric constant ¢ = ¢ — j&" through the relations:

1
e(w) =8’ — je = ————— with

R S
~wC(22+2"7) - wC(22+27?)

where Cj is the vacuum capacitance.
The complex modulus of the material is given by
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1
M(w) = o = M + M = joCyZ(w)

with

/ "

M = —wCyZ" = and M" = @CyZ' = —— (2.22)

e
&2 4 g2 g2 + g2’

Complex modulus formalism is an important and convenient tool to determine,
analyze, and interpret the dynamical process of electrical transport phenomena.
Moynihan et al. [42] gave a detailed analysis of the complex electric modulus
formalism as

1
M(w) = ) M' (@) + jM"(w)

0 do(t
M(w) = Moo[l — / exp(jor) ‘Zi )dtj|, (2.23)
0
where My, = 1/e4, €co 1S the limiting high-frequency real part of permittivity and the
function ¢(¢)) is a relaxation function or Kohlrausch-Williams-Watts (KWW) [43]
function, given as

B
$(t) = exp —(%) with0 < g < 1. (2.24)
For a realistic assessment of the modulus formalism, it is important to realize that
it is based on a description of the electric response of the sample in terms of the
macroscopic field decay function ¢(7). Empirically, the KWW function is a conve-
nient choice for ¢(f), and the non-exponential parameter f is called the stretching
exponent which is suitably varied for fitting the data. The smaller the value of g, the
larger is the deviation of relaxation with respect to Debye-type relaxation (8 = 1).
In other words, it can be said that for Debye-type relaxation (8 = 1), the full width
at half maximum (FWHM) is observed to be 1.14 decades. For non-Debye-type
relaxation (8 < 1), the observed FWHM must be greater than 1.14 decades.

2.4.3 Conductivity Spectroscopy

The origin of frequency dependence of conductivity in the relaxation phenomena
arises due to mobile charge carriers. Jonscher attempted to explain the behavior of
the real part of AC conductivity (which is calculated as o,. = wege’Tand) using the
following universal power-law equation as
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Oac(®) = 0y + 01(w)
where o is the dc conductivity

Oac(@) = 0y4c + Aw® where o1(w) = Aok

Oac(@) = Aw* for ogc = 0, (2.25)

where k = 0 is the frequency-independent term which is related to DC conductivity
and the value of ‘k’ lies in between 0 < k < 1 is related to the pure dispersive
component of AC conductivity having characteristics of power-law behavior of Eq.
(2.25). The parameter ‘A’ is frequency independent, but may be temperature and
material dependent. It is observed from above Eq. (2.25) that the AC conductivity
is of the mixed type comprising oy and o,.. There exists a frequency called hoping
frequency (wy) [44—46] at which the conductivity changes from DC to AC, and the
relation (2.25) can be written in the Almond-West [47] formalism as

w k . Odc %
0w = 0| 1+ (=) | with the value of wjy = (—) . (2.26)
wH A

2.5 Magnetic Percolation Threshold

With decreasing particle size, a ferromagnetic material undergoes a transition from a
polydomain to a single-domain state. This single-domain state is the most important
cause for the intriguing physical properties displayed by nanosized magnetic mate-
rials. A single-domain particle is always in a state of uniform magnetization. This
means that the constituent spins at temperatures well below the Curie temperature
rotate in unison. The exchange energy is strong enough to hold all spins parallel to
each other and determines the value of the particle magnetic moment, while its direc-
tion is determined by the total anisotropy energy. Superparamagnetism refers to this
thermally activated switching of the magnetization over rotational energy barriers
provided by magnetic anisotropy. When single-domain particles are reduced in size
with their spontaneous magnetizations preserved, there begin high thermal fluctua-
tions in the magnetization directions of the particles. Below a certain size, ambient
thermal energy may be large enough to cause the moment to jump between two
different stable orientations of magnetization even in the absence of an applied field.
The behavior is exactly analogous to the Langevin treatment of paramagnetism with
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the vital difference that the moment is not that of a single atom but rather of a single-
domain particle and has a value of the order of 10°~10° Bohr magnetons (“super-
spins”). Since extremely large moments and hence susceptibilities are involved,
the treatment is known as superparamagnetism. Superparamagnetism is a magnetic
analog of Brownian motion. In discussion with a ferromagnetic metal nanopar-
ticle, the nanodimensional metal granule is considered as a ferromagnetic particle
possessing an intrinsic magnetic moment equal to the sum of magnetic moments
of the atoms contained in this granule. If the energy of the magnetostatic interac-
tion between granules is below kT (k being Boltzmann constant and T is absolute
temperature), no correlation between the magnetization vectors of such particles takes
place, and the composite is expected to show its paramagnetic/superparamagnetic
properties. When an infinite network of contacting granules is formed, at a critical
concentration of the magnetic filler particle called magnetic percolation threshold
(m,), conditions favoring exchange interaction between the atoms of the neighboring
granules in the matrix are expected and the material should acquire a drastic change
in its magnetic properties, such as DC magnetic susceptibility, coercivity, and DC
magnetization [48-51].

2.6 Summary

Basic concepts associated with the composites have been explained. The working
mechanisms of different composites that generate the net properties from the indi-
vidual constituents have been discussed. The model of explaining the physical prop-
erties of composites is given in terms of the effective medium theories, such as
Maxwell-Garnett, Yamada, Bruggeman, and Landauer’s approximations. Due to the
limitations of these approximation models in explaining certain physical proper-
ties in some definite situations, the percolation theory has been added to account
for the variation of physical properties of polymer composites. The explanation of
ferromagnetism, magnetic dipolar interaction, superparamagnetism, and magnetic
percolation threshold also has been added. The dielectric and impedance spectro-
scopies have been added to account for the microstructure, relaxation behavior, and
the other electrical properties.
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Chapter 3 ®)
Synthesis and Characterization i
of Polymer Composites

This chapter deals with the description of the procedures of preparing the polymer
composites and their physical characterizations. Further, brief descriptions of the
analytical instruments used for the physical characterization of the samples and
some of the typical results from the respective instruments are also included for their
inherent standardizations.

3.1 Sample Preparation

Samples in suitable shapes have been synthesized [1-4] to perform the electromag-
netic experiments to minimize the geometry errors and errors from other sources.
A thickness monitor glass tape caster is used for preparing the polymer composite
films. The other experimental techniques used for sample preparation are (a) high-
energy ball milling, (b) ultrasonic sonicator, (c) compression hot molding, and (d)
hydraulic press.

/Polymer/metal composites (PMC) have been prepared with the purchased chem-
icals as per the following specifications. The high purity (99.9%) polymers, both
a polar/weakly ferroelectric polymer of polyvinylidene fluoride (PVDF) and a non-
polar polymer of low-density polyethylene (LDPE) were purchased from Alfa Aesar.
The high purity (99.99%) metal powders, such as nickel (-Ni), aluminum (Al),
copper (Cu), iron (Fe), having an initial particle size of ~(10-20) pwm, were purchased
from Alfa Aesar. The particle size of w-Ni has been reduced to form nanocrystalline
Ni (n-Ni), and the quasicrystal of Al, Cu, and Fe corresponding to the nominal
composition of AlgsCuyszFe;, (n-QC) has been formed through ball milling, described
below. The n-Ni has been annealed to form a core-shell structure of n-Ni and NiO
composites, respectively, and their formation is described below.

Various specifications regarding density, percentage of crystallinity, melting
temperature, presence of different phases, average particle size, surface area, and
the DC conductivity of the polymer and conductor components either as purchased
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Table 3.1 Specification of the various components

Components | Density | Average DC BET Series of fe
(g/ce) particle conductivity |surface |composites
size (um) | (Q~'em™) |area
(m*/g)

PVDF 1.74 0.4-0.6 10714 - A 0.57
LDPE 0.92 400 10715 - B 0.27
w-Ni 8.91 8-12 ~10° 0.03 C 0.23
n-Ni 8.91 0.02-0.04 | ~10°-108 1.30 D 0.25 <f. <0.26
n-QC 4.7 0.2-0.3 ~103-10* - E 0.07
n-Ni@ NiO | 8.91 0.02-0.04 | ~1073 - F 0.30

G 0.06

or synthesized are listed below in Table 3.1. The two types of polymer used in
the present investigation are a polar (PVDF) and a non-polar (LDPE) polymer. The
polymer PVDF is a semicrystalline polymer (50-60% crystalline), while the polymer
LDPE is an amorphous polymer (30% crystalline) [5, 6]. The monomer units present
in PVDF and LDPE are CH,=CF, and CH,=CH,, respectively, and in the poly-
meric form they are written as —[CH,=CF,],— and —[CH,=CH,],,—, respectively.
PVDF exists in five different structural forms, such as o (TGTG/), B (TTTT), y
(TTTGTTTG), 8, and & depending on the chain conformations as trans (T) or gauche
(G) linkages.

Among these polymorphic forms of PVDF, three important crystalline forms of
PVDF are a (pseudo-orthorhombic), § (orthorhombic), and y (monoclinic), having
chain confirmations as TGTG' or (tg*tg™), TTTT, TTTGTTTG , respectively. Due
to the presence of chain conformation, PVDF exists either in a non-polar (o) or in
a polar (e.g., B, y) phase. The schematic diagram of the two most common confor-
mations of PVDF, such as o and B, is given in Fig. 3.1. We observe that there is
a net permanent dipole moment exists in the § phase of the polymer. Each crystal
phase having different molecular confirmations affects its dipolar characteristics due
to the preferential orientation of the atomic groups around the carbon atom. When
poled, PVDF is a ferroelectric polymer, exhibiting efficient piezoelectric and pyro-
electric properties. PVDF has a glass transition temperature (7'¢) of about —35 °C
and a melting temperature of 170 °C. Similarly, LDPE is one of the polymeric forms
of polyethylene (PE). Polyethylene is a thermoplastic polymer consisting of long
chains of monomer ethylene. Polyethylene is classified into several different cate-
gories based mostly on its density and branching. With regard to sold volumes, the
most important polyethylene grades are high-density polyethylene (HDPE), linear
low-density polyethylene (LLDPE), and low-density polyethylene (LDPE). LDPE
is defined by a density range of 0.91-0.94 g/cm?. It can withstand a temperature of
80 °C continuously and 95 °C for a short time. In terms of its crystal structure, it
exists only in one phase as it is only 30% crystalline and it is also non-polar. The T,
and M.T. values for LDPE are —125 °C and 130 °C, respectively.
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3.1.1 Synthesis of Nanocrystalline Powders

The synthesis of nanocrystalline elemental and alloy powders has been carried out
with the help of a high-energy ball milling technique.

(a) Mechanical Milling

In this technique, a planetary ball mill (RETSCH PM-200 model) is used to synthesize
nickel fine particles with tungsten carbide balls and vials. Toluene milling medium
is chemically inert and used as a coolant to diffuse the heat generated during milling.
Toluene also acts as a lubricant to prevent any damage to balls during the collision.
The ball to powder weight ratio (BPR) is taken as 10:1, and the milling time is up to
60 h. After 60 h of milling, Ni nanoparticles of size 20-30 nm were obtained which
was confirmed from HRTEM.

Oxide-coated Ni particles have also been prepared with NiO over the Ni metal
in its nanocrystalline state. n-Ni ball-milled metal particles have been annealed at
500 °C for 5 h, and n-Ni/NiO core-shell particles have been prepared for further
study.

(b) Mechanical Alloying

Elemental blends of Al, Cu, and Fe corresponding to the nominal composition of
AlgsCuysFe, have been mechanically alloyed for 10 h in a high-energy planetary
ball mill (RETSCH PM-200 model). The milling has been carried out in toluene and
tungsten carbide milling media by maintaining BPR at 10:1. Well-ordered quasicrys-
talline (QC) AlgsCuysFej, powders (~300 nm) confirmed through HRTEM were
obtained on annealing (800 °C) the as milled powder under inert gas atmosphere for
1 h. The QC structure has been confirmed through XRD patterns.
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3.1.2 Formation of Polymer Composites

The synthesis of PMC samples in the form of pellets and thick films have been done
by following a two-step process. (a) For pellets, mechanical blending is followed by
hydraulic press/hot compression molding. (b) For thick films, ultrasonic sonication
is followed by tape casting [1-6].

(D Bulk composites

The PMC composites were prepared by mechanical blending of the two components
(polymer and metal) with the help of agate mortar and pestle. The homogeneity
was achieved after grinding the composites for more than 2 h. The various series
of composite samples were prepared by taking different volume fractions of the
conductor and mixing with a definite amount of polymer in such a way that the
volume fraction of the conductor is gradually increased. Initially, a few composite
pellets were made, and on subsequent measurements of properties, the number of
compositions was increased as being approached the f . to obtain the value of f. (i.e.,
critical region) very accurately.

These powders were pressed with the help of a hydraulic press to get the samples
in their desired cylindrical pellet form. The final samples made were of 13 mm
diameter and 1.5-2 mm thickness. In this book, the experimental investigation of
PMC is reported (prepared with the hydraulic press at room temperature and referred
them as cold-pressed samples or room temperature consolidated samples) and the
hot-molded composites.

Hot-molded composites

The four major steps involved in compression hot molding (Fig. 3.2) are

1. Preformed blanks, powders, or pellets are placed in the bottom section of a heated
mold or die.

2. The other half of the mold is lowered and is pressure applied.

3. The material softens under heat and pressure, flowing to fill the mold. Excess
material is squeezed from the mold. If the polymer used is a thermoset, then
cross-linking occurs in the mold.

4. The mold is opened and the part is removed.

For thermoplastics, the mold is cooled before removal, so the part will not lose its
shape. Thermosets may be ejected while they are hot and after curing is complete.
This process is slow, but the material moves only a short distance to the mold and
does not flow through gates or runners. Only one part is made from each mold.

(II) Thick Films

Thick films of the PMC were prepared with the help of a homemade thickness
monitor glass tape caster after preparing the slurry of the PMC passing through
ultrasonic probe sonication.
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Fig. 3.2 Compression hot molding with temperature digital panel meter and pressure indicator

3.2 Physical Characterization Techniques

The samples have undergone various types of characterizations and have been
analyzed for finding their suitability for the relevant applications [7-16].

3.2.1 Structure

(i) X-Ray Diffraction

X-ray diffraction (XRD) is a powerful tool for materials characterization as well as
for the investigation of the fine structure of the materials. As the physical properties
of a composite (e.g., electrical, dielectric, optical, magnetic, etc.) depend on the
arrangements of the different components in the composite, the determination of the
homogeneity of the samples becomes an indispensable part.

The diffraction pattern of a substance comprises both the angular positions and
intensities of the diffracted beams and forms a sort of fingerprint by which the
substance may be identified. Analysis of the angular positions of the diffraction
lines leads immediately to a knowledge of the size, shape, and orientation of the
unit cell, while the relative intensities of the lines reflect the relative quantity of the
different components present in the composite. A given substance always produces
a characteristic diffraction pattern, whether that substance is present in the pure state
or as one constituent of a mixture of substances. Quantitative analysis of the various
components is also possible because the intensities of the diffraction lines due to a
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particular phase depend on the proportion of that phase in the specimen. In the case
of polymeric materials, the XRD technique is used to determine the proportion of
crystalline and amorphous phases in terms of the degree of crystallinity.

In this book, the X-ray diffractograms were recorded over a wide range of diffrac-
tion angles 26 varying from 15° to 80° using Cu K, radiation of wavelength A =
1.5418 A at a scanning rate of 3°/min with the help of Rigaku (model: Miniflex) and
Pan-analytical X’ pert PRO-PW 3040 X-ray diffractometers. The X-ray generator was
operated at 40 kV, at an anode current of 20 mA from stabilized power supplies. The
qualitative phase analysis was performed by the usual Hanawalt’s method of compar-
ative peak matching with standard JCPDS (Joint Committee of Powder Diffraction
Standards) files. All the observed peaks/reflections were indexed based on the best
agreement between the observed and the JCPDS data. The typical XRD pattern of
the polymer PVDF showing both the crystalline and amorphous content is given in
Fig. 3.3.

(ii) Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) studies, in general, are used to

identify;

e The unknown materials and chemical groups present in the polymers or in PMC.

e To determine the quality or consistency of a sample and is also used to determine
the amount of components present in a mixture.

e To determine the phase of the polymer in which it exists.

e In addition, it also gives a lot of relevant information for a polymer or PMC, such
as crystallinity of the material, bond length, bond strength, and ionic motions.

In infrared spectroscopy, IR radiation is passed through a sample. Some of the
infrared radiation is absorbed by the sample and some of it is transmitted through
the sample. The resulting spectrum represents the molecular absorption and trans-
mission, creating a molecular fingerprint of the sample. Like a fingerprint, no two
unique molecular structures produce the same infrared spectrum and hence making
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the infrared spectroscopy a useful tool for the above several types of analysis. FTIR
is advantageous over the conventional IR technique because the sample is exposed
to IR radiation for a small time interval in the former case, thereby minimizing the
possibility of sample damage while a spectrum is recorded. Secondly, the FTIR tech-
nique has the added advantage of recording the details of even overlapped spectral
features.

In this book, the FTIR spectra of the polymer and PMC to observe the different
phases present in the polymer, the phase change of the polymer due to dispersion
of metal particles in the polymer matrix was taken. It is also interesting to know
whether the dispersed metal particles and the polymer chain have any molecular level
interactions, which may reflect in absorption or transmission spectra. The samples
were in the form of thick films ~50 pm and as powders of PMC. The FTIR spectrum
of the samples (in KBr) was recorded at room temperature in the mid IR range (400-
4000 cm™') at an average scan rate of 32 with a wave number resolution of 4 cm™!
using Thermo Nicolet Spectrophotometer (model: NEXUS-870). Before recording
the spectrum of the samples, a spectrum without sample was recorded, which was
subtracted each time from the spectrum of the sample material to remove the effect
of atmospheric moisture and CO,. The typical FTIR spectrum of some of the PMC
is shown in Fig. 3.4.

3.2.2 Microstructure

(i) Optical Microscopy

The technique of optical microscopy is widely used to obtain the following informa-
tion: (i) It helps in phase identification and to distinguish between amorphous and
crystalline materials, (ii) for observing structural transformations in crystallization
as well as under the action of various effects, such as thermal cycling and deforma-
tions, (iii) for observing macroscopic morphology and crystal system information as
well as in comparing the structure of a material obtained under different technical
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(c)

Fig. 3.5 Typical optical micrographs of the polymer matrix, a cold-pressed pure PVDEF, b hot-
molded pure PVDF, and ¢ hot-molded pure LDPE

conditions, (iv) for studying imperfections/defects in a material, (iv) to study the
kinetics of the process of transformations, and (v) optical microscopy of polymeric
electrolytes (materials) prepared in thin-film form reveals a characteristic lamellar
structure when viewed in cross-polarized light.

The morphology of the polished surface of the samples has been collected with the
help of a polarized optical microscope (model: Nikon ECLIPSE E400 POL). Typical
optical micrographs of some of the polymer matrices after undergoing thorough
treatment are shown in Fig. 3.5.

(ii) Electron Microscopy

(a) Scanning Electron Microscope (SEM)

The SEM is a versatile instrument for examining the microstructure of solid surfaces
because it combines high spatial resolution with a depth of field in the same image.
SEM produces micrographs by scanning the surface of the specimen with a small
electron probe, synchronous with an electron beam from a source. The contrast in
the micrograph is due to topographical variations and atomic number differences in
the specimen. Two important types of analyses performed by an SEM are (i) high-
resolution secondary electron imaging for knowing the specimen topography and (ii)
backscattered electron imaging for knowing compositional variations on the sample
surface. In addition, both qualitative and quantitative energy dispersive analysis of
X-rays (EDAX) analysis of most elements can also be performed, relating elemental
composition to morphological and textural features in a sample.

The principle of analysis of the characteristic X-rays emitted from samples can
be used to determine both the qualitative and quantitative composition of samples
constituted of different elements. The energy dispersive X-ray spectrometer discrim-
inates between the energies of these characteristic X-rays falling on it and hence
detects them. The concentration of the elements can easily be calculated from the
peak heights. An important point to be noted in the case of EDAX analysis is that it
can be performed either in “point analysis” mode or “area scan” mode, which is not
possible by conventional X-ray analysis methods.

The instrument used in the present study is Oxford-Link ISIS 300 energy disper-
sive X-ray (EDX) micro-analyzer with an ECON IV detector attached to JEOL JSM
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5800 scanning electron microscope. Sample composition and homogeneity were
checked by employing the EDAX microprobe.

(b) Field Emission Scanning Electron Microscope (FESEM)

The advantage of FESEM over SEM is that of its high resolving power. Although the
basic principle of operation remains the same, there are some differences from that
of conventional SEM. The most important difference between the two is the emitter
type, i.e., the electron gun. The function of the electron gun is to provide a large and
stable current in a small beam. Thermionic emitters are used in conventional SEM,
while field emitters are used in FESEM. The accelerating voltage of routine FESEM
instruments is ~120-200 kV.

In the present investigation, the morphology of the polished surface of the samples
has been taken with the help of a FESEM (Model: Carl Zeiss, Supra 40). Experiments
were performed on gold-coated samples, and FESEM micrographs were recorded
through large/small area scans. The typical FESEM pattern of the polymer matrices
used in the present investigation is shown in Fig. 3.6. The presence of spherulites is
the clear signature of the crystalline polymer in cold-pressed PVDF (Fig. 3.6a), while
they are not present for the hot-molded PVDF (Fig. 3.6b) because of the melting of
the polymer at 200 °C. In the case of LDPE due to its non-crystalline nature in both
cold-pressed and in hot-molded form, no spherulites are found (Fig. 3.6¢, d).

Fig. 3.6 Typical FESEM of the polymers, a crystalline PVDF, b hot-molded PVDF, ¢ non-
crystalline polymer LDPE, and d hot-molded LDPE
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(¢) Transmission Electron Microscope (TEM)

The TEM is a very powerful and versatile instrument that is capable of characterizing
materials’ crystal structure and microstructure, simultaneously by diffraction and
imaging techniques. In a conventional TEM, a thin specimen is irradiated with an
electron beam of uniform current density. Whatever part is transmitted is magnified
by a three or four stages lens system and projected onto a fluorescent screen. When
the transmitted electrons strike the fluorescent screen, light is generated allowing
the user to see the image. The accelerating voltage of routine instruments is ~120—
200 kV and determines the velocity and wavelength of the electrons and hence the
resolution of the instrument.

In the present investigation, fine freestanding metal particles were obtained by
high-power ultrasonication. A drop of this colloidal solution was taken and placed
on the carbon grid for the measurements. The measurements were carried out with
the help of TEM (Model: JEOL-JEM-2100) at an acceleration voltage of 200 kV.

(iii)) Surface Area Measurement

The instrument works based on the theory first proposed by Stephen Brunauer, Paul
Hugh Emmett, and Edward Teller known as BET theory. According to this theory,
at known partial pressure, the amount of N, (or any other inert gas) adsorbed by the
regenerated sample at liquid N, temperature forms a single molecular layer over the
surface of the sample. This adsorbed N is then measured to calculate the surface
area of the sample. In this method, gas mixture (approximately 30% N, and 70%
He) continuously flows over the sample. The sample is dipped in liquid N,. At liquid
N, temperature (—198 °C), N, gets adsorbed in this flow and forms a monolayer on
the surface. This adsorbed Nj is allowed to desorb by bringing the sample to room
temperature. This desorbed N; is proportional to the surface area of the sample and
so measured to calculate the surface area by using a mathematical equation. The BET
theory can be expressed in the form of a mathematical equation involving physical
terms, such as room temperature, partial pressure of the gas mixtures, volume for
monolayer adsorption, and volume adsorbed at equilibrium pressure, and is given by

(P/Po)/ Vi(1 = P/Py) =1/ V,yC+(C = D(P/Py)/ Vi C, (3.1

where V,, = monolayer volume, V; = volume adsorbed at P/Py at 0 °C, C = a
constant, and P/P, = partial pressure of the gas. There are two methods of dynamic
measurement: the three-point and single-point method. In the present investigation,
the surface area was measured with the help of the BET surface area analyzer (model:
Smart Sorb 92/93) which uses the single-point dynamic method.
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3.2.3 Thermal Characterizations

(i) Differential Scanning Calorimetry (DSC)

In this technique, the differential energy (enthalpy) changes of a sample required
to maintain both the sample and the reference material (usually alumina, an inert
material) are measured at the same temperature during a phase transformation on
thermal treatment. A few milligrams of the sample and inert reference material are
separately heated in a hermetically sealed container in such a way that a temperature
difference between them is zero. To meet this requirement, an energy flow in terms
of either absorption or evolution of heat takes place. The difference in the heat input
when plotted as a function of time or temperature results in a definite pattern known
as the DSC curve. The physical/chemical changes (e.g., melting, etc.) of a part or
entire sample on heating, accompanied by absorption of energy to maintain zero
temperature difference, appear as an “endothermic peak”. On the other hand, the
changes in the materials (e.g., crystallization on cooling, etc.) involve the evolution
of energy, and it appears as an “exothermic peak” in DSC curves. Particularly, in the
case of polymeric materials which are mostly semicrystalline (partly crystalline and
partly amorphous) in nature, it provides a range of useful information, such as glass
transition temperature 7, melting temperature T',, decomposition temperature 7y,
heat capacity, melting enthalpy AH,,, and degree of crystallinity. The “degree of
crystallinity” can be evaluated by determining the change in enthalpy (AH,,) from
DSC during the melting of the crystalline part of the polymeric materials according

to the formula %X, = <AHm/AH100%,crystalline> x 100%, where (AH,,)psc is the
enthalpy change of the polymer corresponding to Ty,,. The experimental results are

reported from DSC, Perkin Elmer (model: Sapphire DSC) to find out the melting
temperature and phase transition of the polymer.

3.2.4 Electrical Characterizations

(a) Dielectric measurement

In the case of a dielectric material/PMC, there are several types of polarization, each
of which can be explained by its intrinsic physical mechanism. The different basic
types of polarizations are electronic, ionic, orientational/dipolar, interfacial/grain
boundary/Maxwells Wagner Sillars (MWS), and electrode polarization. When an
insulator is placed in an external electric field, electrons of the atoms are displaced
slightly with respect to the nuclei, which induce dipole moments causing the elec-
tronic polarization. When the atoms of the molecule do not share their electrons
symmetrically, the electron clouds are displaced eccentrically toward the stronger
binding one. Thus, the ions acquire charges of opposite polarity. These net charges
tend to change the equilibrium positions of the ions themselves under the action of
an electric field. This displacement of charged ions or a group of ions with respect to
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each other creates a second type of induced dipole moment called ionic polarization.
In addition, the permanent dipole moments may exist in a material in the absence of
an external electric field due to its very structure and difference of electro-negativity
in a molecule. Such dipoles experience a torque due to an electric field that tends to
orient them in the direction of the electric field. Consequently, an orientation polar-
ization exists. Similarly in the case of composites (e.g., PMC) or dielectric ceramics,
at the interface between two components or at the grain boundary, the charge accu-
mulation occurs and forms an artificial dipole giving rise to interfacial polarization.
Another type of artificial polarization occurs for ionic conductors at the interfacial
area between the sample and electrodes giving rise to electrode polarization. These
first three mechanisms of polarizations are arising due to charges locally bound in
the atoms or molecules or inside the structure of solids. In addition to all these, there
usually exist charge carriers that can migrate for some distance through dielectrics
and those are called the later types of polarization. Generally, carriers are impeded
in motion because of being trapped in the materials’ interfaces. Hence, they cannot
freely discharge at the electrodes and space charge results. Such distortion appears
as an increase in the capacitance of the sample and may be distinguishable from a
rise of the dielectric constant. Thus, the next polarization called interfacial and space
charge polarization comes into play. But generally, the space charge or electrode
polarization is observed for ionic conductors and hence only to consider the four
types of polarization. The total polarization is the sum of the above four types of
polarization. For electronic and ionic polarization, the frequency effect is negligible
up to 10'° Hz. As the optical range of frequency is reached, electronic contribution
becomes the sole contributor.

When a dielectric is placed in an alternating electric field, a temporary phase shift
is found to occur between the driving fields and resulting polarization; consequently,
a loss current component appears giving rise to the dielectric loss of the sample.
Due to the phase lag of the polarization (which gives rise to dielectric constant) with
respect to the driving electric field, there will be two components of the complex
dielectric constant, in which one component will try to restore the polarization while
other components will contribute to the loss. The complex dielectric constant is given
bye = & —j &’ , wheree'(w) and ¢’ (w) are real and imaginary component (loss) of
the complex dielectric constant, respectively. The loss factor is the primary criterion
for the usefulness of a dielectric as an insulator material. So for some applications
where high capacitance in the smallest physical space is required, materials with
high dielectric constant and low dissipation factor must be used.

In this book, the dielectric measurements as a function of frequency have been
carried out on the PMC samples in the form of thick films as well as on pellets using a
high precision impedance analyzer (Agilent 4294A) in the frequency range of 40 Hz—
10 MHz, with an applied voltage of 400 mV, using Agilent 16451B Dielectric Test
Fixture (Inset, Fig. 3.7) isreported. The applied voltage of 400 mV has been optimized
by applying different voltages of the applied electrical signal varying from 5 mV to
1 V for various PMC, taking both the percolating and non-percolating samples. We
observe from the variation of capacitance and loss tangent shown in Fig. 3.8a, b, d,
e for the two insulating polymers, such as polar PVDF and non-polar LDPE. The
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Sampl

Sample holder

Furnace

Fig. 3.7 Agilent impedance analyzer along with the connected sample holder containing sample is
placed inside the furnace for temperature variation of electrical measurement, Inset: Agilent 16451B
Dielectric text fixture in which sample is placed for the room temperature measurement

scattering of data points gradually decreases with the increase of voltages from 5 mV
and becomes stable for the applied voltages in the range of 100-400 mV or more
than it. For the percolating PMC (Fig. 3.8c, f), even 5 mV gives stable data for all the
electrical parameters. So what is concluded that for a more insulating sample, there
is a requirement for higher AC voltage, and with the increase of conductivity, a less
perturbing voltage is needed for getting stable data. As in the present book, to report
PMC series, hence for each sample the voltage of 400 mV has been optimized. The
temperature variation of the dielectric data on the prepared samples has been taken
with the help of a homemade sample holder and Agilent 42941A impedance probe
as shown in Fig. 3.7.

(b) Impedance measurement

Complex impedance spectroscopy (CIS) is an experimental tool for the characteri-
zation of the electrical properties of materials. The technique is based on analyzing
the AC response of a system to a sinusoidal perturbation and subsequent calculation
of the impedance as a function of the frequency of the perturbation. The technique
enables us to evaluate and separate the contribution to the overall electrical prop-
erties in the frequency domain due to electrode reactions at the electrode/material
interface and the migration of charge carriers (ions/electrons) through the grains
and across the grain boundaries within the specimen sample. In the impedance
spectroscopy technique, a sinusoidal signal of low amplitude is applied across a
sample and the response at the output is compared with the input signal to deter-
mine the impedance (Z) and phase shift (9). Due to this directional characteristic,
the impedance data can be represented in the form of real and imaginary compo-
nents making the impedance a complex quantity. So, the impedance of a sample is
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Fig. 3.8 Variation of capacitance. a PVDF, b LDPE, ¢ composite above f. and Tan 8, d PVDF, e
LDPE, and f composite above f ., at varying applied input voltages

known as the “complex impedance” consisting of both resistive (real part) and reac-
tive (imaginary part) components. Impedance analysis involves the display of the
impedance data in different formalisms and provides us the maximum possible infor-
mation about the materials. The display of impedance data in the complex plane plot
appears in the form of a succession of semicircles attributed to relaxation phenomena
with different time constants due to the contribution of grain (bulk), grain boundary,
and interface/polarization in a polycrystalline material. Hence, the contributions to
the overall electrical property by various components in the material are separated
easily. One of the main advantages of frequency-dependent measurements is that the
contributions of the bulk material, the grain boundaries, and electrode effects can
easily be separated if the time constant is different enough to allow separation. The
complex plane plots result in different semicircles, intercepting along the x-axis -
axis) at different regions. The intercept of the first semicircle in the high-frequency
region is due to grains; the second one at intermediate frequency is due to grain
boundaries/interfacial polarization, and the third one in the low-frequency region is
due to electrode effect.

The impedance measurements in the present study have been carried out in
the same manner as the electrical properties measurements were performed. The
applied voltage of 400 mV has been optimized by applying different voltages of
the applied electrical signal for two insulating polymers, PVDF (Fig. 3.9a, d) and
LDPE (Fig. 3.9b, e) and for one percolating sample (Fig. 3.9¢, f). The main purpose
is to study (1) the electrical properties of the proposed materials using variable
frequency measurements and to assign the different electrical impedance to appro-
priate regions of the samples (i.e., for bulk, grain boundaries/interfacial polarization,
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electrode-material interface, etc.) and (2) to extract the maximum amount of useful
information regarding the relaxation behavior across percolation threshold from the
acquired data, namely relaxation frequency, AC and DC conductivity values, etc.

The various combinations of the samples reported in this book have been prepared
through different process conditions which are given in the form of Table 3.2, with
the sample name along with their method of preparation.
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Fig. 3.9 Variation of the real part of impedance (Z/)given by a PVDF, b LDPE, ¢ composite above
fc and imaginary part of impedance (Z )given by d PVDF, e LDPE, and f composite above f, at
varying applied input voltages

Table 3.2 Various

: Name of the series of Preparation method
composites reported along cOmposites
with their method of P
preparation PVDF/p-Ni Room temperature consolidation
(Cold pressed)
PVDF/n-Ni Room temperature consolidation
(Cold pressed)
PVDF/n-QC Room temperature consolidation
(Cold pressed)
PVDF/p-Ni Compression hot molding with
time variation
PVDF/p-Ni Compression hot molding
PVDF/n-Ni Compression hot molding
PVDF/n-Ni@NiO Compression hot molding

LDPE/n-Ni Compression hot molding
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(c) Spontaneous Polarization measurement

The distinguishing features of ferroelectrics in comparison to normal dielectric
materials are the existence of spontaneous polarization and the presence of elec-
tric hysteresis, when polarization is plotted as a function of the applied electric field.
This nonlinear nature is due to the combined effect of the following components, such
as (i) dielectric polarization, (ii) remnant polarization, (iii) dielectric loss (leakage),
and (iv) non-remnant polarization. The area within the hysteresis loop is a measure
of the energy required to twice reverse the polarization. At zero fields, the electric
displacement within a single domain (saturated value of the displacement) has two
values corresponding to the opposite orientations of the spontaneous polarization.
In a multidomain crystal, the average zero-field displacement can have any value
between these two extremes. In principle, the spontaneous polarization is equal to
the saturation value of the electric displacement extrapolated to zero fields. The
remanent polarization Pr (the displacement at zero fields) may be different from
the spontaneous polarization Ps if reverse nucleation occurs before the applied field
reversal. The area within the loop is the measure of the energy loss per cycle. As in
the present investigation, a ferroelectric polymer PVDF was chosen as the matrix;
hence, the ferroelectric hysteresis loop on the unpoled samples was obtained using a
precision workstation (M/S. Radiant Technologies Inc., USA) as PVDF exists in its
mixed phase [a, B]. The ferroelectric hysteresis test setup from M/S. Radiant Tech-
nologies Inc., USA, is capable of measuring very weak polarization. Generally, the
hysteresis loop in ferroelectric thin films, ferroelectric capacitors, and ferroelectric
read-only memory (FEROM) is obtained with the help of this setup. The whole setup
is shown in Fig. 3.10.

3.2.5 Magnetic Characterizations

(i) Permeability from Impedance Measurement

The frequency dependence of initial permeability of the composite sample was
measured with the help of the turn coil method by passing 20 mA AC current through
a pickup coil and the measurements were performed using an Agilent impedance
analyzer (4294 A) with the help of 42941 A probe at room temperature in the frequency
range of 10 kHz—10 MHz. A pickup coil of 40 turns was used for generating the
exciting magnetic field by sending an oscillating current of 20 mA where the sample
was used as the core of the pickup coil. The exciting field generated by the pickup
coil is estimated to be ~1 Oe. The length of the sample used was larger than the
length of the pickup coil, and the effective area of the sample was found to be very
less as compared to the pickup coil area. In this method, the measure of perme-
ability, i.e., the relative permeability of a material with respect to vacuum or air
was measured. The self-inductances were measured for all the composites with and
without the samples, respectively. The complex permeability of the material can be
written as i (w) = w'(w) — ju(w). The amplitude of ac current was kept at a constant



3.2 Physical Characterization Techniques 45

Fig. 3.10 Ferroelectric hysteresis loop tracer from M/S. Radiant technologies

value during the frequency sweep to produce the constant amplitude of the AC field
h(t) = hoe/®" on the sample. The real and imaginary parts of permeability (j) were
determined as per the following relations

/(a)) — ﬂ (3.2)
= o) '
v, o {R(®) — Ry(w)}
ui(w) = T Lo (3.3)

where Land R are the equivalent inductance and resistance with the sample and L
and Ry are those of empty solenoid, respectively.

(i) Vibrating Sample Magnetometer (VSM)

The operation of the VSM is based on the principle of flux change and, hence,
inductions of emf in a coil when the sample is vibrated near it. When a sample is
placed in a uniform magnetic field, a magnetic moment proportional to the product
of the sample susceptibility and the applied field develops in it. If the sample is
made to undergo sinusoidal motion in a direction at right angles to the magnetic
field with the help of a mechanical vibrator, an alternating emf can be induced in
suitably located stationary pickup coils. This emf has an amplitude proportional
to the magnetic moment of the sample, the vibration amplitude, and the vibration
frequency. Through the use of lock-in-amplifier and feedback techniques, only that
portion of the signal arising from the magnetic moment is picked up and is converted
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into direct readout in emu on a digital panel meter. The room temperature (300 K) M—
H curves of the samples studied for this thesis work were measured with a homemade
vibrating sample magnetometer with a sensitivity of 10 emu in applied magnetic
fields between %7 kOe.

3.2.6 Rheological Characterizations

(i) Rotational Rheometer

Rotational theometry (Fig. 3.11) is a powerful technique for the measurement of prop-
erties associated with complex shear rheology across all types of material, sensitive
enough to measure the viscosity of dilute polymer solutions. Rotational rheometry
is ideal for discerning structural and compositional changes of materials, which are
the critical controlling factors for inflow and deformation properties, and ultimately
associated with product stability and performance.

The basics of the rotational rheometry technique are as follows. The sample is
loaded into the gap of a measuring system, such as a concentric cylinder system,
specifically designed to impose simple shear flow when rotated. The measuring
system is supported by a virtually frictionless air bearing and driven by an ultra-low
inertia motor, coupled to an ultra-high precision position encoder. The sample and
measuring system are also temperature controlled. Various rheological characteris-
tics of the sample can be determined by rotating, oscillating, or applying a step func-
tion to the measuring system, either by controlling motor torque (stress-controlled
rheometry) or position change (strain-controlled rheometry).

Fig. 3.11 Rotational
rheometer from M/S. Anton
Parr technologies
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3.3 Summary

The various ways of preparing the polymer nanocomposites are described in detail.
Special care is to be taken to prepare the samples to approach f'. as closely as possible
during the observation of insulator-to-metal (IMT) transition at f'.. The experimental
setups used for sample preparation, such as hydraulic press and compression hot
molding, are included in detail. The working principle of various experimental
setups such as XRD, FTIR, optical microscope, SEM, FESEM, TEM, BET surface
area analyzer, DSC, impedance analyzer, FE hysteresis, VSM, and rheometer are
included.
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Chapter 4 ®
Percolation Behavior of Polymer oo
Composites

In this chapter, a detailed investigation of structural, microstructural, dielectric, and
percolation behavior of a variety of polymer-metal composites (PMC) comprising
polar and non-polar polymers have been discussed. The effect of filler particle size,
process conditions, mixing and firing time, temperature, different polymer matrices,
the conductivity of filler particles, and spherulites of polymer on the percolation
threshold (f.) and other percolation parameters have been included. All the PMC
undergo an insulator-to-metal transition (IMT) at f., and the experimental results
have been explained with the help of percolation theory, boundary layer capacitor
effect, and the concept of connectivity.

4.1 Introduction

Recently, there have been several studies on polymer-based composites which exhibit
excellent physical properties coupled with mechanical flexibility. In particular, ferro-
electric polymers, like polyvinylidene fluoride (PVDF), poly[(vinylidene fluoride)-
co-trifluoroethylene][P(VDF-TrFE)], and polyvinylidene fluoride-trifluoro ethylene-
chlorofluoroethylene [PVDF-TrFE-CFE], etc., and composites with a variety of
fillers, such as ceramics, metals, or metal-ceramic components have been investi-
gated, and large changes in the value of effective dielectric constant (&) have been
reported in the neighborhood of f,. [1-22]. Although the percolation theories for
random continuum percolation systems predict the ideal value of f, i.e., the crit-
ical volume fraction for any three-dimensional (3D) random percolative insulator—
conductor composites (ICC) to be at 0.16 (where the fillers are assumed to be of hard
spheres and in micron size), always the experimentally observed f. value is found to
be at variance (refer Fig. 1.1 of Chap. 1). The focus of research in polymer/conductor
composites (PCC) is on f. and the critical behavior in the vicinity of IMT [23, 24].
Although half a century has passed since the initial development of the standard
percolation theory, yet a consensus hasn’t been reached so far as the calculation of f
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for a given material that exhibits an IMT is concerned. Many controversies exist in this
area of research which requires serious attention, although several studies show devi-
ations from the percolation theories (refer Fig. 1.1 of Chap. 1). Interestingly, Dang
et al. [2] demonstrated ideal percolative behavior in hot-molded PVDF/Ni compos-
ites with a f. value of 0.16 which is in agreement with the theoretically predicted
value. Also, the value of static dielectric constant (¢.¢) in PVDF/Ni composites is
around 400 which is comparable to the reported eeg of ~450 in case of other PMC
(References in Fig. 1.1). Very few PMC show e > 450, and it has been observed
in some of the PMC the value is around 2000. As discussed in Chap. 1, the scat-
tered values of f, and the extent of enhancement of e.¢ in the vicinity of f. are
the two major features exhibited in PMC which are the subject of recent debate, so
these surprising results question the validity of percolation theory in PMC. On the
other hand, PMC materials are tipped to be ideal for the verification of the proposed
theories. Therefore, pertinent questions in the present discussion are

(i) On what parameters the value of f. depends on?

(i) What is the effect of filler particle size and shape?

(iii)) How does the process condition affect the f. of a particular PMC?

(iv) Does the polymer matrix play a role in the extent of enhancement of ¢.¢ and
in changing the value of f.?

(v) Does the nature of filler affect the f. and electrical properties of a PCC?

(vi) Whether the critical exponents remain the same for all PMC, i.e., they only
depend on the dimensionality of the samples?

(vii) What is the role of Spherulites?

4.2 Samples Reported

A variety of polymers, such as a polar/weakly ferroelectric polymer (PVDF) and a
non-polar polymer (LDPE), were chosen to investigate the percolation behavior in
PMC/PCC. The different fillers chosen are j.-Ni, n-Ni, composite/core-shell struc-
ture of n-Ni and n-NiO. The varieties of PMC were prepared under different process
conditions. Two series of composites, such as PVDF/j.-Ni and PVDF/n-Ni compos-
ites, were formed by mixing the powders of the two components for more than 2 h
and then the blended samples were prepared in the form of pellets (diameter-13 mm
and thickness ~1.5-2 mm) through hydraulic pressing referred to as the cold press
samples (consolidation at room temperature for 5 min).

To investigate thermal effects, two series of the same PVDF/u-Ni composites
were reported with varying temperature and time to optimize the hot molding time
duration. In this process, first, a series of blended powders of PVDF/.-Ni composites
were hot molded at a temperature of 200 °C (above the melting temperature of PVDF)
for 12 min and the f, value was found to be at >0.32. Further, one of the sample
[volume fractions of the conductor (f.o,n) = 0.22 (above ideal f.)] of above series
PVDF/p-Ni composites was hold molded at a temperature of 200 °C with varying
times from 12 to 90 min to find the optimized molding time of 45 min.
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After optimization of the molding time (45 min), the above two series of
samples (cold-pressed samples), PVDF/u-Ni and PVDF/n-Ni composites, were
again prepared with the hot molding procedure at the optimized time of 45 min
and a temperature of 200 °C.

In addition to these, non-polar polymer (LDPE)/n-Ni composites were prepared
under the optimized hot molding condition at a temperature of 130 °C for 45 min.

Air annealed n-Ni (gets converted to the core-shell structure of n-Ni and NiO) was
also used as fillers to study the dielectric behavior. The composites of PVDF/core-
shell structure (n-Ni and NiO) were prepared under the optimized time of 45 min at
200 °C.

Another series of PVDF/n-QC (alloy) were also prepared in the form of pellets
(diameter-13 mm and thickness ~1.5-2 mm) through hydraulic pressing referred to
as the cold press samples (consolidation at room temperature and for 5 min).

In all the series, the samples have been prepared with different f.o, in the
composites to approach the f. as closely as possible.

4.3 Results and Discussion

4.3.1 Filler Size Dependence

The observation of high value of e and true percolative nature in hot-molded
PVDF/.-Ni composites prompted to investigate again the effect of w-Ni filler in
PVDF matrix composite under different process conditions. It is also known that the
size of filler particles plays a major role in the determination of f, and the magnitude
of eesr for a PMC. Therefore, a comparative study of filler particle size dependence
is necessary. The effect of Ni filler particle size in PVDF matrix and its relation to
the magnitude of ., loss tangent (Tan 3), and f . is discussed.

Reports have been investigated on the consolidated pellets of PVDF/-Ni and
PVDF/n-Ni composites prepared by applying 10 MPa pressure on the composite
powder mixtures at room temperature. Before the electrical characterizations, we
have studied the structure and morphology of the composites to ensure constituent
phases and homogenous distribution of the fillers in the polymer matrix.

With the increase of fo, in the composites, the intensity of XRD peaks corre-
sponding to f.-Ni phase increases with a corresponding decrement in the intensity
of peaks for PVDF (Fig. 4.1). These changes confirm the formation of a two-phase
composite. However, the observed broadening of Ni peaks in the case of PVDF/n-Ni
(Fig. 4.1b) in the composites as compared to the PVDF/.-Ni (Fig. 4.1a) is attributed
to the nanocrystallinity of Ni due to the reduction of its particle size. At higher fon,
the signature of the peaks corresponding to the polymer PVDF is not observed due to
their decreased amount of PVDF in the samples. The peak positions corresponding to
Ni and PVDF have indicated with their respective Miller indices of phases observed.
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Fig. 4.1 X-ray diffraction pattern of the PMC. a PVDF/L-Ni composites samples for f¢on = 0.0—
0.30 and b PVDF/n-Ni composites samples for f'con = 0.0 to 0.315, from bottom to top, respectively

The FTIR spectra of the PMC samples for both micron and nanocomposites in
the wavenumber region of interest (i.e., fingerprint region ~ v = 1600400 cm™') are
shown in Fig. 4.2. The characteristic absorption peaks due to different vibrational
modes of the base polymer matrix, i.e., PVDEF, are observed at 490 cm~! (CF,
Bending and wagging), 528, 615 cm~! (CF,, CCC), 763, and 795 cm™!. It has been
found that most of the absorption peaks correspond to the o phase of the polymer with
some of the peaks remaining unidentified indicating the presence of mixed phase in
the polymer PVDF matrix. With the increase of f.,, in the composite, we do not
observe any shift and broadening in absorption peak positions. We only observe the
intensity of peaks gradually decreases which is due to the decrease of volume fraction
of polymer in the composites with the increase of f.,,. Hence, we confirm that there
is no molecular-level interaction between the Ni clusters and the polymer matrix.
This also indicates that Ni metal atoms/particles do not enter into the polymer chain
of the matrix.

The typical optical micrographs of the composites in the case of PVDF/w-Ni
composites are shown in Fig. 4.3, while the inset of Fig. 4.3a shows the surface
topography of pure PVDF. The metal clusters appear as the brighter region in the
matrix, while the background is the polymer matrix. It can be observed that at lower
fcons the metal clusters are well isolated from each other and they have been well
masked by the insulating polymer matrix. With the increase of f¢on, the micrographs
indicate the random distribution of Ni clusters up to the f. and the density of distri-
bution of nickel clusters becomes prominent. The observation is that the density
of distribution of the Ni clusters increases systematically with the increase of fop.
From these micrographs, it is seen that when Ni concentration is low and the parti-
cles are distributed randomly in the polymer matrix and are very isolated from each
other. However, with the increase of volume fraction of Ni, the particles aggregate to
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Fig. 4.2 FTIR spectrum corresponding to some of the composites of the cold-pressed. a PVDF/jv-
Ni and b PVDF/n-Ni, composites in the wavenumber region of 1600400 cm™!

form large clusters and most become self-connected to form a continuous network of
clusters, i.e., forming a percolation cluster. The size of the metal clusters is ~60 pm.

Similarly, the typical optical micrographs of the PVDF/n-Ni composites are shown
in Fig. 4.4. Here we observe better homogeneity of the samples as compared to the

Fig. 4.3 Optical micrographs of the polished surface of the pure PVDF and PVDF/j.-Ni composites
with different f¢on, @ 0.10 (inset: 0.0), b 0.20, ¢ 0.30, d 0.50, e 0.56, and f 0.57, respectively, at the
magnification of 50X



54 4 Percolation Behavior of Polymer Composites

Fig. 4.4 Optical micrographs of the polished surface of the pure PVDF and PVDF/n-Ni composites
with different fcon, @ 0.10 (inset: 0.0), b 0.16, ¢ 0.20, d 0.25, e 0.28, and f 0.315, respectively, at
the magnification of 50X

PVDF/.-Ni composites. Hence, we observe with the decrease of particle size of the
metal particles that the homogeneity of the PMC can be increased.

The high-resolution FESEM surface micrographs of PMC under study are shown
in Fig. 4.5a—c. From the high-resolution FESEM micrographs of the pure PVDF and
PVDF/n-Ni composites, the Ni clusters/particles distributed randomly in the polymer
matrix can be observed with particle dimensions in the range of 20-30 nm and can be
estimated from high-resolution transmission electron microscope image (Fig. 4.5d).

The frequency response characteristics of e, effective AC conductivity (o),
and Tan 8 for both -Ni and n-Ni composites are shown in Fig. 4.6. The evolution
of all the electrical parameters in both the composites appears to be the same only
with the difference in their magnitudes. In the case of PVDF/w-Ni composites [13],
the static . of the composites increases slowly from 15 for fo,, = 0.0-100 for
feon = 0.5 in the lower fo, region. Again with the increase of f,, > 0.5, the static
&eff increases at a higher rate and its value undergoes a sharp rise to reach the value
of 1300 at f.on, = 0.57 and then the decrement in static e.¢ is observed to be 650
for feon = 0.58 showing a singular point in the evolution of dielectric constant as
a function of f.,,. Hence, the singular point observed in the case of PVDF/w-Ni
composites is observed to be 0.57 which is the f, for this series of samples. In the
case of PVDF/l.-Ni composites, the e.¢ shows a very weak dependence of frequency
over the measured frequency region, even up to a metal loading of f.,, = 0.56 at
which the observed static dielectric constant was found to be 300.
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Fig. 4.5 FESEM micrographs of the PVDF/n-Ni composites, a fcon = 0.0, b fcon = 0.28 at 500X,
¢ feon = 0.28 at 2 KX, and d HRTEM image of the n-Ni

Even above the f, (fcon = 0.57) the e in the vicinity of f. and even after the
f. shows also a weak dependence of frequency over the whole frequency range
(Fig. 4.5a). For example, in the case of f¢on = 0.57, the .4 values at 40 Hz and
10 MHz are given by 1300 and 300, maintaining a value of more than 300 at 10 MHz.
Similarly for f.o, = 0.58, the e¢g values at 40 Hz and 10 MHz are given by 650 and
120, respectively. Here it is interesting to mention that the observed static ges of
1300 is the highest dielectric constant among the PVDF-based PMC [12, 13]. In
case of PVDF/n-Ni composites, the static ee increases from 15 for f o, = 0.0-2500
for f.on = 0.28. This value is also comparable to the magnitude of enhancement
of e in any of the PMC. The e of the composites up to feon = 0.25 shows a
weak dependence of frequency over the whole frequency range, but as it approaches
the percolation threshold (f .o, = 0.28) the variation is more pronounced, i.e., &t
becomes more dispersive as compared to the PVDF/.-Ni composites. This may be
attributed to the larger leakage currents resulting from the higher conductivity of the
composites due to an increase in surface area of the particles and a decrease in the
interparticle distance with reduction of metal particle size in the case of PVDF/n-Ni
composites. As the measured BET surface areas of the w-Ni and n-Ni used are 0.03
and 1.30 m?/g, respectively, the changes in .¢ may be attributed to the larger leakage
currents resulting from the higher conductivity of the composites as fcon — fe-



56

0 00 O 0054 016 v 020 & 0.28

< 035 D> 038 O 042 % 045 O 05

4 Percolation Behavior of Polymer Composites

000 O 005 A 010

v 016 O 020 < 025
O 028 % 029

107?
10°
g, £ 10
o 10 %
5 S .
b b 10"}
10 o
00 O 005 2 016 v 0.20 A
o 028 < 035 D> 0.38 O 0.42 108 - v 016 <O 0.
10°E> 045 0 050 © 052 + 0.53 O5gn <4 025 > 027 O 028
0.55 % 0.56 X 0.57 0 % 029 O 030 © 0.315
0'58 J J \D O L L L L
10° 10° 10° 10° 10° 10 10° 10° 10* 10° 10° 10
:55 O 0.0 0 0.05 & 0.16 o 00 O 0.05 A 0.10
10 102
& v 020 & 028 < 0.35 v 016 & 0.20 < 0.25
A > 038 O 042 % 045 > 027 O 0.28 ¥ 0.29
s %% 0 050 © 052 + 053 , 0 030 0 0315
By P X 055 % 056 & 057 10
"é 1t Eagg $$$ ® 058 ,g
®
= g S 107
0.1 |
10
-2
001,78 (e 0% (f)
10° 10° 10 10° 10° 10 10° 10° 10* 10° 10° 10
Frequency (Hz) Frequency (Hz)
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The variation of o for the two series of composites is also investigated. We
observe that in both cases a long-range DC conductivity plateau is observed over
a certain frequency region at their respective f.. So at f., a mixed conductivity of
AC and DC conductivity is observed over different frequency regions, while for the
samples with f.o, < f. only the AC conductivity is observed. Although the f, for
PVDF/u-Ni composites is observed at f .on = 0.57 for p.-Ni composites, i.e., at almost
double of the concentration for PVDF/n-Ni composites (f . = 0.28), the conductivity
values for both the percolative composites are almost of the same order over the whole
frequency range (Fig. 4.6). The higher conductivity in the case of n-Ni composites
is due to the enhanced extent of tunneling due to an increase in interparticle contacts
and a decrease in the interparticle distance [25, 26]. It is because of the increased
surface area of metal particles due to a reduction in their size. The magnitude of
interparticle distance and interfacial area depends on the size and shape of the Ni
particles and their volume fraction in the composite. As the particle size reduces, the
number density of the particles will increase leading to a corresponding decrease in
interparticle distance. This in turn increases the number of nearest neighbors for a
particle due to an increase in its surface area. Further with the reduction of metal
particle size, the number of clusters as well as the number of particles in a cluster
increases in the matrix. As a consequence, electrons find it easier to tunnel between
two and more particles/clusters due to intra (tunneling between two or more particles
in the same cluster) and inter (tunneling between two or more clusters in the matrix)
tunneling in the case of n-Ni composites as compared to -Ni composites. So the
overlapping of effective tunneling range [25, 26] of two or more particles/clusters
can be obtained for n-Ni at a lower concentration than p-Ni in the composites. The
o.fr of the composites (Fig. 4.6) in the regime of f .o, < f. exhibits strong frequency
dependence, while its frequency dependence becomes weaker in the regime of fo,
> fe.

The Tan 3 behavior for both |-Ni and n-Ni composites across the f . shows identical
behavior. The loss value for both the percolative composites is also of the same order
over the whole frequency range (Fig. 4.6). Figure 4.6 shows the loss tangent of the
composite at low frequency undergoes a sharp increase for f.o, > f . while maintains
a value below 1 at high frequencies (>100 kHz). Such a sharp rise in loss could
be considered as one important feature of the percolative composite and evidence
of the large leakage current in the composite. For the composite f.on < f., the loss
tangent is less than 0.3 irrespective of frequency. We also observe that in both the
series of composites, the Tan § shows a peak in its frequency evolution spectrum
for feon <f. at around 2 MHz which comes due to the dipolar relaxation frequency
of the polymer PVDF as there is the presence of permanent dipoles in the system.
However, for f.on > f ., the characteristic dipolar relaxation (DR) vanishes and a sharp
rise of low-frequency dispersion of the Tan § is observed which is called anomalous
low-frequency dispersion (ALFD). The detailed DR and ALFD have been explained
in Chap. 6. The o, €cfr Of the two series of cold-pressed PVDF/.-Ni and PVDF/n-
Ni composites have been studied as a function of f.,, and frequency. As shown in
Fig. 4.7 in the case of PVDF/-Ni composites, the g rises from 250 to 995 at 1 kHz
and while e rises from 268 to 1218 at 100 Hz when f ., increases from f .., = 0.56
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to feon = 0.57. Similarly, in case of PVDF/n-Ni composites, as shown in Fig. 4.7 the
gefr Tises from 215 to 1273 when f ., increases from f.o, = 0.27 to feon = 0.28 at
1 kHz while it rises steeply from 255 (fcon = 0.27) to 2050 (fcon = 0.28) at 100 Hz
(Fig. 4.7). This value of e is comparable to the highest dielectric constant in any
of the PMC reported till date.

Similarly as shown in Fig. 4.7, the value of . in case of PVDF/w-Ni and PVDF/n-
Ni composites demonstrates an IMT in the vicinity of feon = 0.57 and fcon = 0.28,
respectively. These experimental results have well been explained with the help of
percolation theory. According to percolation theory, the power-law dependence of
dielectric constant near the percolation threshold is given by Eq. (1.3).

efret (fe — fcon)_‘Y for feon < fe,
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Fig. 4.7 a Effective dielectric constant, b effective conductivity, and ¢ effective loss tangent as a
function of f.on, measured at 100 Hz and 1 kHz at room temperature for cold-pressed PVDF/p.- Ni
and PVDF/n-Ni composites, respectively. Inset a The least-square fit of eer at 1 kHz to Eq. (1.3)
for cold-pressed PVDF/n-Ni and PVDF/p-Ni composites, respectively. Inset b The least-square fit
of oefr at 1 kHz to Eq. (1.4) for cold-pressed PVDF/n-Ni and PVDF/p-Ni composites, respectively
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where e, is the effective dielectric constant, f'. is the percolation threshold, and ‘s’ is
the corresponding critical exponent in the dielectric region. In the case of PVDF/ju.-
Ni composites, the measured e as a function of f, shows divergence and follows
the power-law Eq. (1.3), with f. = 0.572 and s = 0.72 4 0.05 (Inset, Fig. 4.7a). The
critical exponent s = 0.72 obtained from the fit is in agreement with the universal
value of s predicted for a 0-3 composite, i.e., (syn = 0.8—1). Similarly, in the case of
PVDF/n-Ni composites, the measured e.¢ as a function of f .o, shows divergence and
follows the power-law Eq. (1.3), with f, = 0.278, s = 0.82 £+ 0.07 (Inset, Fig. 4.7a).
The critical exponent ‘s’ is in agreement with the earlier reported value of s = 0.89
[2, 12, 13] and universal value of ‘s’ for a 0-3 composite (s,, = 0.8—1).

As shown in Fig. 4.7, the o as a function of f.,, at 1 kHz for both the series
of samples increases abruptly near the critical concentration f,. ~ 0.57 and 0.28
indicating the formation of the continuous conductive network in the composite.
According to percolation theory, the power-law dependence of conductivity is given
by Eq. (1.4)

Ueffa(fc' - fcon)_S,forfcon < fcv

where f.on is the volume fraction of the conductor, f is the percolation threshold,
and ‘s’ is the conductivity critical exponent in the insulating region. The best fit of
the conductivity data of PVDF/p.-Ni composites to Eq. (1.4) yields f. = 0.572, s =
1.15 £ 0.1 (Inset, Fig. 4.7b). The exponent value s is higher than the universal value
(s = 0.8-1), and the higher critical exponents also have been observed in several
works. The best fit of the conductivity data of PVDF/n-Ni composites to Eq. (1.4)
yields f. = 0.278, s’ = 1.4 & 0.3 (Inset, Fig. 4.7b). The exponent value s is higher
than the universal value (s),, = 0.8—1). It is interesting to point out here that the value
of f. is consistent with the values obtained from dielectric and conductivity data,
but significantly higher than that of universal values (0.16). This could be attributed
to the process conditions through which the samples are prepared. This suggests
that the process conditions affect only the f. with no significant change in critical
exponents. The dielectric exponent ‘s’ found for both the composites matches well
with the universal value, while the conductivity exponent in the insulating region
‘s”’ maintains always a higher value than the universal values which is also observed
from earlier pieces of literature of close to the two phases PVDF/Ni composites,
ie., s = 1.40 [2, 12, 13]. It also observed that for both the series of samples, the
dielectric loss factor (Tan 3) also undergoes a large change near the f.. For PVDF/p.-
Ni composites, Tan § changes from 0.06 to 1.02 when f,, increases from 0.56 to
0.57 at 1 kHz (Fig. 4.7c) while for PVDF/n-Ni composites, Tan § changes from 0.25
to 2.04 when f,, increases from 0.27 to 0.28 at 1 kHz (Fig. 4.7c¢), respectively.

A significant change in f. of 0.57 in the case of PVDF/p-Ni composites from the
reported f. (f. = 0.16) could be attributed to the sample processing conditions which
give rise to an increase of adhesiveness between the filler and polymer leading to
more homogeneity of the samples. But under the same processing conditions, the f.
value for PVDF/n-Ni composites was found to be at 0.28. Hence with the reduction
of metal particle size, the appearance of such a change inf'. (0.28) from the respective



60 4 Percolation Behavior of Polymer Composites

universal value (0.16) of f. observed for the same system of PVDF/j.-Ni composites
could be attributed to sampling processing conditions and particle size. This may
be also attributed to because the onset of percolation will occur at the same range
of interparticle distance whether it may be a coarse or a fine particle. The other
possibility could be because the PVDF tends to surround the nickel clusters leading
to an increase of adhesiveness, such that the nickel clusters are separated by thick
insulating layers (for f .o, < 0.28) forming a gap in the effective tunneling range of
two filler clusters which probably inhibit the higher-order tunneling, similar to that
has been observed in many granular composites which always show a higher value
of f. than the predicted value.

4.3.2 Effect of Process Conditions and Particle Size

The above analysis shows the non-ideal value of f. in the case of PVDF/w-Ni and
PVDF/n-Ni composites by varying the filler particle size. These composites, namely
PVDF/-Ni and PVDF/n-Ni, were hot molded with an idea that the f . can be lowered
by subjecting to thermal parameters (temperature and time). Due to the decrease of
fo in PMC, the flexibility of the polymer can be retained. Hence, the above two
series of same composites were prepared under hot molding procedure by subjecting
a difference in the process conditions to investigate the percolation behavior of these
composites.

The typical optical micrographs of the composites in the case of the above two
series of composites are shown in Fig. 4.8, while the inset of Fig. 4.8a shows the
surface topography of pure PVDF. These micrographs indicate the random distribu-
tion of Ni clusters up to the f. and the density of distribution of nickel clusters in
the case of n-Ni composites are prominent. From these micrographs, it is seen that
when Ni concentration is low, the particles are distributed randomly in the polymer
matrix and are very isolated from each other. However, with the increase of f ., the
particles aggregate to form large clusters and most become self-connected to form a
continuous network of clusters, i.e., forming a percolation cluster.

The frequency response characteristics of €., Ocfr, and Tan 8 for both p-Ni and »-
Ni composites prepared under the hot molding processing are shown in Fig. 4.9, and
the evolution of all the electrical parameters appears to be identical with the previous
two series of cold-pressed w-Ni and n-Ni composites with only the difference of f..
In the case of PVDF/l.-Ni composites, in the region of fcon < f¢ (fc = 0.26) the g
of the composites shows a weak dependence of frequency over the whole frequency
range (Fig. 4.9) and also the static & increases from 10 for f,, = 0.0 to 310 for
feon = 0.25. For f.on = 0.26, the sample becomes completely conducting, and a
negative value of static e is observed. Hence, the value of f, in this case, exists
definitely between 0.25 and 0.26. In the case of PVDF/n-Ni composites, the gg of
the composites up to f.on = 0.065 shows a weak dependence of frequency over the
whole frequency range, and the value of static ¢ increases from 10 for f o, = 0.0 to
300 for f con = 0.65. The f. observed for the PVDF/n-Ni composites is at f .o, = 0.07
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()

Fig. 4.8 Optical micrographs of the polished surface of the hot molded (i) PVDF/p-Ni composites
with different f .o, @ 0.10, inset: Pure PVDEF, b 0.16, ¢ 0.20, d 0.26, and (ii) PVDF/n-Ni composite
samples with different fcon, @ 0.03, b 0.05, ¢ 0.06, and d 0.07, respectively

at which the observed static e.¢ is found to be 3000. We observe for both the series
of composites as f.,, — f. the variation of . over the measured frequency region
is more pronounced, i.e., dielectric constant becomes more dispersive. This may be
attributed to the larger leakage currents resulting from the higher conductivity of the
composites due to the increase in connectivity of the metal filler particles due to the
difference in process conditions.

It can be observed from Fig. 4.9 that in the case of f o, = 0.26 in case of PVDF/p.-
Ni composites, only pure DC conduction is observed which is due to the complete
connectivity among the metallic clusters giving rise to a metallic behavior while for
feon = 0.07 in case of PVDF/n-Ni composites a mixed conductivity comprising DC
and AC conduction is observed. Although the f. value is achieved at f .o, = 0.26 for
u-Ni composites and f¢,, = 0.25 remains as an insulator (Fig. 4.9), i.e., at almost
containing four times of the . for n-Ni composites (i.e., f. = 0.07), the conductivity
value for f. = 0.07 in case of PVDF/n-Ni composites is higher than the f.,, = 0.25
in case of PVDF/-Ni composites even if it contains a higher metallic fraction. The
higher conductivity in the case of n-Ni composites is due to the enhanced extent of
overlapping of the tunneling range of the filler particles which is feasible due to the
development of connectivity among the metallic clusters due to different processing
conditions, and as a consequence, electrons find it easier to tunnel between two or
more particles/clusters. The Tan 3 pattern with frequency shows identical evolution
for both the series of composites. The Tan § shows a dipolar relaxation for all the
samples corresponding to fcon < f¢, While it shows an anomalous low-frequency
dispersion for f .o, > f .. The value of low-frequency Tan § undergoes a sharp change
in its value across the f..

The o and eegr of the two series of hot-molded PVDF/u-Ni and PVDF/n-Ni
composites have been studied as a function of f,, and frequency. As shown in
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Fig. 4.9 Dependence of the effective dielectric constant (a, b), effective conductivity (c, d),
and dielectric loss tangent (e, f) on frequency for the hot-molded PVDF/p-Ni and PVDF/n-Ni

composites, respectively, at room temperature

Fig. 4.10a in the case of PVDF/1-Ni composites, the €. rises from 145 to a negative
value —69 (metallic) at 1 kHz and while e.¢ rises from 186 to 5500 (metallic) at
100 Hz when f ., increases from fcon = 0.25 to fcon = 0.26. Similarly, in case of
PVDF/n-Ni composites, the e rises from 70 to 1560 when fo, increases from fcon
= 0.065 to feon = 0.07 at 1 kHz, while it rises steeply from 74 (f.on = 0.065) to
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2762 (f con = 0.07) at 100 Hz (Fig. 4.10a). This value of & is also comparable to the
highest e in any of the PMC reported till date. Similarly as shown in Fig. 4.10b,
the value of o in case of PVDF/-Ni and PVDF/n-Ni composites demonstrates an
IMT in the vicinity of fo, = 0.26 and fo, = 0.07, respectively.

These experimental results have well been explained with the help of percolation
theory. In the case of hot-molded PVDF/j.-Ni composites, the measured e.¢ as a
function of f.,, shows divergence and follows the power-law Eq. (1.3), with f.
= 0.259 and s = 0.90 £ 0.10 (Inset, Fig. 4.10a). The critical exponent s = 0.75
obtained from the fit is in agreement with the universal value of ‘s’ predicted for a
0-3 composite, i.e., (sy, = 0.8—1). Similarly, in the case of hot-molded PVDF/n-Ni
composites, the measured €. as a function of f .o, shows divergence and follows the
power-law Eq. (1.3), with f. = 0.07, s = 0.75 & 0.10 (Inset, Fig. 4.10a). The critical
exponent ‘s’ is in agreement with the earlier reported value of s = 0.89 and universal
value of ‘s’ for a 0-3 composite (s, = 0.8-1) [23, 24].
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Fig. 4.10 a Effective dielectric constant, b effective conductivity, ¢ effective loss tangent as a
function of f.on, measured at 100 Hz and 1 kHz at room temperature for hot-molded PVDF/p-Ni
and PVDF/n-Ni composites, respectively. Inset a The least-square fit of e¢r at 1 kHz to Eq. (1.3)
for hot-molded PVDF/n-Ni and PVDF/p-Ni composites, respectively. Inset b The least-square fit
of oefr at 1 kHz to Eq. (1.4) for hot-molded PVDF/n-Ni and PVDF/j.-Ni composites, respectively
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As shown in Fig. 4.10b, the o as a function of f.o, at 1 kHz for both the series
of samples increases abruptly near the critical concentration f. ~ 0.259 and 0.07
indicating the formation of the continuous conductive network in the composite.
The best fit of the conductivity data of PVDF/j-Ni composites to Eq. (1.4) yields
fe = 0.259, s = 1.73 £ 0.20 (Inset, Fig. 4.10b). The best fit of the conductivity
data of PVDF/n-Ni composites to Eq. (1.4) yields f. = 0.07, s =1.16 & 0.4 (Inset,
Fig. 4.10b). The exponent value s is higher than the universal value (s;, = 0.8-1).Itis
interesting to point out here that the value of f . is consistent with the values obtained
from dielectric and conductivity data, but significantly different from that of cold-
pressed composites as well as also from that of universal value (0.16). This could
be attributed to the process conditions through which the samples are prepared. The
dielectric exponent ‘s’ found for both the composites matches well with the universal
value, while the conductivity exponent in the insulating region ‘s”’ maintains always
a higher value than the universal values. We also observe that the process conditions
affect the value of f., the magnitude of critical exponents, and also the electrical
parameters are found to be different from that of the cold press composites. A detailed
description regarding these features has been discussed in Chap. 5.

We also observe that for both the series of samples, the Tan § also undergoes a large
change near the f.. For PVDF/|.-Ni composites, Tan 8 changes from 0.16 to 12,828
at 1 kHz, while it changes from 0.59 to 1434 at 100 Hz (Fig. 4.10c), respectively,
when fon increases from 0. 25 to 0.26. For PVDF/n-Ni composites, Tan 3 changes
from 0.05 to 55 when f ., increases from 0. 065 to 0.07 at 1 kHz, while it changes
from 0.03 to 247 at 100 Hz (Fig. 4.10c), respectively.

A significant change in f. of 0.259 and 0.07 in the case of PVDF/u-Ni and
PVDF/n-Ni composites, respectively, from the same cold-pressed composites as 0.57
and 0.28, respectively, could be attributed to the sample processing conditions which
giverise to an increase of extent of connectivity and decrease of adhesiveness between
the filler and polymer leading to more heterogeneity of the samples. Hence in the
case of hot-molded samples also, with reduction of metal particle size, a huge change
in f, (0.07) of PVDF/n-Ni from the f, = 0.259 of PVDF/.-Ni composites occurred
and none of the values of f. for four series of composites does coincide with the
universal value of f. (i.e., 0.16).

Hence what we observed from the hot-molded and cold-pressed samples is that the
value of f . has sharply changed with respect to the cold press samples. The magnitude
of e.ir observed is greater than the cold press composites, with a lower amount of
metallic content but of course with a higher value of Tan 8. The magnitude of critical
exponents is found to be different for different series of PMC. With the reduction of
metal particle size, the f . has been greatly changed. Now in the following discussion
how the external parameters, like temperature and time, process conditions, nature
of filler, and polymer matrices, affect the percolation behavior in PMC is discussed.
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4.3.3 Effect of Temperature and Time

In this section, a systematic study is taken up to optimize f . as a function of various
parameters including materials processing conditions, shape, and size of the fillings,
time of mixing, temperature and time of compression hot molding, etc., for PVDF/j.-
Ni composites. The aim is to investigate the effect of heat treatment and its duration
on tailoring the value of f. in a PMC. It is seen that the thermal effects do play an
important role in lowering the value of f,. [16].

Figure 4.11 shows the variation of ., oefr, and Tan 3 of all the composite samples
of feon = 0.0, 0.05, 0.10, 0.16, 0.18, 0.22, 0.27, 0.32, 0.40, and 0.403 molded under
200 °C and for 12 min. We can observe from Fig. 4.11a that there is a sudden incre-
ment in g for the sample 0.40 as compared to the sample 0.32. The static gegt
increases from 50 for f;on = 0.32 to 133 for fon = 0.40 (Fig. 4.11a). The e at 0.40
is 13 times the dielectric constant of the pure polymer matrix. As this is a macroscop-
ically heterogeneous system consisting of two components of significantly different
permittivity and conductivity, because of Maxwell [27], Wagner [28], Sillars [29]
(MWS) interfacial polarization due to the accumulation of charges at the interface
of a metal and insulating polymer, the charge is blocked. That is the charge suffers
resistance to flow and indirectly leads to the storage of charge and thereby increases
the capacitance and hence the e.¢. This increase continues with an increase in more
interfaces with the increase in metal content in the composite. Below the critical
concentration of the filler loading, the interparticle distance is large enough, so that
neighboring local fields do not interact. Thus, dielectric factor in this region increases
slowly. But as the filler loading increases, the MWS effect increases due to a reduction
in the interaggregate/cluster/particle distance giving rise to higher dielectric proper-
ties. The contribution to e.¢ for the pure PVDF and as well as for all other samples
below f . from dipolar polarization becomes negligible at high frequencies, i.e., above
10° Hz (Fig. 4.11a) which is attributed to the dipolar relaxation within that frequency
range and can be observed from Fig. 4.11c that there is also a relaxation peak in Tan
d versus frequency over that frequency range for all the samples below 0.32, i.e.,
in the insulating side. The 0.40 sample doesn’t show any dipolar relaxation peak
because it is in the deep metallic region and it becomes a charge carrier-dominated
system. When it becomes a charge carrier-dominated system, the response from the
permanent dipoles of PVDF in the composites becomes dominated. As it is a charge
carrier-dominated system, 0.40 shows anomalous low-frequency dispersion (ALFD)
[94] in its esr and Tan § as a function of frequency (See for 0.40 sample in Fig. 4.11a,
c¢) discussed in Chap. 6. The dipolar relaxation occurring for all the samples below
0.32,i.e., below f . is attributed to the presence of polar groups (—F) in PVDF in all the
composites. We can observe from the dielectric data for 0.403 samples (Fig. 4.11a)
for which there is a very fluctuation in e.¢ and also shows the negative value of gt
over certain frequencies is observed which is because the 0.403 sample becomes
completely metallic. The static e.¢ for this sample is also very high, i.e., >50,000,
and this infinite value of e.¢ occurs for conductors only.
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Fig. 4.11 Variation of a effective dielectric constant, b effective conductivity, and ¢ loss tangent
as a function of frequency for all the composites molded under 200 °C for 12 min with different
fcon- The solid line for the sample fcon = 0.40 in the inset of Fig. 4.11b shows the fits in evaluating
w, value, which is found to be 4400 Hz

From the AC conductivity graph (Fig. 4.11b), it can be noticed that there is an
abrupt increase in DC conductivity at low frequencies for f .o, = 0.40 as compared to
feon = 0.32 which is also expected from the percolation theory. Thus from this data,
it is obvious that f . lies in between 0.32 and 0.40. One can observe for the sample
0.40 that AC conductivity is independent of frequency up to a limiting frequency
beyond which the AC conductivity increases with frequency obeying Jonscher’s
universal power-law [30]. The DC conductivity independent of frequency is coming
due to long-range connectivity across the bulk resistance of the composite due to the
occurrence of physical contacts among the filler clusters, while the increase in AC
conductivity after a certain frequency is explained due to the hopping of localized
charge carriers within the localized sites. Jonscher’s universal dielectric response law
is given by Eq. (2.25)

k
Ouc = Ogc + A",



4.3 Results and Discussion 67

where oy is the DC conductivity and w is the angular frequency. The fitting of the
above equation to the conductivity data for 0.40 sample shows that the value of ‘k’
was found to be 0.78 which is well within Jonscher’s universal value of between 0
and 1. The frequency which separates the region of AC and DC conductivity region is
called critical frequency or hopping frequency (wg). The wy is normally determined
by locating the intersection of the lines that are tangent to the frequency-dependent
and frequency-independent regions. Above wy, the conductivity increases according
to Jonscher’s power-law behavior o (w)aw*, where  is the frequency of the applied
electric signal. The wy value is found from the fits which is 4400 Hz (Inset, Fig. 4.11b)
and separates the region of AC and DC conductivity. For other samples, i.e., from
0.0 to 0.32, the DC conductivity value is very less as there is no physical contact
between the filler clusters. For the sample 0.403, the conductivity is complete of DC
conduction and there is no effect of frequency on the conductivity which is because
of the development of complete physical connectivity among the filler clusters giving
rise to a completely metallic nature.

The sudden increment in Tan § which is also a feature of percolation can be
observed for the sample 0.40 as compared to the 0.32 sample (Fig. 4.11c). For the
sample 0.403, very high loss of >1000 is observed as it becomes metallic. The
difference in microstructure and how the filler clusters approach each other with
the increase of concentration of the metallic filler can be observed from the optical
micrographs shown in Fig. 4.12.

Thus, it can be concluded from the above discussion that the value of f,. found
under this condition of sample preparation is between 0.32 and 0.40. But under
the same processing conditions, the /. was found at 0.16 for the same composites of
PVDF/-Ni. These differences could be attributed to the processing time. Therefore,
by varying the duration of hold time it may be possible to further lower the value of
f.. With this idea, one of the samples, i.e., 0.22 just above 0.16, i.e., the ideal f. was
hot molded for different hold times by keeping temperature fixed at 200 °C.

Fig. 4.12 Optical micrographs of the composites with different f .o, molded at 200 °C for 12 min,
afcon =0.22 and b f¢on = 0.32. Inset: fcon = 0.0, i.e., pure polymer PVDF
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The composite 0.22 shows a value of static g.¢ of 15 for the room temperature
compacted sample. With the increase of heat treatment for different timings, the value
of static . increases slowly to 18 for the sample with a cure time of 12 min, 43 for
30 min, 50 for 45 min, and 50 for 90 min (Inset, Fig. 4.13a). We observe that the
thermal effects do play a role up to a certain limiting time (for a particular concen-
tration of the conductor) and after that, there is no impact of time on percolation and
interparticle distance. We can observe also from Fig. 4.13b, c that the value of o.¢ and
Tan 3 also increases with the increase of hold time for the composite sample 0.22. The
oefr is found to increase from 1078 to 1077 Q' m~! at 1 kHz for feon = 0.22 (Inset,
Fig. 4.13b). The value of Tan 3§ also increases from 0.02 to 0.04 at 1 kHz for f o,
= (.22 for different hot molding timings (Inset, Fig. 4.13c). The overall mechanism
is that the interfacial area and interparticle distance are likely the key parameters in
controlling the properties of the composites. The increase in dielectric constant is
due to the decrease in intercluster/particle distance and decrease in viscosity of the
polymer leading to less adhesiveness of the polymer with metal such that it helps
in increase of accumulation of charges at the metal/polymer interface. The increase
in AC conductivity and loss tangent is due to more probability of tunneling with a
decrease in interfiller cluster distance and increase in the overlapping of the effective
tunneling range of the two filler clusters and decrease in viscosity of the polymer
with an increase of heat content leading to less adhesiveness of the polymer with
metal which can be observed from the optical micrographs (Fig. 4.14). But the effect
of increment occurs up to a certain extent and after that heat treatment cannot lower
down the percolation if the concentration of filler and spatial distribution connec-
tivity is not there. This is evidenced by invariant values of &, 0., and Tan 3 for the
sample molded for 45 and 90 min (Fig. 4.13). In fact, these values tend to saturate
instead of undergoing IMT as a function of molding time. Thus what we conclude
that the effective range of metal concentration for percolation lies above 0.22 and
below 0.40, i.e., (0.22 < f. < 0.40). Previous reports on identical systems give f. =
0.16 and f. = 0.57 observed by us [12, 13]. The large change in f. from 0.57 to less
than 0.40, i.e., (0.22 < f. < 0.40) is explained as due to the heat energy which helps
in the diffusion of the metal particles into the polymer matrix; as a consequence, the
cluster size of the metal particles increases. Due to an increase in cluster size, more
physical contacts are developed giving rise to long-range DC conductivity which
is a typical feature of percolation. Due to the increase in heat treatment, viscosity
of the polymer decreases leading to a decrease in intercluster distance and wetting
of the polymer to metal also. Thus, we observed the value of f, in PMC/PCC is
predominantly controlled by the processing conditions.

4.3.4 Effect of Matrices

In the earlier sections, it has been discussed the effect of filler particle size and process
conditions on the value of f. and the different electrical parameters. Now the role
of the matrix to answer the questions like whether the polymer matrix plays any
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Fig. 4.13 Variation of a effective dielectric constant, b effective AC conductivity, and ¢ loss tangent
for the sample with f¢on = 0.22 molded for different timings as a function of frequency; Inset: a
effective dielectric constant, b effective AC conductivity, and ¢ loss tangent versus molding time at
1 kHz for fcon = 0.22 sample

role in enhancing &.¢ or in the extent of enhancement of e.¢ will be discussed. The
composites have been prepared with a non-polar polymer matrix, and the percolation
behavior in the case of PMC has been compared with that of the previously discussed
PMC based on polar/ferroelectric polymer matrix, i.e., PVDF. The non-polar polymer
matrix (LDPE) is a very good insulator whose dielectric constant is very low ~2 due
to the non-contribution of dipolar polarization. It is shown that with the increase of
fcon, the . of a PMC is increased and the magnitude of the extent of enhancement
of . becomes very low as compared to the polar PMC at f..

Before discussing the electrical properties, the structural and morphological prop-
erties of these non-polar PMC have been studied. With the increase of f,, in the
composites, the intensity of XRD peaks corresponding to fcc-Ni phase increases with
a corresponding decrement in the intensity of peaks for LDPE (Fig. 4.15a). These
changes confirm the formation of a two-phase composite. However, the observed
broadening of Ni peaks in the composites is attributed to the nanocrystallinity of
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Fig. 4.14 Optical micrographs of the composite sample with fcon = 0.22 molded at 200 °C for
different timings, a 0 min, b 30 min, ¢ 45 min, and d 90 min

Ni due to the reduction of its particle size. The optical micrographs of four typical
composites with f.,, = 0.03-0.07 in the LDPE matrix are shown in Fig. 4.15b—e.
From these micrographs, it is seen that when #n-Ni concentration is low the parti-
cles are distributed randomly in the polymer matrix. However with the increase
of the particles, they become aggregated to form large clusters and most become
self-connected to form a continuous network of clusters.

The oef, €er, and Tan 3 of the composites based on the LDPE matrix have been
studied as a function of frequency and f.,, at 300 K. As shown in Fig. 4.16a, the
static eq¢ value rises from 2 to 25 when f.o, varies from 0.0 to 0.05. However, even
at feon = 0.06, which is observed to be the f. for these composites, the static &g
value is only 74, while the value of static g in the case of PVDF matrix composites
maintains at a level of >2000 (Refer Fig. 4.9b). Hence, we observe that polymer
matrix plays a major role in the enhancement of e at f .. Due to the high dielectric
constant of PVDF having permanent dipolar polarization, the extent of enhancement
in g.f is tuned while it does not happen in the case of non-polar LDPE composites.
The & of the composites up to f¢,n, = 0.05 shows a weak dependence of frequency
over the whole frequency range, but as it approaches f . = 0.06, the variation is more
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Fig. 4.15 a X-ray diffraction pattern of LDPE/n-Ni composite samples for fcon = 0.0-0.08 from
bottom to top, respectively; Optical micrographs of the polished surface of the pure LDPE and
LDPE/n-Ni composite with different fcon, b fcon = 0.03, Inset: pure LDPE, ¢ fcon = 0.05 and d
fcon = 0.06, € fcon = 0.07

pronounced (Fig. 4.16a). The changes in €. may be attributed to the larger leakage
currents resulting from the higher conductivity of the composites as fcon — fe-

The o, of the composites (Fig. 4.16b) in the regime of f .o, <f. exhibits a strong
frequency dependence, while its frequency dependence becomes gradually weaker
in the regime of f.o, > f.. In this PMC, at f. a mixed conductivity comprising AC
and DC conductivity is also obtained, but the region of DC plateau remains over a
very narrow range of frequencies, while a broader region of DC conductivity was
found for hot-molded PVDF/r-Ni composites (Fig. 4.9d), which is entirely due to
the properties of the matrix and the process conditions. The obtained f . in the case
of LDPE composites of 0.06 matches with the f. of 0.07 in the case of PVDF/n-Ni
hot-molded composites. Figure 4.16¢ shows the value of Tan § of the composites
at low frequency undergoes a sharp increase for f.o, > f. while maintains a value
below 1 at high frequencies (>100 kHz). For the composites with fcon < f¢, Tan §
is less than 0.1 irrespective of frequency. Here also the DR for these composites
was not observed [unlike that of PVDF composites] below f,. which is due to the
non-presence of dipoles in the LDPE polymer matrix. It is attributed to the higher
extent of increment of . in hot-molded PVDF/n-Ni composites at f. as compared
to the e.gr value in LDPE/n-Ni composites at f- which is due to the broader region of
DC conductivity. But this is not the case as even for one of highly conducting sample
(>f ) in the case of LDPE/n-Ni (e.g., fcon = 0.10), the static e is 1200 (Fig. 4.16a)
as compared to the static g of 3000 at f. for PVDF/n-Ni composites (Fig. 4.9b)
although the DC conductivity region in the previous case is larger than the latter
(Figs. 4.9d and 4.16b).

As shown in Fig. 4.16d in the case of LDPE/n-Ni composites, the . rises from
19 to 36 at 1 kHz and while . rises from 24 to 60 at 100 Hz when f ., increases
from fcon = 0.05 to feon = 0.06. Thus with the non-polar polymer matrix, a very
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Fig. 4.16 a Effective dielectric constant, b effective AC conductivity, and ¢ loss tangent as a
function of the frequency at 300 K; d effective dielectric constant, e effective AC conductivity, and
f loss tangent as a function of f¢on, Inset d The least-square fit of e at 1 kHz to Eq. (1.3). Inset d
least-square fit of o.f at 1 kHz to Eq. (1.4)

low value of e is achieved. The measured e¢ as a function of fo, shows a sharp
rise in its value and follows the power-law Eq. (1.3), with f. = 0.06 and s = 1.11
=+ 0.12 (Inset, Fig. 4.16d). The critical exponent s = 1.11 obtained from the fit isn’t
in agreement with the universal value of s predicted for a 0-3 composite, i.e., sy, =
0.8-1. Similarly as shown in Fig. 4.16e, the value of o in the case of LDPE/n-Ni
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composites demonstrates an IMT in the vicinity of f.o, = 0.06. The o as a function
of feon increases abruptly near the critical concentration f,. ~ 0.06 indicating the
formation of the continuous conductive network in the composite. The best fit of the
conductivity data of LDPE/n-Ni composites to Eq. (1.4) yields f. = 0.06, s =171+
0.66 (Inset, Fig. 4.16e). The exponent value s is very higher than the universal value
(s}, = 0.8-1). It is interesting to point out that the value of . is consistent with the
values obtained from dielectric and conductivity data. In this case, both the dielectric
exponent ‘s’ and conductivity exponent s are found to be largely different from
their respective universal values. We also observe that for LDPE/n-Ni composites,
Tan 8 undergoes large change near the f,. which varies from 0.19 to 0.5 at 1 kHz,
while it changes from 0.2 to 1.09 at 100 Hz, respectively, when f ., increases from
0. 05 to 0.06 (Fig. 4.16f). A significant coincidence in the value of f. of 0.06 in
case of LDPE/n-Ni composites matches well with the earlier results of hot-molded
PVDF/n-Ni composites whose f,. was found to be 0.07. However, the f,. value does
not coincide with the universal ideal value of 0.16. Hence, we observe that as long
as different matrices used are of the same order of conductivity, the value of f, will
not change much for particular processing conditions; however, the magnitude of
critical exponents may be affected by the process conditions.

4.3.5 Effect of Fillers

In the foregoing sections, we have observed different values of f. for different series
of samples. However, at f. we always observed a higher value of Tan 8 which is
not required as far as the PMC materials will find application as high e materials.
Hence as always, the materials are searched with high &.¢ and low Tan 3, we aim to
have high e.¢ with low Tan 8 in a PMC. The idea was that by coating an oxide layer
over the n-Ni filler particles, Tan § can be decreased with the tuned value of .. To
do that the n-Ni particles are air annealed at 500 °C for 5 h. At last, what we found a
composite of core-shell structure of n-Ni and NiO. The XRD results corresponding
to composites of PVDF/n-Ni and NiO are shown in Fig. 4.17a. With the increase of
volume fraction of (n-Ni and NiO) in the composite, the intensity corresponding to
n-Ni and NiO peaks goes on increasing while the intensity of peaks corresponding
to pure PVDF decreases. The optical micrographs of some of the typical composites
with feon = 0.10 to feon 1.0 are shown in Fig. 4.17b—e. From these micrographs, it
is seen that when filler concentration is low, the particles are distributed randomly
in the polymer matrix. However, with the increase of f.,, the particles aggregate to
form large clusters and most become self-connected to form a continuous network
of clusters.

The &, Oefr, and Tan § of the PVDF/n-Ni and NiO composites based on PVDF
matrix have been studied as a function of frequency and f ., at 300 K. As shown in
Fig. 4.18a, the static . value rises from 10 to 92 when f .., varies from 0.0 to 0.27.
However, on approaching f . at f .on = 0.30, the static e¢¢ value is found to be 280. In
this case also at/above f ., a mixed conductivity comprising AC and DC conductivity
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Fig. 4.17 a X-ray diffraction pattern of PVDF/ Ni and NiO composite samples for fcon = 0.0 to
1.0 from bottom to top, respectively; Optical micrographs of the polished surface of the pure PVDF
and PVDF/n-Ni-NiO composites with different f¢on, b 0.10, ¢ 0.20, d 0.30, and e 1.0

is obtained (Fig. 4.18b). The obtained value of f . in the case of PVDF/n-Ni and NiO
composites is found to be at f o, = 0.30 which is largely different from that of the f .
value of 0.07 in the case of PVDF/n-Ni hot-molded composites. Figure 4.18c shows
that the value of Tan 8§ of the composites at low frequency undergoes a transition for
feon > fe- As shown in Fig. 4.18d in the case of PVDF/n-Ni and NiO composites,
the e rises from 73 to 120 at 1 kHz and while & rises from 92 to 281 at 100 Hz
when fcon increases from f.on = 0.27 to fcon = 0.30. Hence even with the coating
of an oxide layer over the metallic filler, the static €. value achieved is found to be
281. The power-law Eq. (1.3) was fitted to the experimental results which give the
value of f, = 0.30 and s = 1.77 £ 0.6 (Inset, Fig. 4.18d). Similarly, the best fit of the
conductivity data of PVDF/n-Ni and NiO composites to Eq. (1.4) yields f. = 0.30, s
= 3.14 £ 0.2 (Inset, Fig. 4.18e). The critical exponents obtained from the fits aren’t
in agreement with the universal values. The value of f is consistent with the values
obtained from dielectric and conductivity data, but significantly different from the
f¢ value of 0.07 of the hot-molded PVDF/n-Ni composites with the difference from
that of universal value (0.16). The very difference in f, value is attributed to the
formation of an artificial insulating layer making an obstacle for the easy tunneling
of the free electrons and thereby a huge change in f. value is observed.

It is also observed that for PVDF/n-Ni and NiO composites, Tan § undergoes a
very small change (Fig. 4.18f) as compared to hot-molded PVDF/n-Ni composites
(Fig. 4.91), as it changes from 0.16 to 0.81 at 1 kHz and from 0.3 to 1.16 at 100 Hz,
respectively, when f .., increases from 0. 27 to 0.30.

In this case, the f. value does not coincide with the universal ideal value of (f ¢on
= 0.16) of f. and a significant change in f. (0.30) from the universal value (0.16)
as well as from the f. value of (0.07) for hot-molded PVDF/n-Ni composites could
be attributed to the nature of filler particle having one insulating oxide layer (NiO)
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Fig. 419 TEM micrographs of core-shell n-Ni and NiO filler used a lower and b higher
magnification

which can be observed from the high-resolution TEM micrographs showing the inner
black core as Ni and outer diffused layer with a different color as the oxide coating
(Fig. 4.19).

In a description, we have also studied the effect of filler particles in their alloy
form by preparing composites of PVDF/n-QC [11]. We observed the same typical
features for all the electrical parameters across f . for that series of PMC only with the
difference of values of f, &¢fr, Oefr, Tan 8, and the critical exponents. The observed
value of f. for the cold-pressed PVDF/n-QC composites was observed to be 0.23
with a very high value of . = 3000 and Tan 3 = 100. We also observed the same
typical features of large deviation of critical exponents of the scaling laws from their
respective universal values.

4.3.6 Effect of Cold Pressing

Although everybody predicts the effect of process conditions plays a major role,
no systematic study of experimental report is available, where the effect of process
condition on the percolation behavior of PMC has undergone a systematic investiga-
tion. Hence, to investigate the role of process conditions in altering the percolation
behavior, two series of PMC have been prepared through the two different methods
[4]. The methods are (1) s series of PVDF/n-Ni was prepared as a room temperature
(300 K) consolidation at 10 MPa pressure (cold press) and (2) a series of PVDF/n-
Ni was prepared by hot molding at a temperature of 200 °C (above the melting
temperature of PVDF(~135 °C)) and 10 MPa pressure (hot press).

The optical micrographs of the percolating samples of the two series of PMC
with f, = 0.28 and f. = 0.07 prepared through cold press and hot press method are
shown in Fig. 4.20a, b, respectively. The micrographs suggest a random distribution
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of bright metal clusters (n-Ni) in the PVDF matrix with the formation of a self-
connected network of n-Ni clusters. The distribution of metal clusters and the extent
of connectivity of the fillers in the PVDF matrix appear to be different since their
methods of preparation are different. The cold-pressed samples appear to be highly
homogenous with a lower cluster size as compared to the hot-pressed samples. The
cold press PVDF (inset, Fig. 4.20a) shows a smooth surface, which indicates possibly
no effect has occurred on the internal molecular structure of PVDF due to cold
pressing (without any heating), while the hot press PVDF (inset, Fig. 4.20b) shows
a flow like behavior (due to heating up to 200 °C during hot molding), suggesting
the possibility of a change in relative crystallinity of the polymer.

The FESEM micrographs of the pure PVDF, prepared through the cold press
and hot press methods, are shown in Fig. 4.21a, b respectively. The presence of
spherulites (the spherical semicrystalline regions of the polymer) in the cold-pressed
PVDF (Fig. 4.21a) in comparison to the hot-molded PVDF, where the spherulites
have been lost (Fig. 4.21b), confirms the lowering of crystallinity of the polymer due
to heating up to 200 °C during hot molding. The diameter of the spherulites present in
the polymer is of the order of ~0.1 pwm (Fig. 4.21a), while the n-Ni taken in preparing
the PMC was of particle size (20-30 nm) confirmed from the high-resolution TEM
micrograph (inset, Fig. 4.21b) and possibly the n-Ni cluster size in the PVDF matrix
is also of the order of the diameter of the spherulite.

Fig. 4.20 (Color online)
Optical micrographs of
percolative samples
corresponding to two
different methods of
preparation based on PVDF
matrix, a cold press (f. =
0.28), inset: pure PVDFE. b H
otpress (f. = 0.07), inset:
pure PVDF
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Fig. 421 FESEM
micrographs of the pure
PVDF, a cold press and b hot
press, Inset: HRTEM image
of the nanocrystalline Nickel
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The supporting experimental evidence of lowering of relative crystallinity of the
pure PVDF during hot molding can be analyzed with the help of XRD (Fig. 4.22a) and
FTIR (Fig. 4.22b) data, respectively. The typical XRD pattern of the pure PVDF of
all the observed peaks/reflections was indexed based on the best agreement between
observed and the JCPDS data of both the cold-pressed and hot-pressed PVDF. This
shows that there is a slight relative change in both the crystalline and amorphous
content of the PVDF due to hot molding since % crystallinity = (total area of crys-
talline peaks)/(total area of all peaks) and the area of crystalline peaks has undergone
aslight decrement (Fig. 4.22a). The FTIR data of the hot-molded sample also support
the lowering of relative crystallinity (since the absorbance at different wavenumbers
for the hot-molded sample is lower in comparison with cold press sample attributed
to the lowering of surface area due to loss of spherulites during hot molding). Hence,
the presence of spherulites in the PVDF matrix is the deciding factor in determining
the properties of PMC, suitable for their dielectric applications.

The presence of spherulites of the cold-pressed sample may be supportive in
providing a large surface area for the storage of electrical charge, which may lead to
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Fig. 4.22 Change of relative
crystallinity of pure PVDF. a
X-ray diffractometry data of
cold press and hot press
samples and b FTIR data of
cold press and hot press
samples
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improvement of &.¢ of the PMC in comparison with the hot-molded sample. With
this aim, the comparison of the dielectric behavior of the PVDF sample prepared
through two different methods is shown in Fig. 4.23. This shows that the static and
low frequency (less than 100 Hz) dielectric constant (&, ) of the cold-pressed PVDF
is higher (~10-16) than the hot-pressed PVDF (~10), while the value of ¢, for both
the samples remains constant above 100 Hz. The difference of €, between the cold
press and hot press PVDF in the range of 100 Hz—10 MHz may be taken within the
experimental error (Fig. 4.23). The static higher value of ¢, for cold-pressed PVDF
in comparison with hot-pressed PVDF is attributed to the storage of electrical charge
at the surfaces of spherulites of cold-pressed PVDF. The low-frequency dispersion
of & (from 16 at 40 to 10 at 100 Hz) of the cold-pressed PVDF is attributed to
the electrical charge migration/conduction across the boundary of the surface of the
spherulites with the increase of frequency.

The e and oegr of both the series of PMC as a function of f,, at 1 kHz and
300 K are shown in Fig. 4.24a, b, respectively. In the case of cold-pressed PMC
(Fig. 4.24a), the e rises from 200 to 1300, when f .., increases from 0.27 to 0.28,
while for the hot-pressed PMC the €. undergoes a comparatively sharp transition
from 100 to 1600, when f o, increases from 0.065 to 0.07 due to the IMT at the
critical concentration of the conductor. The critical transition region for the hot-
pressed PMC is narrower in comparison with the critical transition region for the
cold-pressed PMC, attributed to the different methods of preparation of the PMC
leading to the formation of different extent of connectivity among the fillers, as well
as the filler cluster size. The cluster size for hot-pressed PMC is higher in comparison
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Fig. 4.23 (Color online)
Comparison of dielectric Cold Press
behavior of pure PVDF Hot press
prepared through cold press
and hot press methods

Frequency (Hz)

with cold-pressed PMC, leads to a lowering of homogeneity and hence the observed
sharp transition. The e as a function of f ¢, for both the PMC follows the power-law
Eq. (1.3)

Eeff X (fe — fcon)_s for feon < fe.

For cold-pressed and hot-pressed PMC, the values found for f. are 0.28 and 0.07,
respectively, and the value of ‘s’ is found to be 0.82 £ 0.07 and 0.75 =+ 0.10 (Insets:
Fig. 4.24a), respectively. The critical exponent ‘s’ for both the PMC is almost the
same (since the matrix and filler of both PMC are the same and that leads to the same
interaction) and is in agreement with the universal value of s (s,,) predicted for a 0-3
composite, i.e., sy, = 0.8—1. Similarly, o¢ clearly shows an IMT for both the series
of PMC in the vicinity of f.,, = 0.28 and 0.07, respectively (Fig. 4.24b). As shown
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in Fig. 4.24a, the value of o ~ 1072 S/m for the percolative (f. = 0.07) hot-molded
sample is 100 times higher than the o ~ 10 S/m for the percolative (f. = 0.28)
cold press sample; hence, the cold press PMC may be a suitable candidate for energy
storage. The best fit of conductivity data of both the cold press and hot press PMC
to Eq. (1.4) yields f. = 0.28 & 0.07, s =143+ 03,and 1.16 £+ 0.4, respectively
(Insets: Fig. 4.24b). The exponent value ‘s for both the PMC is almost of the same
value, but in both the cases ‘s* is greater than the universal value Sgn = 0.8-1 and
is explained based on the Swiss cheese model/inverted Swiss cheese model [23,
24]. The non-universality of ‘s”” is a common problem for most PCC. The f. value
calculated for both the PMC independently from the dielectric and conductivity data
largely coincides, but they largely deviate from the universal f. value [f. = 0.16 for
a three-dimensional (0-3) composite], which is attributed to the process conditions,
adhesiveness of the polymer PVDE, and metal filler particle size.

Oett X (fe — fcon)_S/ for feon < fe

The comparison of the variation of €, oefr, and Tand of both the series of PMC
as a function of frequency at 300 K is given in Fig. 4.25. As shown in Fig. 4.25a, b,
the static value of ¢, for the cold-pressed pure PVDF at 40 Hz is 16 and undergoes
low-frequency dispersion to reach a value of 10 at 100 Hz, while the &, for the
hot-pressed pure PVDF at 40 Hz is 10 and maintains this value also up to 100 Hz.
The higher value of ¢, (Fig. 4.23) for cold-pressed pure PVDF is explained based
on charge accumulation at the surface of spherulites at lower frequencies. However,
above 100 Hz, the dielectric constant of both cold press and hot press PVDF remains
the same. With the increase of f ., for both the PMC, the enhancement of €.¢ occurs.
For the cold-pressed PMC, the original low-frequency dispersion present in the pure
PVDF is also maintained for all other PMC with different f.,, (since the spherulites
of PVDF are not lost with the addition of n-Ni into the polymer matrix) and a e
of 2400 at 40 Hz (for fcon = f = 0.28) was achieved. However, for the hot-pressed
PMC, no low-frequency dispersion was observed, even up to the f .o, =f. = 0.07 and
is attributed to loss of spherulites of the PVDF matrix during hot molding. The o.¢ of
all the samples of both the series of PMC (Fig. 4.25¢, d) shows strong variation with
frequency for fcon <fc. AS feon ~fc, the conductivity sharply rises to show an IMT
and higher o for the hot-pressed percolative sample was observed in comparison
with the cold-pressed percolative sample, which confirms the better applicability of
the cold-pressed samples. For f¢on > f., a mixed conductivity comprising AC and
DC was observed, while only AC conduction was observed for f .o, < f.. The Tan 3
variation for both the series of PMC (Fig. 4.25e, f) shows the loss tangent undergoes a
sudden increase at the f.. The higher Tan3 is observed for the hot-pressed PMC even
if the fraction of conductor loading is only 0.07 in comparison with 0.28. This large
deviation is attributed to the hot press process condition, giving rise to a lowering of
homogeneity (inhomogeneous cluster size throughout the matrix) and developing a
better network of connectivity for the metal filler clusters, which forms a suitable path
for electrical conduction and the large loss tangent. Hence, the cold press samples
having better homogeneity, low loss tangent, high dielectric constant, broader critical
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Frequency(Hz)

Fig. 4.25 (Color online) Comparison of variation of €.t (a, b), oefr (¢, d), and Tan § (e, f) as a
function of frequency at 300 K for both cold-pressed and hot-pressed PMC, respectively

region, and the high static dielectric constant would be better candidates for energy
storage applications in comparison with hot press samples.

In a nutshell, the static value of &.; and Tan 8 at 1 kHz for different PMC studied
under present investigation at their respective f. along with their experimental values
of critical exponents and the universal values is given in Table 4.1. We observe from
Table 4.1 that the magnitude of enhancement of e and Tan § for the PMC/PCC
having a lower f . is higher as compared to the PMC with a higher value of f. which
questions the explanation of enhancement of . in terms of boundary layer capac-
itor effect. Similarly, the magnitude of the critical exponents also becomes higher
than that of their respective universal values and the interesting feature observed is
that their magnitudes for various PMC/PCC become very different from each other,
although the values of the critical exponents are supposed to be only dependent on
dimensionality of the samples. In this case, as all the PMC samples are 3D samples;
hence, the value of critical exponents for various series of PMC should not change
much and that should remain within the experimental error which is not observable
from the present results. Hence to find the origin of enhancement of ¢ for a PMC
at its f. and its non-universal scaling behavior of showing different values of crit-
ical exponents, a systematic and detailed analysis of the scaling behavior of these
PMC/PCC has been carried out in Chap. 5 and the concept of boundary layer capac-
itor effect has been modified by the proposed concept of connectivity which appears
to be more valid for PMC.
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Table 4.1 Magnitudes of eefr and Tan 3 at 1 kHz for various PMC [prepared under different
temperature (7) and time (#)] under investigation at their respective f ., along with their experimental
and theoretical values of critical exponents

’

Series of PMC fec Ideal | eepat | Tand at | s S Sun Shpun
fc 1kHz |1kHz

Coldpressed 0.57 10.16 |995 [122 0724005 | 1.15£0.1 |0.7-1 [0.7-1
PVDF/jL-Ni

Cold pressed 0.28 |0.16 |1273 |2.04 0.824+0.07 | 1.43£0.31 | 0.7-1 |0.7-1
PVDF/n-Ni

Hot molded 0.26 |0.16 | —ve |12,828 |[090+0.1 |1.73+0.2 |0.7-1 |0.7-1
PVDF/-Ni
T=200°C,t=
45 min

Hot molded 0.07 |0.16 | 1560 |55 0.75+0.1 |1.16 04 |0.7-1 |0.7-1
PVDF/n-Ni
T=200°C,t=
45 min

Hot molded 0.06 |0.16 |36 048 1.11 +£0.12 | 1.71 £0.66 |0.7-1 |0.7-1
LDPE/n-Ni T =
200 °C,t =

45 min

Hot molded 0.30 | 0.16 | 121 0.81 1.77 4+ 006 |3.14+02 |0.7-1 |0.7-1
PVDF/n-Ni@NiO
T=200°C,t=
45 min

Cold pressed 0.23 |0.16 |544 146 0.69+£0.09 |1.09+0.15 |0.7-1 | 0.7-1
PVDF/n-QC

4.4 Summary

A variety of combinations of PMC/PCC for investigating the percolation and scaling
behavior of these composites are studied, and it is found that at f. a very large
enhancement in &.¢ and o has been observed.

The large enhancement in ¢ in the neighborhood of percolation threshold can be
understood based on the “boundary layer capacitor effect”, i.e., near the f. there are
many conducting particles isolated by very thin dielectric insulating layer forming
a large number of microcapacitors which give rise to very high e.¢ and on the basis
MWS polarization effect. Similarly, the abrupt change in o in the neighborhood of
f can be understood from percolation theory, i.e., near the f, the effective tunneling
range of two filler particles overlaps leading to a sudden increment in the probability
of nearest neighbor as well as higher-order tunneling.

(i) Highvalue of e.g with low Tan 8 at different f . has been observed. The achieved
&efr 1S the highest value in magnitude with a comparable loss among the PMC
based on the PVDF matrix. The highest value of e.¢ achieved in the present
investigation is also comparable to . in any of the PMC reported to date.
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(ii)

(iii)

(iv)

)
(vi)

(vii)
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The difference in f. is attributed mainly due to the filler particle size, process
condition, nature of filler particles, homogeneity, temperature, mixing and
firing time, etc.

The electrical properties of the composites in the vicinity of f. are explained
based on the boundary layer capacitor effect, the concept of connectivity, and
conventional percolation theory with the values of critical exponents deviating
from their respective universal values.

With the reduction of filler particle size, the low-frequency e is increased
due to an increase in surface area, but the dielectric behavior becomes more
dispersive over the whole frequency range because of more leakage current
resulting from the decrease in interparticle distance and more interparticle
contacts due to increase in surface area.

It is concluded that the observation of an ideal f. is a matter of coincidence as
it depends on various parameters simultaneously.

It is observed that by creating an artificial insulating layer over the metallic
filler, the Tan 3 is reduced drastically with a moderate value of e.¢ with huge
change in f'..

It has been found that the enhancement of dielectric constant of PMC based
on polyvinylidene fluoride matrix is largely tuned by the process conditions
and that plays a major role in the development of polymer dielectrics for their
suitability to static and low-frequency applications. The spherulites present
in the PVDF matrix are always helpful in maintaining and increasing the €.
of PMC. Hence, utmost care should be taken in preparing the PMC based on
PVDF at room temperature or at a comparatively low temperature so that the
spherulites may be retained, which are highly helpful in achieving higher e
of PMC. It is also being suggested that the cold-pressed PMC would be a better
candidate over the hot molding samples for static and low-frequency dielectric
applications.
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Chapter 5 ®)
Scaling Behavior of Percolative Polymer ez
Composites

This chapter deals with the study of the origin of enhancement of effective dielec-
tric constant (g.g) in the vicinity/at percolation threshold (f.) in a polymer/metal
composite (PMC). From the analysis of data, the enhancement of e.¢ in PMC at/in
the vicinity of f. has been explained based on the concept of connectivity and the
loss tangent (Tan §) over the long-established boundary layer capacitor effect. The
origin of the deviation of scaling exponents from their respective universal values and
also the quantification of the deviation have been explained based on the concept of
connectivity of the metallic fillers in a PMC. The widely used percolative equations
are well-fitted with the experimental results of all PMC at all values of the frequency.
The value of f, is found to be independent of the frequency of the applied signal,
suggesting the studied PMC are real percolating systems. The critical exponents (s
and s/) which characterize the divergence of €. and o in the vicinity of f. are
found to be frequency-dependent and increase with the increase of frequency. The
divergence of e.¢ and o, in the vicinity of f . is found to decrease with the increase of
frequency. The rate of decrease of s and s with an increase of frequency is attributed
to the method of preparation, size of the fillers, adhesiveness of polymer/filler, and
the rate of decrease of ‘e.¢’ with frequency (due to the absence of different extents
of contributions of various types of conventional polarization).

5.1 Introduction

Insulating polymer/conductor composites (PCC) are of recent interest due to their
superior physical properties like high dielectric constant with mechanical flexibility
making them suitable for several applications, such as high electric energy density
materials and embedded capacitor applications. A variety of PCC is fabricated by
incorporation of different types of conductor, such as metals, metallic alloys, carbon
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black, carbon nanofibers and nanotubes, graphite nanoplatelets, and conducting poly-
mers into the polymer matrix (Fig. 1.1). These composites undergo an insulator-to-
metal transition (IMT) at f. at which they show an abnormal increase in g and
dc conductivity. Among various types of PCC, the PMC are of particular interest
due to their easier processing, cost-effectiveness, high dielectric constant, and better
flexibility. However, from Chap. 4 we have found that the value of f. depends on
several parameters, such as size, the shape of the filler, wetting, and adhesiveness of
the polymer, interfacial interaction, and spatial distribution of both the components.
In addition to these, processing parameters, such as temperature, curing time, mixing
time, and thickness of the composite are also crucial in determining the f.. Since
several parameters affect the f. value, the experimental observation of an ideal f. is
very rare, and the percolation behavior of PCC/PMC still requires a clear and better
understanding. Therefore the samples must be prepared under identical conditions
for the comparison of properties and to propose any possible physical reason to
explain the unusual behavior exhibited in such PCC/PMC. Theoretical calculation
on PCC/PMC suggested that at f. a singularity in . is expected. However, experi-
mentally the value of e.¢ and its extent of enhancement at f. for different PMC are
found to be different (References of Fig. 1.1). Although PMC gives higher . as
compared to ceramic polymer composites, further enhancement of e is also desir-
able for various applications. Thus, the study on the origin of large values of e.¢ and
its extent of enhancement at f, for PMC is important to investigate.

On the theoretical front, it is predicted that in a random distribution of conducting
particles embedded in an insulating matrix through a three-dimensional (3D) random
circuit network in which the components are either pure resistances or pure capaci-
tances, assumed that e.¢ and o.¢ follow universal fractional power laws of Egs. (1.1)
and (1.2) as a function of frequency in the vicinity of f., which are given by

8eff(a)a Jeon & fo) x o™ and Oeff(w’ Jeon & fe) x w",

where f .o is the volume fraction of conductor in the composite, w is the frequency
of applied ac signal, x and y are the critical exponents and they are expected to satisfy
the relations x + y = 1, with x = t/(s + t) and y = s/(s + t) under the intercluster
polarization, i.e., the RC model, where s and ¢ characterize the divergence of .¢ and
o.ff in the vicinity of f.. According to percolation theory, the power-law behavior of
getf and oggr in the vicinity of £ is given by Egs. (1.3)-(1.5) as;

Eeff X (fc - fcon)_s for fcon < fc Oeff X (fc - fcon)_s/ for fcon < fc

Ocft X (feon — fc)[ for fo < feon

where ‘s’ is the dielectric exponent in the insulator region and ‘s ”’, ‘t” are the conduc-
tivity exponents in the insulator and conductor region, respectively. According to the

two different physical models, such as the intercluster polarization model (RC model)
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and the anomalous diffusion model, the 3D universal values of critical exponents are
x=0.72,y=0.28, and x = 0.58, y = 0.42, respectively. According to the percolation
theory in 3D, under the consideration of intercluster polarization model, the relations
x =1t/(s +t)and y = s/(s + t) are valid and the universal values of s, s, and t are given
by Sun = sl'm =0.7-1 and ¢t = 1.6-2.0. But in most of the practical continuum perco-
lation systems (PCC), the critical exponents are found to be higher than the universal
values which have been explained by various unusual models [1-8], such as the
random void model/the swiss cheese model and the inverted swiss cheese model, the
position space renormalization group approximation model, and the transfer matrix
method. No clear understanding regarding the increment and the extent of incre-
ment of the critical exponents (s, s/, t) from their respective universal values (i.e.,
the quantification of the increment in terms of any experimentally measurable phys-
ical parameter) is found in the literature to date. Hence, the quantification of the
increment of scaling exponents from their respective universal values in terms of an
experimentally measurable physical parameter that tailors the extent of increment of
the critical exponents will give a very clear understanding in a different way over the
long-standing understanding.

5.2 Samples Reported

The results of the following samples given in Table 5.1 are discussed below.
Among the different composites, the cold-pressed PVDF)/as purchased Ni (-
Ni), PVDF/nanocrystalline Ni (n-Ni), PVDF/n-quasicrystal (n-QC) composites are
denoted as series A, B, and E, respectively. Two series of PVDF/j.-Ni and PVDF/n-
Ni composites are denoted as series C and D, respectively, which were hot molded
under a pressure of 10 MPa and a temperature of 200 °C for 45 min to get samples

Table 5.1 Prepar.anon Name of the series | Preparation method | Notation for the
method and notation for the . . .
. . of com posites particular series
particular series of samples
PVDF/p-Ni Room temperature | A
consolidation
PVDF/n-Ni Room temperature | B
consolidation
PVDF/p-Ni Compression hot C
molding
PVDF/n-Ni Compression hot D
molding
PVDF/n-QC Room temperature | E
consolidation
LDPE/n-Ni Compression hot F
molding
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with diameter 13 mm and thickness ~1.8 mm. Low-density polyethylene (LDPE)/n-
Ni composites denoted as series F were also hot molded under a pressure of 10 MPa
and a temperature of 130 °C for 30 min. The series of samples along with their
preparation method and notation used for the particular series is given in Table 5.1.

5.3 Results and Discussion

5.3.1 Microstructure

The morphological connectivity of the filler particles/clusters of the respective
percolative PCC corresponding to the various series of samples can be observed
from Fig. 5.1. In the optical micrographs, the brighter regions are the filler parti-
cles/clusters and the faint background is the polymer matrix. We observe in the
case of the percolative cold-pressed samples for series B and E the size of nanofiler
clusters are of the same order and are well-isolated from each other giving more
homogeneity to the samples. In the case of series A samples due to the micron size
particles, only the cluster size is higher than the series B and E samples while the
homogeneity of the samples is maintained. In the case of the hot-molded samples
[series C, D, and F], the cluster size of the metal filler particles increases, and the
extent of homogeneity decreases. The microstructure of the percolating samples in
all cases has been confirmed as the parallel combination of resistor and capacitor
networks and its correlation with the various electrical parameters, and the different
electrical relaxation mechanisms have been explained in Chaps. 6 and 7. Although
the network of connectivity appears to be identical of consisting of a random distri-
bution of resistors and capacitors in all cases with a difference in the size of the
metal filler clusters, however, the extent of connectivity of metal fillers in all cases
is observed to be different at their respective f. as shown in Fig. 5.1.

The visual evidence of the approach of connectivity of metal filler parti-
cles/clusters in the base polymer matrix with the increase of f, under a particular
processing condition for a particular series can be observed from earlier chapters
(Figs. 4.3 and 4.4 for series A and B, respectively). For series C, D, E, and F the
visual evidence of connectivity of metal filler clusters with an increase of f.o, can
be seen from Figs. 5.2, 5.3, 5.4 to 5.5 respectively.

5.3.2 Stability of Composites

To probe whether the melting temperature of the composite changes with the varying
fraction of the filler content we have carried out a thermal analysis study on two
samples of series B, one is very near to f. and the other is well below the f, such as
feon = 0.05 and f .o, = 0.25. As shown in the DSC curve (Fig. 5.6), we observe that
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Fig. 5.1 (Color online) Optical micrographs of the percolative composites corresponding to
different series of PCC showing the morphological connectivities of filler particles/clusters
respectively. a A, Inset: Pure PVDE. b B. ¢ E. d C, Inset: Pure PVDE. e D. f F, Inset: Pure LDPE

Fig. 5.2 (Color online) Optical micrographs of the composites corresponding to different fcon of
series C, i.e., hot-molded PVDF/.-Ni composites showing the morphological connectivities of filler
particles/clusters, respectively, a fcon = 0.10, b fcon = 0.16, € feon = 0.20, d feon = 0.23, € fcon =
0.25,f feon = 0.26
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Fig. 5.3 (Color online) Optical micrographs of the composites corresponding to different f .o of
series D, i.e., hot-molded PVDF/n-Ni composites showing the morphological connectivities of filler
particles/clusters, respectively, a fcon = 0.03, b feon = 0.05, ¢ feon = 0.06, d feon = 0.07, € feon =
0.08, f feon = 0.10

Fig. 5.4 (Color online) Optical micrographs of the composites corresponding to different f.on of
series E, i.e., cold-pressed PVDF/n-QC composites showing the morphological connectivities of
filler particles/clusters, respectively, a fcon = 0.0, b feon = 0.17, € feon = 0.20, d feon = 0.22, €
fcon =0.23, ffcon =10
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Fig. 5.5 (Color online) Optical micrographs of the composites corresponding to different fcon of
series F, i.e., hot-molded LDPE/n-Ni composites showing the morphological connectivities of filler
particles/clusters, respectively, a fcon = 0.03, b fcon = 0.05, € fecon = 0.06, d feon = 0.07, € fecon =
0.08, f fcon = 0.10

all the samples undergo sharp transition and exhibit a peak in the endotherm at about
160 °C. This indicates that the melting in all the composites occurs at 160 °C as that
is the melting temperature of pure polymer PVDF. We observe that with the increase
of fcon Only the heat of fusion decreases as the fraction of polymer in the composite
decreases and less amount of heat is required at the melting temperature of the
polymer for melting of the whole composite. To see whether the pattern of evolution
of the heat of fusion during melting changes with different f .., the normalized DSC
curves are plotted in Fig. 5.6b. Hence, we find that the filler concentration does not
affect the melting temperature of the polymer and also on the pattern of evolution
of the phase transition of the composites. This indicates that PVDF polymer and
PVDF/Ni composites respond similarly to the thermal treatment.

5.3.3 Dielectric Behavior

To find the relationship between the extent of enhancement of e.¢ at f . to the connec-
tivity of fillers in PMC, &g, and change in loss tangent [ATan 8] [9, 10] (which is
calculated as a measure of connectivity of the filler particles/clusters in a PMC) with
respect to the pure polymer as a function of f,, for all series are shown in Fig. 5.7.
The e rises with an increase of f.o, and increases abnormally at their respective
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Fig. 5.6 Typical differential scanning calorimetry (DSC) plots of the PMC corresponding to fcon
= 0.05 and fcon = 0.25 of the series B, i.e., cold-pressed PVDF/n-Ni composites

f. for the different PMC. The f. found for series A, B, C, D, E, and F are 0.57,
0.28, 0.25 < f. < 0.26, 0.07, 0.23, 0.06, respectively. We observe the difference in
magnitude and the extent of enhancement of e for all PMC at their respective f..
Generally, the enhancement in g in the neighborhood of f . is explained based on
the “boundary layer capacitor effect” [11-16]. Earlier reports (Fig. 1.1) show that a
higher fraction of metal loading enhances the ¢.¢ due to the formation of more inter-
faces in a composite and thus leading to an increase in accumulation of charges at the
interfaces and enhancement in &.¢. It was also believed that the number of microca-
pacitors increases with increasing metal content in the composites which gives rise to
high .. But we observe from Fig. 5.7a that even though the f. value is significantly
different for the different series of samples under study, the magnitude of e for all
the composites at their respective f. is comparable. It is further interesting to note that
the higher e is accompanied by a higher value of Tan 3, which suggests that there
is some correlation between the e and ATan 8. Although earlier assumptions seem
to be logical, we confirm from our experimental results that the difference in spatial
distribution and connectivity, arising due to the difference in process conditions are
the most dominant factors, which play a key role in the extent of enhancement of
getf at f. The network of microcapacitors and the distance between them (because
only at a critical distance the local electric field of two clusters/particles can overlap)
seem to play a major role in the enhancement of e.¢. From the published data in the
literature and present data on various PMC composites, it is seen that the magnitude
of e is tuned by the dc conductivity (i.e., the loss tangent of the samples) as metals
have very large values of static dielectric constant. To bring out these features more
clearly, the ATan 8 and o for all the series of samples are plotted in Fig. 5.7b, ¢
respectively. We observe that the pattern of evolution of all the electrical parame-
ters, such as e, ATan 3, and o, remains identical for all the series of samples as a
function of f 0. It is observed that even though different composites exhibit different
values of f, the magnitude of Tan § and o for the composites containing less f ¢op 1S
higher than the other composites of the present study, which is similar to the variation
of e¢sr. This indicates that connectivity and dc conductivity of the samples are the
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important factors, which contribute to the extent of enhancement of e.¢ as well as the
loss tangent. The differences in f. value observed for these systems from the ideal
fo = 0.16 value is attributed to the difference in the size of the filler particles and
process conditions which give rise to different extent of connectivity and overlapping
of the effective tunneling range of the filler particles/clusters. It seems the “boundary
layer capacitor effect” will work predominantly as long as the connectivity of filler
particles is not developed (i.e., in the neighborhood of f. and in the region for f o,
< f.). We also observe that if we compare the extent of enhancement of ¢.¢, ATan
d and o between the PMC based on different matrices, i.e., in between series (A,
B, C, D, and E) and the series F, we observe that the nature of polymer matrix also
plays a significant role in the extent of enhancement of the electrical parameters for
PMC at their respective f . as have been already explained in the case of hot-molded
PVDF/n-Ni and LDPE/n-Ni composites.

These qualitative arguments can be quantified by the critical exponents and their
dependence on the extent of connectivity. To see the validity of x + y = 1 in the
vicinity of f., the scaling laws (1.1) and (1.2) have been fitted to the experimental
results (Fig. 5.8) of all series of samples and the results are shown in Table 5.2. We
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observe from Fig. 5.8 that the scaling laws (1.1) and (1.2) hold good for fcon = f
as compared to f¢on < f.. The critical exponents x and y have been found for both
the cases, and it has been found that the universal scaling behavior of x +y = 1 at
f best hold good for all the series of samples except for series D and F (Table 5.2).
For series D the value of x 4+ y = 1.19, i.e., higher than 1, is attributed to as the
data for f .o, = 0.065 is taken which is below f. = 0.07 and for 0.07 also the scaling
laws (1.1) and (1.2) doesn’t hold good due to higher dc conductivity. We observe
that due to the particular processing conditions and micron size of the filler particles
for series D samples, the f. value comes over a very narrow range of f.,, beyond
0.065. For series F samples, we observe that x + y = 0.9 for both fo, = 0.03 and
feon = 0.05 sample (i.e., for f.on < f.) while for f.on= f. = 0.06, the value of x +
y = 0.77. Hence, we observe the difference in the sum of the critical exponents (x
+ y) for feon <fc and feon = f.. It can be seen from Table 5.2 that the values of x
and y are different for different series of samples but interestingly the experimental
values of x and y are closer to those predicted by the intercluster polarization (RC)
model than those due to the effect of anomalous (fractal) diffusion [17, 18] on 3D
percolating clusters. This result is also consistent with the observation of Song et al.
[7] and Achour et al. [19] in CB-Teflon and CB-epoxy composites, respectively.

Since the exponents of the scaling laws (1.3)—(1.5) are related to x and y under
the intercluster polarization (RC) model, the experimental results of all PMC are
fitted to Egs. (1.3) and (1.4) and the values of critical exponents s and s are shown
in Fig. 5.9 and Table 5.2. Although the critical exponent ‘s’ obtained from the fits
is in agreement with the universal value of ‘s’ predicted for a 0-3 composite, i.e.,
(sun = 0.7-1) except for the series F sample, its value is different for different series
of samples. As shown in Fig. 5.9b, s  is the conductivity critical exponent in the
insulating region shows a higher value than the universal value (s = 0.8-1) for all
series of samples, and s is also different for different series of samples.

Further, s also varies from one series of samples to another. The higher critical
exponents also have been observed in many other continuum systems (references
of Fig. 1.1), which have been explained by unusual models, such as the random
void model/the swiss cheese model and the negative space/the inverted swiss cheese
model, the position space renormalization group approximation model, and the
transfer matrix method. Although the universality of percolation theory suggests
that the dielectric constant should exhibit the same power-law dependence on f o
below f ., so that s, = s;m = 0.8-1, this is not always observed in practical continuum
systems and mostly in all practical cases s’ > s. Since ‘¢ is related to the critical
exponents ‘s’ and ‘s”,and as s and 5 vary for different series of samples, we expect
the value of ‘¢’ to be different for different series of samples. We observe from Fig. 5.9
that as the value of ‘s’ increases, s also increase for all series of samples, and hence
‘t’ also should increase. There is a systematic increment of both s and s for all the
PMC in the same order.

The increase of s, s/, and ¢ can be correlated with the increase of Tan 8 and o
(i.e., the extent of connectivity) at f. for all the series of samples (Fig. 5.7b, c). It
is observed that the higher the ATan 8 and o as a function of f,, for a particular
PMC, the more becomes the extent of increment of the critical exponents, s and t’
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Fig. 5.8 Fitting of Egs. (1.1) and (1.2) to the experimental results of all the series of samples under
study to obtain the critical exponents x and y in the vicinity of f. for all the series of samples
respectively at 300 K. The solid lines represent the fit to the corresponding experimental data, a x
of series A, b y of series A, ¢ x of series B, d y of series B, e x of series C, f y of series C, g x of
series D, h y of series D, i x of series E, j y of series E, k x of series F, 1 y of series F

from their respective universal values in a PMC as can be observed from Figs. 5.7b,
¢ and 5.9. We observe from Fig. 5.7b for series A, B, C that ATan § and o at f.
is in the order of C > B > A. Similarly, the value of s for series A, B, C are given
by 0.90 > 0.82 > 0.72, i.e., in the order of C > B > A. The value of s for series A,
B, C is also given by 1.73 > 1.43 > 1.15, i.e., in the order of C > B > A. Thus, the
increase of s, s/, t, geif, ATan § and o for different PCC follows the same order.
Similarly, the other group of series of samples can be compared which can suggest
that there is a relationship between the critical exponents and dielectric tangent loss,
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Fig. 5.9 (Color online) Fitting of Eqs. (1.3) and (1.4) to the experimental results of all the series
of PMC under study to obtain the critical exponents at 300 K, a sand b s

i.e., the extent of connectivity. However, on comparison with all the series of PMC
at the same time, the clear distinction of the relationship between the increment of
critical exponents and ATan 3 is not possible among the different PMC as some
series of samples are having approximately the same loss tangent and that time the
instruments inaccuracy of measuring the exact tangent loss also. In addition to that
also the relationship is going to be masked due to the error introduced for calculation
of the critical exponents for individual PMC which can be observed as the different
extent of error in measurement of critical exponents is found for different series of
samples.

To provide the supporting experimental evidence of connectivity of metal filler
particles/clusters in the PMC is the origin which gives rise to a large enhancement of
dielectric loss tangent, dielectric constant/capacitance, and large deviation of critical
exponents from their respective universal values, the typical capacitance/dielectric
constant as a function of temperature is performed on some of the samples of series
B (Fig. 5.10). The samples chosen were f.o, = 0.25 and 0.05 in which one was
very close to the f. i.e., fcon = 0.25 and the other one was well below f,, i.e.,
feon = 0.05. We observe from Fig. 5.10 that with the increase of temperature from
25 to 110 °C for the sample f,, = 0.05, the value of capacitance which is of the
order of Pico Farad remains almost constant over the experimentally measured whole
frequency region. With further increase of temperature up to 215 °C, the magnitude
of capacitance increases and undergoes the initiation of low-frequency dispersion.
With further increase of temperature anomalous low-frequency dispersion of the
capacitance and a sudden rise in loss tangent occurs at 250 °C and the Tan 8 value
goes on increase beyond 250 °C. As a function of temperature, the sample 0.05
which was insulator at room temperature and also up to 215 °C becomes gradually a
conductor at >250 °C. This occurs due to the melting of the polymer which occurs
at 160 °C (Fig. 5.6) and the metallic filler particles approach each other, thereby
making an infinite network of metal clusters forming a conductor. On the other hand,
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when similar experiments were carried out in the case of sample f o, = 0.25 the IMT
occur at a lower temperature of 200 °C showing the different features (Fig. 5.11).
We observe that across the IMT temperature, both the capacitance and dielectric loss
tangent in the case of f.,, = 0.25 and f.o, = 0.05 undergoes a sharp rise in their
value from the ordered of 1072 F to the ordered of 10~ F occurring at different
temperatures (Fig. 5.11). The sharp increase of capacitance and loss tangent can be
explained due to the combined effect of the increase of connectivity of the metal
filler clusters in the polymer matrix and may be partly due to the change in thickness
of the samples. However, we observe that up to 200 °C in both cases of f .o, = 0.25
and fcon = 0.05 (Figs. 5.10 and 5.11) the capacitance and loss tangent does not
change significantly although at that time the change of thickness of the sample has
occurred. However, even after 200 °C the capacitance and loss tangent undergoes a
transition at different temperatures for the two different samples. Thus, we interpret
that due to the difference in f ., the density of distribution of metal filler particles in
the polymer matrix is higher in case of fcon = 0.25 as compared to f¢on = 0.05 and
with the increase of temperature, the polymer matrix starts melting and the extent of
isolation of metal filler particles/clusters decrease and in the two different cases, the
appearance of a network of connectivity of filler clusters becomes different. Hence,
the network of infinite connectivity of the metal filler particles occurs at percolation
and occurs at two very different temperatures, i.e., at 200 °C and 250 °C, respectively,
for the two typical cases of foq = 0.25 and f .o, = 0.05 samples. Hence, the different
IMT temperature observed for two different sample with f .o, = 0.05 and .o, = 0.25
is due to the different density of filler particles in the matrix and different extent
of connectivity of the metal filler particles/clusters for the two samples with fcon =
0.05 and f¢on = 0.25 at any constant temperature. Hence, the temperature at which
the network of infinite connectivity of the conducting clusters will occur must be
different for different f .o, samples.

5.3.4 Frequency-Dependent Scaling Behavior

To understand the scaling behavior at exactly the percolation threshold, Egs. (1.1)
and (1.2) (given in the introduction section) of percolation theory have been used to
understand the experimental results as a function of the whole range of frequencies
and are given in Fig. 5.12 and Table 5.3. The critical exponents x and y have been
found for both the cases, and it has been found that the universal scaling behavior
of x + y =1 atf, best holds good for all the series of samples. The exponents (x =
0.72 and y = 0.28) obtained under the intercluster polarization model for the case of
3D systems are consistent with the experimental values.

Since the exponents of the scaling laws (1.3)—(1.5) are related to x and y under
the intercluster polarization (RC) model, the experimental results of the series A are
fitted to Egs. (1.3) and (1.4) and the values of critical exponents s and s at different
frequencies are shown in Fig. 5.13 and Table 5.3.
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Fig. 5.10 Variation of capacitance, a f¢on = 0.05, b fcon = 0.25 and Tan 8, ¢ fcon = 0.05, d feon
= 0.25 as a function of frequency for different temperatures for two typical samples of series B

It is observed that the universal values of the critical exponent s and s are found
at certain particular frequencies, while with the increase of frequency, the value of
exponent decreases. To see the general trend the same analysis was extended to all
other series of PMC and obtained results are already given in Table 5.4 and Figs. 5.14,
5.15, 5.16 and 5.17. Already The non-universality of s, s/, t is correlated with the
extent of spatial connectivity of filler particles, and the experimental values of Tan 3.

To find the variation of critical exponents (s and s') as a function of frequency, the
data of (s and s') obtained from the fitting of experimental data of PMC at various
frequencies (Figs. 5.13, 5.14, 5.15, 5.16 and 5.17) are given in Fig. 5.18 for getting
a clear picture. In all PMC, the value of critical exponents (s and s') is found to be
universal as well as non-universal at different frequency domains. The values of (s
and s') are found to decrease with the increase of frequency, while the observation
of increase of critical exponents with the increase of frequency has been reported
in some other reported dielectric conductor composites also. The decrease of (s and
s') with the increase of frequency is attributed to the method of preparation, particle
size, adhesiveness of polymer/filler, and the rate of decrease of e with frequency
(due to the absence of different extent of contribution of various types polarizations
present in the PMC).
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Fig. 5.11 Variation of capacitance, a f¢on = 0.05, b feon = 0.25 and Tan 8, ¢ feon = 0.05, d feon
= 0.25 as a function of temperature for the two typical samples of series B at 100 Hz

5.4 Summary

The origin of the extent of enhancement of dielectric constant (e.¢) value for insu-
lating polymer-metal composites (PMC) at their respective percolation threshold (f )
is attributed to spatial distribution, connectivity (coupling between the two individual
phases), intercluster distance, and dc conductivity of the samples. The universal
percolation behavior in the vicinity of f,, is satisfied; with x + y = 1, with the
exponents (x = 0.72 and y = 0.28) under the intercluster polarization model. The
critical exponents s, sl, and ¢ which characterize the divergence of e.¢ and o in the
vicinity of f. are related to x and y under the intercluster polarization model and are
found to be greater than their respective universal values. These variations are corre-
lated to the extent of connectivity of the conducting filler particles in PMC, which is
reflected in the experimental values of loss tangent for these composites. The f . value
decreases with the increase of the extent of connectivity of the metal fillers in PMC
due to the difference in process conditions. In the practical continuum percolation
systems, the non-universality of critical exponents occurs and it is shown that the
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Fig. 5.12 (Color online)
Fitting of Eqgs. (1.1) and (1.2)
to the experimental results of
all the PMC to obtain the
critical exponents x and y in
the vicinity of f for all the
series of samples,
respectively, at 300 K. The
solid lines represent the fit to
the corresponding
experimental data, a x of
series A, b y of series A, ¢ x
of series B, d y of series B, e
x of series C, f y of series C,
g x of series D, h y of series
D, ix of series E, j y of series
E

103

100 100 10

Frequency (Hz)

Table 5.3 Values of exponents x and y corresponding to fcon = f, for all series of PMC and the
verification of intercluster (RC) model, i.e.,x +y =1

Series fe feon X fec X y x+y=1
A 0.572 0.57 0.844 0.13 0.973

B 0.278 0.27 0.863 0.16 1.023

c 0.259 0.25 0.863 0.09 0.953

D 0.07 0.065 1.13 0.06 1.19

E 0.23 0.222 0.94 0.11 1.05
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Fig. 5.13 (Color online) Fitting of Egs. (1.3) and (1.4) to the experimental results of the PMC of
series A to obtain the critical exponents at 300 K and various frequencies, s at a 103 Hz, b 10° Hz,
¢ 107 Hzand s atd 10° Hz, e 10° Hz, f 107 Hz

values of critical exponents vary with the extent of connectivity of the filler parti-
cles/clusters in the composites. Hence, the origin of dielectric constant and deviation
of critical exponents from the universal values in a PCC is related to the connectivity
of conductive filler particles, i.e., the loss tangent. The different PMC gave different
values of f, with different extent of enhancement of e.¢ and o.¢ at their respective f .
for different frequencies. The values of f. are found to be non-universal as compared
to the theoretically predicted ideal value. The non-universal values of f. for different
PMC have been attributed to a variety of parameters, such as size, shape, and process
conditions. The value of fc is found to be independent of the frequency of the applied
ac signal since the universal percolation equations are satisfied in the vicinity of IMT,
suggesting the investigated PMC systems are real percolating systems. The analysis
of the experimental data of a variety of different classes of PMC confirms the obtained
scaling exponents [s, 5'] to be both universal and non-universal and is dependent on
the frequency of the applied ac signal. The decrease of critical exponents with the
increase of frequency is attributed to the method of preparation, size of fillers, adhe-
siveness of polymer/filler, and the rate of decrease of e with frequency in case of
all PMC.
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Chapter 6 ®)
Relaxation Behavior of Percolative R
Polymer Composites

In this chapter, the universality of dielectric relaxation behavior in a wide variety of
polymer—conductor composites (PCC) is discussed. The quantification of dielectric
relaxation behavior in the PCC has been done in terms of the relaxation exponents of
Jonscher’s universal dielectric response (JUDR) laws. The magnitude of relaxation
exponents ‘m’, ‘n’,and ‘p’, evaluated from the experimental results using JUDR laws,
has been studied as a function of f,,. The physical significance of these exponents
has been discussed in terms of f .o, and the percolation mechanism. The experimental
results have been rationalized by the use of Hill plots. The two kinds of generalized
Jonscher’s universal dielectric response (JUDR) laws on both sides of IMT hold
good, while for the percolative sample, none of the two laws hold good. Neither
the concept of dipolar relaxation nor anomalous low-frequency dispersion stands
valid for f, = 0.27, while a completely different, neutral, and competing electrical
behavior is observed over the entire range of frequencies. The emerged the third kind
of Jonscher’s like UDR for f . is observed, and the relaxation law has been formulated
as the ratio of imaginary and real part of dielectric constant remains constant over the
entire range of frequency starting from dc to any higher frequency. The value of the
constant is attributed to depend on the PMC, the dielectric constant of the polymer,
the differences of conductivity and fractions of the components of the PMC, and also
on their connectivity arising due to the difference of their process conditions. The
emerged unique dielectric relaxation consists of multiple relaxations arising due to
the combination of other relaxations (arising due to the two different types of species)
present in the sample, f.o, = 0.27. This novel material may be suitable for certain
specific applications in electrical and electronics engineering.

6.1 Introduction

The earlier Chaps. 4 And 5 have mainly dealt with the static behavior of the PCC
and their dependences on f ., across the percolation threshold (f.). However, to be
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able to extract information on the homogeneity of a composite sample from a single
measurement, that may be possible in principle by the analysis of various electrical
parameters as a function of frequency. Therefore, the detailed investigation of dielec-
tric relaxation behavior for all PCC as a function of frequency and f ., is discussed
in this chapter, while their electrical properties have been discussed in Chap. 7. The
detailed theoretical background of understanding the dielectric relaxation phenomena
in various systems has already been given in Chap. 2.

There has been a significant amount of theoretical as well as experimental work,
reported on insulator—conductor composites (ICC)/PCC to unravel and understand
issues related to percolation in these composites. These heterostructures provide an
opportunity to analyze generic problems, such as percolation, scaling, and univer-
sality, low dimensional transport properties, appearing in many strongly correlated
systems [1, 2]. The quantity that characterizes the collective response to an external
ac electric field excitation in this PCC/ICC is the effective dielectric constant (gefr).
While studying these composites, significant attention has been devoted to effective
medium theory (EMT) [3] in terms of volume averages, thereby enabling electrical
measurements to monitor these properties. The basic idea is to describe the system by
a simple average permittivity measured using a self-consistent procedure, such that a
grain of one of the constituents is assumed to have a well-defined shape (usually taken
as spherical or ellipsoidal) and is considered to be embedded in an effective medium
(homogeneous) whose properties are self-consistent. This requires the wavelength
of the electromagnetic radiation probing the system has to be larger than a typical
length scale that characterizes the in-homogeneities in the material medium. In this
limit, we can interpret our experimental data using EMT without any loss of gener-
ality. If the above conditions are not obeyed, there would be a definite possibility
that the internal structure of the medium can diffract as well as refract radiation.
Further, multiple scattering losses due to random walk diffusion of the wave from
one scattering center to another through the composite system determines the dielec-
tric response of heterostructures a complicated task. From the perspective of the
theory of homogenization, one can explain at least partially, many of the observed
features by simply considering a quasistatic approach, thereby ignoring altogether
the details of the microstructure and any other complications (e.g., aggregation and
adsorption).

Liu [4] recognized that the understanding of the processes governing the elec-
trical (charge and wave) transport under alternating fields in percolation clusters of
PCC/ICC is of prime interest. Further, the dielectric relaxation behavior in particle-
filled polymeric systems is complex and an understanding of polarization mecha-
nisms in these materials over frequency remains incomplete. Dielectric relaxation in
these types of in-homogenously disordered solids (PCC) continues to be of interest
due to the important technological applications in the context of microwave and
optical remote sensing and communication. Although dielectric relaxation behavior
has been studied theoretically and experimentally in many PCC, still it requires to be
investigated and verified experimentally to find out the consistency of the dielectric
relaxation phenomenon and its universalization in the case of PCC [5-9]. As PCC
are composites of two components, their properties may be expected to be controlled
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by either of them (for any ratio of conductor to polymer in the PCC) due to the
competition between the properties of two individual components as a function of
their volume or weight fractions in the composite. In the case of PCC based on a
polar polymer and a conductor, composites appear to be dominated by the dipolar
behavior of the polymer as long as it is in the insulator side and exhibits strong charge
carrier-dominated behavior beyond f., where the appearance of the long-range dc
conductivity is the normal phenomena (References of Fig. 1.1). On the other hand,
for a PCC containing a non-polar polymer, charge carrier-dominated behavior may
only be expected beyond f .. To confirm it experimentally, a wide variety of possible
PCC combinations based on different polymers (polar and non-polar) with different
conductors of varying particle sizes are prepared under different process conditions.

Recent researches have proved the ongoing development of high-temperature
polymer dielectrics, both experimentally as well as theoretically/computationally.
Out of these polymer dielectrics, ferroelectric polymer dielectrics (FPD) have proven
themselves as the emerging materials of the future for electrostatic energy storage and
dielectric applications, due to their higher dielectric constant, lower loss tangent and
higher dielectric field strength [10]. In the development of this FPD, the hit and trial
combination method comprising of varieties of ferroelectric polymers [polyvinyli-
dene fluoride (PVDF), polyvinylidene fluoride trifluoroethylene [PVDF (TrFE)],
etc., and varieties of fillers [metal, carbon nanotube, carbon black, graphene, etc.]
are undergoing extensive investigations through various experimental methods. Out
of these methods (hot molding, cold pressing, etc.), recent results have confirmed
the importance and usefulness of the cold pressing method in the case of FPD as
compared to the traditional hot molding process, since the cold pressing method
develops better polymer dielectrics by retaining the spherulites as well as the
flexibility of PVDF.

However, in the process of development of this FPD, a thorough understanding
of dielectric relaxation behavior in this type of filler dispersed polymeric systems is
required for their better design and development. The dielectric relaxation behavior
has been reported theoretically and experimentally in a lot of dielectric systems, by
the use of the various standard formalisms, such as Debye [11], Cole—Cole [12], Cole—
Davidson [13], Havriliak—Negami [14], Hill [15], Macdonald [16], and Jonscher [17].
According to Jonscher, there are fundamentally two different types of polarization
response due to the presence of two different types of polarization species in a
dielectric system, under a steady electric field, such as (i) a strongly correlated dipolar
system and (ii) a strongly correlated charge carrier (ionic or electronic) system.

Interestingly, it can also to do believe that there must be different dielectric
systems, completely different from the traditional fundamental systems as discussed
above, which must be neither a dipolar nor a charge carrier-dominated system or must
be an equally dipolar/charge carrier-dominated system and that must be at the exact
boundary of the insulator to metal transition (IMT) of the polymer/metal composites
(PMC). Since it has been found that PVDF/Ni composites have proven themselves as
very good materials for energy storage, and electromagnetic interference shielding
applications. Hence with the expectation of getting this unique type of dielectric
relaxation behavior, a variety of series of PVDF/Ni composites with varying size &
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type of filler and varying process conditions (hot molding and cold pressing) are
reported. Although a variety of series of PVDF/Ni composites has been investi-
gated, the expected dielectric relaxation behavior was observed in the cold-pressed
PVDF/nanocrystalline nickel (nc-Ni) composites, which opens an interesting and
novel dielectric response associated with the novel physical phenomena, which may
make the material suitable for their possible electrical and electronics engineering
applications.

6.2 Samples Reported

To prepare a variety of PCC, the different possible types of conductor chosen are
(a) metal (b) alloy (quasicrystal, i.e., a semiconductor) (c) nanocrystalline metal (d)
composite of a nanocrystalline metal and its oxide taking into account the effect
of conductivity, density, particle size, surface area, etc., of the conducting fillers.
The different possible insulating polymers are a polar polymer/weakly ferroelectric
polymer and a non-polar polymer. Various series of possible combinations of PCC
composites are prepared to approach f. as closely as possible by varying f o, with
different process conditions, such as cold-pressed (i) PVDF/-Ni (ii) PVDF/n-Ni (iii)
PVDF/n-QC and hot-molded (iv) PVDF/l.-Ni (v) PVDF/n-Ni (vi) PVDF/composite
of n-Ni and NiO (vii) LDPE/n-Ni denoted as series A, B, C, D, E, F, and G, respec-
tively. For preparing the series A, B, and C samples, the components of the corre-
sponding composites were blended with the help of agate mortar and pestle for about
1.5 h and then prepared in the form of pellets (diameter 11 mm, thickness ~ 1.6 mm)
under 10 MPa pressure at room temperature. For preparing Series D, E, F, and G the
blended powders of the composite were hot molded under 10 MPa at a temperature
of 200 °C, 200 °C, 200 °C, and 130 °C for 45 min, 45 min, 45 min, and 30 min,
respectively. The final samples were prepared in the form of pellets (diameter 13 mm
and thickness ~1.8 mm). The series of samples along with their preparation method
and notations used for the particular series is given in the form of Table 6.1. Subse-
quently, the electrical characterizations have been performed on all these samples.
The detailed method of image processing of the optical micrographs of the samples
with different f,, done through MATLAB software is described as follows. The
image processing is done for seeking the percolation channels formed in the host
polymer PVDF due to varying f ¢o, introduced into the PMC. In the image processing,
firstly the background in the image is estimated, and then it was subtracted from the
original image to create a uniform background. Further, the contrast is adjusted by
saturating 1% of the data at both low and high intensities. From this image, a binary
image is created to see the objects in the image. The functions used in the processing
of the images are as follows: (i) Imopen: morphological opening operation to esti-
mate the background illumination, (ii) Imadjust: to adjust the contrast of the image,
(iii) Im2bw: to change the grayscale image into a binary image.
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Table 6.1 Pregared samples Name of the series | Preparation method | Notation for the
reported for their study . . .
of composites particular series
PVDF/p-Ni Room temperature | A
consolidation
PVDF/n-Ni Room temperature | B
consolidation
PVDF/n-QC Room temperature | C
consolidation
PVDF/u-Ni Compression hot D
molding
PVDF/n-Ni Compression hot E
molding
PVDF/n-Ni@NiO Compression hot F
molding
LDPE/n-Ni Compression hot G
molding

6.3 Results

6.3.1 Experimental Dielectric Response

This section describes the experimental dielectric response of the host polymers
(PVDF/LDPE) as well as the seven different varieties of PCC systems based on
these two polymers as the host matrix [18-22]. The description in this section begins
with the dielectric response of PVDF. Figure 6.1a shows the dielectric response of
pure PVDF. This result illustrates the strong frequency dependence of ¢ ande’ . The
pure PVDF is an insulating polar dielectric polymer having a low static dielectric
constant (15) and very low loss tangent (0.01). The origin of dielectric properties
in PVDF is attributed to the presence of polar group (—F) in its monomer (CH, =
CF,) unit imparting it a weakly ferroelectric character. The magnitude of ¢’ at low
frequency is found to be 16, and ¢” shows a dipolar relaxation peak at frequency, w),
= 2.71 MHz. Hence, it may be expected to exhibit dipolar relaxation as a function
of frequency in accordance with JUDR laws expressed by Eq. 2.9. The exponents
‘m’ and ‘n’ evaluated by using Eqgs. 2.9a, 2.9b, given as;

& — &' (w) x g(w) x " forw K w, with0 <m <1

and &'(®) x e(w) x @" ! forw > w, with0 < n < 1

in the relevantrange of frequencies (i.e., forw < w, and w > w,, respectively) gives
an estimate for the exponents. The values from the fits are m = 0.43 and n = 0.75,
respectively, and agree well with Jonscher’s universal regime of [0, 1]. We observe
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Fig. 6.1 Log-log plot of the real (¢) and imaginary " complex permittivity as a function of the
frequency. a The neat PVDF matrix. The solid lines through the data show good agreement with
Egs. 2.9 & 2.11; wp = 2.71 MHz. b The pure LDPE matrix

from Fig. 6.1a that the ratio &”(w)/e'(w) = cot(nm/2) = const is independent of
frequency for w > w), is in good agreement with Eq. (2.11). Application of JUDR
to the experimental results gives the value of frequency exponent as n = 0.75 for
pure PVDF. It is also found that the real part of dielectric constant ¢ (w) is higher
than the imaginary part of dielectric constant ¢’ (w) in good consistency with JUDR
of a capacitor (Fig. 6.1a). Figure 6.1b shows the frequency dependence of & (w)
and ¢’ (w) for pure LDPE which is a non-polar polymer due to the absence of net
dipole moment. This seems logical because of the very structure of its monomer
(CH,=CH,). ¢ shows a flat response with a constant value of 2.5 without any fall
in magnitude with frequency, whereas ¢” also doesn’t show any relaxation behavior
unlike that of pure PVDF. It is due to the absence of dipolar entities in it. The scattered
data points corresponding to £ are attributed to the insulating nature of the polymer
(resistivity ~10'® Q cm). Thus, JUDR of dipolar type could not be validated for a
non-polar polymeric system as expected.

In the case of PCC, it is observed that all the seven series of PCC under study
exhibit sharp IMT at f, irrespective of the type of conductor, following the percola-
tion theory. Experimental results indicated that f . represents a critical volume fraction
of the filler loading in the PCC across which the dielectric response is governed by
two different and independent mechanisms. The inherent electrical behavior of the
host polymer also plays a crucial role in modulating the dielectric (permittivity/loss
tangent) response. It is observed that below f ., it is dominated by the dipolar contri-
bution of the host polymer component which is predominantly an insulator. Above
fe, it becomes a charge carrier-dominated system. Hence, examining the validity
of the JUDR for dipolar as well as charge carrier-dominated regime in the PCC in
experimental results would provide significant insight into the physics associated
with the IMT and dielectric relaxation process over a range of filler loading in the
PCC. In addition, the role of the inherent polarity in the host polymer on dielectric
relaxation in the PCC has also been examined. It is discussed below separately based
on experimental evidence on all the seven series of PCC.
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6.3.2 Frequency Dependent Dielectric Response Below f,

We begin with the results of series A (PVDF/-Ni) samples prepared using the
cold-pressed technique. The frequency response of complex permittivity is shown in
Fig. 6.2a, b. It shows a typical variation of ¢ and ¢” for different j1-Ni loadings over
a broad range of frequencies for the composite samples corresponding to fcon <fe-
It is observed from Fig. 6.2a that ¢ decreases with the increase of frequency for all
the composite concentrations and it becomes flat for low Ni loadings. As the -Ni
fraction in the composite increases and approaches f ., ¢ increases to 200 (for feon =
0.56) from an initial value ~12 (for f o, = 0.0). This large enhancement (>16 times)
is attributed to the accumulation and entrapment of charges at the interface of the
two components due to the boundary layer capacitor effect and MWS polarization.
It seems reasonable and logical due to the blocking of charge carriers across the
insulating boundaries in the PCC. As the composite concentration approachesf . (i.e.,
Feon = fe With feon = 0.57), clear frequency dispersion of & occurs over the whole
frequency range of measurement in the present studies. It is related to leakage current
resulting from higher metallic fractions. Secondly, the evolution pattern of & (w) data

clearly shows a peak corresponding to ¢” = ¢, at w, = 2.71 MHz. It is directly

max

related to the presence of dielectric relaxation, i.e., dipolar relaxation. The origin of
this relaxation lies in the presence of the polar [—F] group in the pure polymer matrix
backbone of the PCC. In comparison with the relaxation peak of the pure polymer,
a very small shift in loss peak position on either side of @, = 2.71 MHz is observed
with an increase in the volume fraction of w-Ni in the PCC. The shift in loss peak
position doesn’t follow any regular order with -Ni content. The minor shift in the
loss peak with an increase in Ni content can be considered to be insignificant well
within experimental error. It is also observed that the broadening/flattening in the loss
peaks increases with a relative decrement in the dielectric relaxation strength with an
increase in |-Ni concentration. The broadening/flattening is attributed to enhanced
heterogeneity of the composites giving rise to a distribution of relaxation times caused
by an additional polarization (interfacia/MWS polarization) aided by an increase in
the activity of interfaces with the increase of j-Ni fraction in the composites. This
effect is in addition to the existing dipolar polarization. The decrease in relaxation
strength is attributed to a corresponding reduction in the number of dipoles of the
polymer with an increase in f,,. With further increase of fo,, the magnitude of g
increases which is attributed to the higher leakage current in the composite samples
with enhanced filler loading. In general, the variation of 8”(60) with frequency for
all the composite samples of the series A shows a dipolar relaxation peak below f .
These results suggest that even with a higher amount of conducting components,
the dielectric response of the composite is completely dominated by the insulating
properties of the polymer.

Thus, all the composites below f . (i.e., for fcon < 0.56) show a dipole-dominated
dielectric response and each of them exhibits dipolar relaxation. Typical represen-
tative pattern for f.on = 0.20 and f .o, = 0.56 is shown in Fig. 6.2c, d, respectively,
for comparison. So, JUDR should hold good for all these samples below f .. Indeed
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Fig. 6.2 Comparison of the a ¢, real part of the effective complex permittivity, b e, imaginary
part of the effective complex permittivity versus frequency for series A samples below f, i.e., fcon
< 0.57; typical log-log plot of ¢ and &” as a function of frequency for the samples, ¢ fcon = 0.20,
d fcon = 0.56 below f; the solid lines through the data show good agreement with Egs. 2.9a, 2.9b

Eq. 2.11 fit well with the experimental results of all the composites below f .. Typical
representative patterns are shown in Fig. 6.2c, d. We observe from Fig. 6.2c, d that
% is independent of frequency for w > w, forf,, =0.20 and f' .o, = 0.56, respec-
tively, in accordance with Eq. (2.11). It is observed from the dielectric response of
the above series A that the number of dipoles, as well as w-Ni/PVDF interfaces, play
a significant role in modulating the characteristic properties of the composites.

To identify the role of the interface effect clearly, we have reduced the Ni particle
size to nanoscale and prepared another series of composites (PVDF/n-Ni) intending
to investigate the effect of size and surface area of the filler particles. It is observed
from Fig. 6.3a that ¢ has a flat response with a frequency up to 100 kHz beyond
which it shows a decrease for low n-Ni loadings. As the n-Ni fraction increases
and approaches f ., ¢ increases possibly due to the combined effect of more charge
accumulation at the n-Ni/PVDF interfaces in the composite phase as well as due
to boundary layer capacitor effect. As a result, ¢ shows more dispersion over the
whole frequency range because of more leakage current at higher metallic loading.
It is very interesting to see the evolution pattern of ¢’ (w) with frequency (Fig. 6.3b).
It clearly shows a peak with ¢”(w) = &}, at w, = 2.71 MHz for the pure polymer
with a traceable shift in loss peak position, on either side of 2.71 MHz like that of
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series A, with the increase in n-Ni content. This shift in the loss peak position with
an increase in f o, can be considered insignificant well within experimental limits.
A relatively large increase in the magnitude of dielectric constant ¢ is attributed
to the formation of MWS dipoles at the interface of the PVDF/n-Ni phase in the
composites due to charge accumulation at the interfacial boundary. The strength of
MWS relaxation depends on particle size and surface area, unlike dipolar relaxation.
Thus, it is observed that all the samples of series B exhibit both dipolar relaxation
and MWS polarization phenomena simultaneously below f. and show their effect
independently. Therefore, it will be interesting to examine the validity of JUDR law
for this series of PCC samples. The fits of Eq. 2.9 to the corresponding experimental
data below f . for the PVDF/n-Ni series confirmed an excellent agreement with JUDR
law. Typical results of the fits are shown in Fig. 6.3c, d for f .o, = 0.16 and fon =
0.25, respectively. Identical response and constancy of the ratio &”(w) / &'(w) agree
with Eq. 2.11. A scientifically significant observation on comparing the results of
the series A and B (PCC) is that with a reduction in particle size, large tailoring
of f. occurs from 0.57(for PVDF--Ni) to 0.27 (for PVDF-n-Ni). This is attributed
to relative enhancement in the overlapping of the effective tunneling range of the
filler particles without imparting any deleterious effect on the dielectric relaxation
behavior in the PCC. It is also important to mention that interfacial polarization
plays a crucial role in bringing down the value of f,. without affecting the inherent
phenomena of IMT across f..

A similarity in the dielectric response of the two series of PCC, with the essential
distinction of tailored f . prompted us to examine the pattern of this phenomena over a
variety of systems to make out an evaluation for its universality [22]. In the preceding
discussion, we have analyzed the validity of Jonscher’s law below f . for PCC with Ni
of varying particle size. Now we attempt the same analysis on another PCC series C
based on a complex alloy (a quasicrystal) in nanocrystalline form, i.e., AlgsCuy3Fe s,
denoted as n-QC. It is a PVDF/n-QC composite (series C samples). Analysis of this
series would provide sufficient insight on the effect of alloy-type conductive filler
on the dielectric relaxation of the PCC. We observe from Fig. 6.4a that ¢ decreases
slowly with frequency for the composites with f.o, < f. for a low value of n-QC
loading. As the n-QC fraction increases and approaches f ', the ¢ exhibits a manifold
jump. It may be related to enhanced charge accumulation at the interface of the two
phases/boundary layer capacitor effect. The relaxation behavior also seems to be
identical in this case exhibited by the appearance of ¢, peak at w, = 2.71 MHz.
It has typical features of broadening/flattening followed by a slight shift of the loss
peak position with an increase in the fraction of n-QC in the PCC (Fig. 6.4b). The
basic mechanism for the changes in the dielectric response of the n-QC based PCC
(i.e., dipolar contribution and MWS polarization) remains the same as before with an
essential difference in the magnitude of the dielectric parameter. The experimental
results of all the samples below f . are fitted to Eq. 2.9 and typical representative fits
corresponding to fcon = 0.13 and f.,, = 0.22 are shown in Fig. 6.4c, d, respectively.
A comparison from Fig. 6.4c, d suggest that the JUDR law of Eq. (2.11) is well-
satisfied in the dipolar relaxation region below f.. The dielectric response results
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Fig. 6.3 Comparison of the a ¢, the real part of the effective complex permittivity, b ¢, the
imaginary part of the effective complex permittivity versus frequency for series B samples below
fe,1e., feon < 0.27; typical log—log plot of ¢ and ¢ as a function of frequency for the samples, ¢
feon = 0.16, d fcon = 0.25 below f; the solid lines through the data show good agreement with
Eq.2.9

discussed so far indicate that the three different series of PCC prepared via cold-
pressed technique have exhibited identical behavior below f.. The tunability of f.
depends on the particle size and conductivity of the conducting component.

To confirm the universality of JUDR on PCC, without any loss of generality, we
have examined its validity on a few more PCC samples prepared under different
“process conditions”. The same composite combination (series A and B) are now
prepared under hot molding process conditions and are referred to as series D and
E, respectively. The experimental results indicate that the value of f is drastically
different with a change in process conditions for the D and E series of composites
even if the composite components are identical to series A and B, respectively. This
change is attributed to the difference in the spatial distribution of the filler particles
and the extent of their connectivity in the composite phase. This, in turn, gives rise to
a different extent of overlapping of the effective tunneling range of fillers arising due
to differences in the process conditions. The dielectric response (€ vs. frequency) for
D and E series of composites is shown in Figs. 6.5a and 6.6a. The general features
of the frequency response behavior of ¢ for the composites below f. remain the
same as before. This can be inferred easily by comparing the results of Figs. 6.2, 6.3
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Fig. 6.4 Comparison of the a ¢, the real part of the effective complex permittivity, b &”, the
imaginary part of the effective complex permittivity versus frequency for series C samples below
fesie., feon < 0.23; typical log—log plot of ¢ and ¢ as a function of frequency for the samples, ¢
feon = 0.13,d feon = 0.218 below f; the solid lines through the data show good agreement with
Egs. 2.9a, 2.9b

and 6.4 with that of Figs. 6.5a and 6.6a. However, it is interesting to note, for the
series D and E samples, that & () variation shows a peak (eay) at w, = 2.48 MHz
for the pure polymer with a slight shift of the loss peak position with additional
features of broadening/flattening in the peak (Fig. 6.5b and 6.6b). A comparison of
the dielectric relaxation behavior of the hot molded, series D and E, PCC samples
with that of the cold-pressed series A and B samples indicates an unambiguous
resemblance for f.,, < f.. The only difference is a shift in the dielectric relaxation
peak toward lower frequency (2.71 MHz for cold-pressed PCC to 2.48 MHz for
the hot-molded PCC) which is insignificant well within the experimental error. The
application of Jonscher’s power-law to the experimental results of series D and E
samples suggests that the JUDR law expressed in Eq. (2.11) is satisfied for fcon <f-
It is indicated by the fitted plots shown in Figs. 6.5c and 6.6¢, d. However, the results
shown in Fig. 6.5d suggest that the JUDR law breaks down because the composite
has entered into the percolation region such that the dipolar contribution of polymer
gets overshadowed by the dominance of the filler particles.

Before arriving at any definite conclusion on the universality of JUDR for PCC,
two more distinct classes of PCC have been studied. The series F samples refer to



122 6 Relaxation Behavior of Percolative Polymer Composites

o 0.0 o 010 2 0.16 101LDDDDDDDDDDDDDDDDDDDDDD

g v 020 ¢ 0.23 e
10° CQ“0“«“««“‘«::::u::::‘ «““ o 8' &7\
cot(nm/2)
W
10'
10251«44 o 00 o 010

A 016 v 0.20
¢ 023 < 025

10'1 Q L D‘_H:FD L L L L L n " L
10° 10° 10’ 10° 10° 10’

Frequency(Hz) Frequency(Hz)

Fig. 6.5 Comparison of the a ¢, the real part of the effective complex permittivity, b ", the
imaginary part of the effective complex permltthlty versus frequency for series D samples below
fesie., feon < 0.259; typical log—log plot of ¢ and ¢" as a function of frequency for the samples,
¢ feon = 0.05,d feon = 0.25 below f; the solid lines through the data show good agreement with
Egs. 2.9a, 2.9b

a composite of PVDF/n-Ni-NiO where NiO is created artificially by anneahng n-Ni
for 6 h at 500 °C in air. We observe from Fig. 6.7a that the variation of ¢ with respect
to frequency for the composites below f. remains identical and analogous when
compared with the results of other series of PCC in the present studies. The basic
physics associated with the changes also remain the same. The frequency response of
¢ (w) clearly shows a peak (¢],,,) at w, = 2.48 MHz for the pure polymer like series
D and E samples. In the case of F series composites, a small shift of the loss peak
position has been observed with an increase in filler content as shown in Fig. 6.7b.
Figure 6.7c, d confirm the validity of JUDR law in accordance with Eq. (2.11).

In this part of our experimental investigation, we move finally to a PCC based on
non-polar polymers, such as LDPE/n-Ni composites. It is referred to as the series G
samples. The experimental results have indicated that f. for the G-series samples is
drastically low than all other series under study. The static & value found for LDPE
is 2.5, and the magnitude remains the same over the whole frequency range due to
the absence of dipolar (orientational) polarization in the polymer matrix (Fig. 6.1b).
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Fig. 6.6 Comparison of the a ¢, the real part of the effective complex permittivity, b ¢, the
imaginary part of the effective complex permittivity versus frequency for series E samples below
ferie., feon < 0.07; typical log-log plot of ¢ and ¢ as a function of frequency for the samples, ¢
feon = 0.03, d fcon = 0.065 below f; the solid lines through the data show good agreement with
Egs. 2.9a, 2.9b

With the dispersion of n-Ni in the composite, the magnitude of ¢ increases due to
an increase in the strength of MWS interfacial polarization/boundary layer capacitor
effect. Anincrease in the n-Ni concentration causes visible dispersion over the whole
frequency range due to higher leakage current (Fig. 6.8a). However, no evidence of
any dipolar relaxation could be traced for the composites below f.. The result is
understandable and logical because of the absence of dipoles in the host polymer
matrix itself (Fig. 6.8b). Figure 6.8c, d shows the typical frequency response of the
real and imaginary part of the effective complex permittivity for the G-series samples
below f. where JUDR law fails to agree with the experimental results at all.
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Fig. 6.7 Comparison of the a ¢, the real part of the effective complex permittivity, b ¢’ the
imaginary part of the effective complex permittivity versus frequency for series F samples below
fe 1e., feon <0.30; typical log—log plot of ¢ and ¢ as a function of frequency for the samples, ¢
feon = 0.10, d fcon = 0.20 below f; the solid lines through the data show good agreement with
Eq.2.9

6.3.3 Normalization of Dipolar Relaxation

To obtain clear and convincing information on the role of conductive fillers on the
relaxation behavior below f. in all the PCC, the dielectric parameters have been
normalized. The normalized dielectric master curves are analyzed for all the series
of PCC under study. Some representative plots are shown in Fig. 6.9a—d for series A,
B, C, and F, respectively. An identical dielectric relaxation response is emerging in
all the cases. It is observed that all the curves merge at a higher frequency (i.e., above
10° Hz) where the pure polymer host exhibits a dipolar relaxation peak. The relaxation
peak of PCC also appears to collapse with the polymer relaxation peak. It is a clear
indication that the dipolar interaction is a cooperative phenomenon for the composite
samples just below f.. In sharp contrast, the normalized curves diverge at lower
frequencies (i.e., below 10° Hz) due to an effective contribution of MWS interfacial
polarization arising due to the different conductivity and dielectric constant of the
two components of PCC. The overall picture from the analysis indicated that for all
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Fig. 6.8 Comparison of the a ¢, the real part of the effective complex permittivity, b ¢, the

imaginary part of the effective complex permltthlty versus frequency for series G samples below

fe, 1., feon < 0.06; typical log—log plot of ¢ and ¢ as a function of frequency for the samples, ¢
con = 0.03, d fcon = 0.0.05 below f

the series of PCC samples below f ., the dynamics of charge transport is dependent on
the filler concentration in the low-frequency region while it is independent of the filler
factor in the high-frequency region. The origin of filler concentration-independent
dipolar relaxation in the composites lies in the permanent dipoles of the host polymer
matrix. The strength of relaxation depends on the number of dipoles. The dielectric
dispersion at low frequency depends predominantly on the number of interfaces that
vary from one composite concentration to another giving rise to more leakage current
with increased filler loading. These features become clearer from the master curves
(Fig. 6.10) plotted for all the series of samples under the normalized scale. Further, it is
observed consistently from the experimental results that with the gradual increase in
the conductor loading into the polymer matrix, a critical concentration (f.) is reached
where all the seven composite series undergo a sharp transition in their electrical
transport properties. As discussed previously, there is an unambiguous transition
from insulating behavior below f. to conducting one above f.. So, it becomes a
prerequisite in the present studies to examine the validity of JUDR law also above
f. for all the series of PCC. It is discussed below.
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Fig. 6.9 Typical normalized dielectric master curve of the imaginary complex permittivity for all
the samples below f . for series. a A. b B. ¢ C and d F, respectively

6.3.4 Frequency Dependent Dielectric Response Above f,

The typical frequency response characteristics for the real and imaginary part of
complex permittivity for series A samples at/above f. are discussed in Fig. 6.11a,
b. A sudden increase in the dielectric constant occurs at f.. It is attributed to the
largest number of interfaces/interfacial areas available for charge accumulation. At
the same time, more surface area is available for the charges to be blocked because of
the boundary layer capacitor effect. As a result, the magnitude of dielectric constant
(¢') increases drastically to the tune of 1600 at f.,, = 0.57 and then decreases for
feon = 0.58, i.e., a divergence (singular point) in the real part of dielectric constant is
observed. So, fcon = 0.57 refers to the critical concentration f.. According to perco-
lation theory, this divergence observed at f. is due to the IMT phenomena in the
PCC system. Above f, ¢ decreases due to the formation of a continuum of parti-
cles, and it appears to be consistent with the previous reports in literature (Fig. 1.1).
¢" also shows higher magnitudes with complete dispersion at low frequency due to
higher leakage current assisted by filler-filler interaction at f.o, > f .. The interpreta-
tion seems convincing and provides a reasonable understanding in terms of scaling
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Fig. 6.10 Typical normalized dielectric master curve of the imaginary complex permittivity for all
the samples below f . for all the PCC series of samples

laws of the percolation theory reported in the literature and earlier (Chaps. 4 and
5). There is a complete absence of loss (8//) peak at f.o, > f. invariably for all the
seven series of PCC in their ¢’ ~  curve. Instead, the magnitude of ¢ decreases
monotonically with frequency and it shows strong ALFD with two distinct regions
of linear response at low and high frequencies (Fig. 6.11b). The origin of ALFD
lies in the appearance of long-range dc conductivity caused by the resistive conduc-
tion through the bulk composites. Such a charge transport occurs under the partial
physical contacts between the fillers which are the typical behavior of a charge carrier-
dominated system. According to JUDR law of type-II, a charge carrier-dominated
system showing ALFD will exhibit two regions of dispersion in the ¢ ~  curve
obeying the power laws of Eq. 2.13a and 2.13b, respectively, which are given by.

&' (w) x g(w) x w™? forw K w. with0 < p < 1

and &' (w) — S;O x e(w) x ! forw > w, with0 <n < 1

The underlying mechanism can be understood by examining the validity of
Egs. 2.13a and 2.13b for f¢on > f., when fitted to the experimental results in the
corresponding frequency regions for the PCC series samples. A comparison suggests
an excellent fit of the experimental results and provides the value of critical frequency

(w,) for charge carrier-dominated region (Fig. 6.11c, d). . is the frequency which
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Fig. 6.11 Comparison of the a &, the real part of the effective complex permittivity, b &', the
imaginary part of the effective complex permittivity versus frequency for series A samples above
fesie., feon = 0.57. Typical log—log plot of ¢ and ¢” as a function of frequency for the samples, ¢
feon = 0.57, d feon = 0.58 above f. The solid lines through the data show good agreement with
Eq. 2.13, w, is the frequency separating the ac and dc conductivity region

separates the ac and dc conductivity region of the composites and bears a direct
analogy to the relaxation frequency () in the case of the dipole-dominated region
(fcon <f¢)- Such an analogy provides a basis to infer that frequency w, refers to the
frequency where the MWS interfacial polarization/conductivity relaxation occurs in
the PCC series of samples. It is therefore a natural expectation that @, should be
dependent on f ., and show an increase with the increase in f ¢, due to the formation
of the continuum of filler particles. However, the value w, estimated from the fitted
data for 0.57 and 0.58 samples of the series A PCC is 4 kHz and 3 kHz, respectively
(Fig. 6.11c, d). This discrepancy may be attributed to experimental error arising due
to smaller conductivity differences between the two composite samples.

In the case of series B (PVDF/n-Ni) samples at/above f ., the real part of dielectric
constant ¢ shows more dispersion due to higher leakage current resulting from higher
probability of tunneling of charge carriers assisted by an enhanced surface area of the
filler particles. ¢" also shows higher magnitudes at low frequency and exhibits strong
dispersion due to the higher leakage current caused by well-connected conducting
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network at higher filler fractions (Fig. 6.12a). The magnitude of ¢" decreases mono-
tonically with frequency at lower frequencies, and it shows an ALFD behavior
exhibiting two distinct linear regions at low and high frequencies (Fig. 6.12b). The
ALFD type behavior is related to the long-range dc conductivity assisted by direct
physical contacts between the fillers at/above f.. A comparison of the JUDR law
of the type-II, expressed by Eq. 2.15 for charge carrier-dominated systems, with
the experimental results in the corresponding frequency region for all the samples
above f, give an excellent fit (Fig. 6.12c, d]. The estimated w, value for the charge
carrier-dominated systems is 20 kHz and 150 kHz for f¢,, = 0.28 and fo, = 0.315,
respectively, which agrees well with the conceptual expectation. Figure 6.13a, b
shows the frequency dependence of complex permittivity for series C samples above
f¢. To examine the validity of JUDR law, Eq. 2.15 are fitted with experimental results
in the corresponding frequency region for all the samples above f. and it also gives an
excellent agreement as shown in (Fig. 6.13c, d). The estimated w, value found for the
cases fcon = 0.24 and f .o, = 0.27 remains the same (4 MHz). A comparison indicates
critical frequency (w,) for series C composites above f. shows a higher value relative
to series A and B composites. This is attributed to the complete physical connectivity
of the filler particles in the polymer matrix giving rise to long-range dc conductivity.
Visual evidence of such a possibility is noticed in the optical micrographs shown in
Fig. 6.14. An identical analysis carried for all the samples of series D, E, F, and G
at/above f. suggest similar outcome and the typical results for the series F and G
samples at/above f . is shown in Figs. 6.15 and 6.16, respectively. No loss peak could
be observed in their & ~ w plot. Instead, two distinct dispersive regions have been
observed as the common features of dielectric response obeying Eq. 2.15

6.4 Discussion

In the foregoing sections, we have examined and analyzed various aspects of the
dielectric response in several PCC. This PCC have two distinct regions of dielectric
behavior governed by different types of power laws across f. [18]. The dielectric
response in the region f.o, < f. is dominated by the dipolar contribution from the
polymer host (PVDF). On the other hand, for f.,, > f. the dielectric properties are
controlled by the uncorrelated charge carrier interaction and their response to the
frequency of the applied electric field. The frequency response characteristics of
the dielectric properties of the various PCC throughout the conductor composition
range may therefore be expected to provide significant and rich insight into the
physics associated with (i) dipolar interaction and extent of charge displacement,
(i1) frequency-dependent dipolar flips with respect to an external applied electric
field, iii) dipolar relaxation, (iv) relaxation strength and its dependence on f¢on, (V)
relaxation time and its distribution, (vi) dielectric dispersion with frequency, and (vii)
the dependence of dielectric response on the interaction among the charge carriers
due to the difference of fcqp-
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Fig. 6.12 Comparison of the a ¢, the real part of the effective complex permittivity, b &', the
imaginary part of the effective complex permittivity versus frequency for series B samples above
fe, 1., feon > 0.28; typical log—log plot of ¢ and ¢ as a function of frequency for the samples, ¢

con = 0.28, d fcon = 0.315; the solid lines through the data show good agreement with Eq. 2.13,
w, is the frequency separating the ac and dc conductivity region

Further, the present investigation has indicated that f. for a specific combina-
tion of PCC is not unique. Rather, it depends on several factors including filler
(conductor) particle size, their distribution, processing conditions, nature of host
polymer matrix, and the external parameters (temperature, pressure, hold time, etc.)
during sample processing. Therefore, to obtain a clear picture of the physics associ-
ated with the dielectric response of PCC prepared under the conditions mentioned
above, the validity of JUDR laws for dipolar and charge carrier-dominated systems
have been examined across f .. Jonscher’s power laws for dipolar systems have two
relaxation exponents ‘m’ and ‘n’ (Eq. 2.9), whereas for charge carrier systems the
two relaxation exponents are ‘p’ and ‘n’ (Eq. 2.13). Essentially, the exponents ‘m’
and ‘p’ carry different meanings with the condition that the limiting values of all the
three exponents lie in between 0 and 1.

Further, m = 0 in Eq. (2.9) refers to a situation in a dipolar system having
completely non-interacting dipoles (uncorrelated dipoles). On the other hand, m
= 1 is attributed to a dipolar system having strongly interacting dipoles. In the direct
analogy with the above, p = 1 in Eq. (2.13) refers to an ideal charge carrier system,
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Fig. 6.13 Comparison of the a &, the real part of the effective complex permittivity, b &', the
imaginary part of the effective complex permittivity versus frequency for series C samples above
fesi.e., feon = 0.22; typical log—log plot of ¢ and ¢ as a function of frequency for the samples,
¢ fecon = 0.24, d foon = 0.27 above f; the solid lines through the data show good agreement with
Eq. 2.13

whereas p = 0 indicates that the charge carrier system would be non-responsive to
the changes in frequency (i.e., non-dispersive behavior). The relaxation exponent ‘n’
appearing in Egs. (2.9)—(2.15) for dipolar/charge carrier systems provide information
related to the dipolar dynamics for @ 3> ), and charge carriers transport for w >> w.
JUDR law suggests that ‘n’ should remain constant because of the constancy of the
ratio of energy stored to energy lost (8” (w) / 8’(a))) in adipolar (o > w,) and charge
carrier (w > w.)-dominated system. Because of the physical phenomena described
by the magnitude of the relaxation exponents, m, p, and n, which of course depends
on f¢on in the composite, the following two cases arise.

6.4.1 Below f.

This region refers to the dipolar region. In this case, the magnitude of the exponent
‘m’ for all the seven series of PCC has relatively lower values lying in the range
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Fig. 6.14 Typical optical micrographs of the pure PVDF and the percolative composites of the
series A, B, and C, respectively. a PVDE, b fcon = 0.57, ¢ fcon = 0.28 and d fcon = 0.23

of 0.11 <m < 0.43 (Fig. 6.17a). This is well within the limiting value [0, 1] as per
the predictions of the JUDR law of type-I. The experimental value of ‘m’ indicates
that the increase in the &g in the region f.o, < f. is due to the predominance of
correlated dipolar contribution. A previous report on CB/Epoxy [23] has indicated a
typical ‘m’ value in the range of 0.06 < m < 0.50. This result and the experimental
investigation over a wide variety of PCC in the present studies appear to be consistent
with the concept that it is impossible to have, in practice, a dipolar dielectric system
that is completely interacting/perfectly non-interacting. In other words, all dipolar
systems in practice have mutually interacting dipoles with a difference in their dipolar
relaxation strength, relaxation time distribution, and dipolar response (flips) with the
frequency of the external applied electric field. These parameters depend on f o, and
reflect changes in their property in terms of the magnitude of the critical exponents ‘m’
that can be observed from Fig. 6.17a. It appears that the magnitude of ‘m’ decreases
with an increase in f o, invariably for all the PCC under investigation. This change
can be understood in terms of the relative decrease in the number of dipoles of the
host polymer in the PCC with the increase in f.,,. In addition, an increase of f o,
enhances the heterogeneity in the PCC leading to a wide distribution of relaxation
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Fig. 6.15 Comparison of the a ¢, the real part of the effective complex permittivity, b &', the
imaginary part of the effective complex permittivity for series F samples versus frequency for all
the samples above f, i.e., fcon > 0.30; typical log—log plot of ¢ and ¢’ as a function of frequency
for the samples, ¢ fcon = 0.30, d fcon = 1.0 above f; the solid lines through the data show good
agreement with Eq. 2.13

time and weakening of the dipolar interaction. This can be explained based on the
uncorrelated behavior of the dipoles of the polymer due to the obstructions offered
by the filler clusters/particles.

On the other hand, the typical values of the critical exponent ‘n’ for fon/f < 1
lying in the range 0.68 < n < 0.85 are shown in Fig. 6.18. It indicates that ‘n’ is nearly
constant with an average value of ~0.75 which is close to the pristine polymer phase
(0.75). An analogous finding for CB/epoxy composite with 0.95 < n < 0.98 has also
been reported. These results suggest that the dielectric behavior of the PCC below
f depends strongly on the dynamics of the dipoles present in the polymer host.

6.4.2 Above f.

This region refers to the charge carrier-dominated regime of the PCC. In this case,
the typical values of the exponent ‘p’ for all the seven series of PCC lies in the
range of 0.5 < p < 1. The lower bound values of ‘p’ differ from a previous report
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Fig. 6.16 Comparison of the a &, the real part of the effective complex permittivity, b &', the
imaginary part of the effective complex permittivity versus frequency for series G samples above
ferie. feon > 0.06. Typical log—log plot of ¢ and ¢” as a function of frequency for the samples, ¢
feon = 0.06, d fcon = 0.08 above f. The solid lines through the data show good agreement with
Eq. 2.13

in literature for CB/epoxy composite for which p = [0.9, 1] [23]. This deviation in
the magnitude of the exponent ‘p’ in the present report may be related to an active
role of the conducting component in the composite phase above f.o,. It has been
attributed to the combined effect of two distinct processes: (a) correlated dipolar and
(b) uncorrelated charge carrier contribution. The two competing phenomena exhibit
sharp changes at f. undergoing a transition from a dipole-dominated behavior to a
charge carrier-dominated transport behavior for f¢,, > f.. The more becomes the
charge carrier domination, i.e., for f.,n > f., the higher is the probability for ‘p’
to approach to the ideal limit of 1. The experimental results in the present studies
suggest that for PCC sample with f.o, > f,p~ 1 (Fig. 6.17b). A relative difference
in the value of p for different PCC may be related to the difference in f q,, the extent
of connectivity, loss tangent, process conditions, and properties of the individual
components of the PCC, etc.
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Fig. 6.17 Variation of the exponent, a m, b p as a function of f o, for all the PCC series of
composites under study. Each value of ‘m’ corresponding to fcon < f. is obtained from fitting of
experimental data of £ to Eq. 2.9. Each value of ‘p’ corresponding to fcon > f is obtained from
fitting of experimental data of ¢ to Eq. 2.13
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On the other hand, the magnitude of the critical exponent ‘n’ has been observed
to decrease linearly with f o, for feon/fc > 1 (Fig. 6.18). This results in a direct mani-
festation of the dominance of uncorrelated charge carriers in the PCC. This decrease
of ‘n’ may be intuitively understood by noting that the dielectric phenomena, in this
case, results from the prevalence of polarization by the deformation of the electronic
cloud where the movements of the electrons are uncorrelated. The experimental
value of ‘n’ for the pristine polymer phase is 0.75, and it decreases with fcon/fc >
1 irrespective of the PCC. An analogous finding of a decrease in the exponent ‘n’
for CB/epoxy composite [23] has also been reported. This dependence of ‘n’ on
feonlf ¢ Was also previously reported by Brosseau et al. [24], Mc Lachlan et al. [25],
and Bardhan et al. [26]. Thus, we find that the critical exponent ‘n’ in the PCC is
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a crucial factor whose magnitude is distinctly different across f.. So, f. is the key
parameter in tailoring the exponent ‘n’ which in turn governs the transport properties
as well as the 3D topological arrangement of the conductor components in the PCC.
A comparison of the relaxation exponents ‘n’ and ‘m’ for f.,, < f. for all polar
PCC is also expressed conventionally in terms of Hill plot. The typical results of the
Hill plot for series A, B, C, and F are shown in Fig. 6.19. The top right-hand corner
withm = 1 and 1 — n = 1 corresponds to the ideal Debye behavior. The diagonal
corresponds to symmetric peaks, i.e., the Cole—Cole equation. The top side refers to
the points compatible with the empirical Cole-Davidson formula. It appears from
a comparison of Fig. 6.19a—c that the experimental data points accumulate above
the diagonal of the (m, 1 — n) plane and it approaches close toward the diagonal for
nearly percolating networks. Another interesting feature is that polar PCC under study
exhibit non-Debye-type polydispersive dipolar relaxation behavior in the regime of
feon <fe- So, the correct representations require two independent parameters, such
as the exponents « and 8 in the H-N law and the exponents m and 1 — n in the JUDR
law of type-I for dipolar materials. We observe that for series A, more data points are
below the diagonal of the hill plot and also are more scattered as compared to series
B and C. It may be attributed to more heterogeneity in the case of series A leading
to multiple scattering losses due to random walk diffusion type phenomena from
scatterer to scatterer through the material. When the system is more heterogeneous,
a more general form of H-N law for a dielectric response seems to provide useful
information where the relaxation exponents are completely unsymmetrical.

6.5 Third Kind of Universal Dielectric Response

6.5.1 Microstructure

The optical micrographs of the pure PVDF and the composite samples such as non-
percolated [(fcon) = 0.25 < percolation threshold (f.)], percolated [fcon = 0.28 >
f] and just percolated [fcon = 0.27 = f.] of PVDF/nc-Ni composites is shown in
Fig. 6.20. The micrographs suggest a random distribution of bright metal clusters
(nc-Ni) in the PVDF matrix with the formation of a self-connected network of nc-Ni
clusters. The distribution of metal clusters and the extent of connectivity of the fillers
in the PVDF matrix appear to be different with the increase of f .y, since the increase
of feon decreases the interparticle/cluster distance. The non-percolated, percolated,
and just percolated phenomena can also be judged from the digital processed optical
micrographs (Fig. 6.21) of corresponding samples with f .., = 0.20 & 0.25, 0.28, and
0.27, respectively, since it can be seen through the processed images that formation
of channels occurred as f o, increases in the PVDF matrix.
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Fig. 6.19 A compilation of the exponents ‘m’ and ‘1 — n’ defined by Eqgs. 2.9a, 2.9b for the series
of composites A, B, C, and F understudy below f.. Each sample is described by a point in the
(m, 1 — n) plane. A pure Debye process corresponds to the top right-hand corner. Within this Hill
plot, the Cole-Davidson model corresponds tom =1 and 0 < 1 — n < 1, and the Cole—Cole model
corresponds to the diagonal of the series of samples. a A. b B. ¢ C. d F, respectively

6.5.2 Dielectric Spectroscopy

The dielectric and impedance data of fon = 0.25 <f¢, feon = 0.28 > f & fcon = 0.27
=f . of the series of PMC across the IMT are analyzed [19]. For f .o, = 0.25 <f ., the
expected dipolar relaxation, as a function of frequency is observed (Fig. 6.22a) and
Jonscher’s two fractional power laws in two distinct regions flanking the loss peak
frequency (w, = 2.71 MHz) obeys Egs. (2.9a, 2.9b), given by, at low frequencies.

g — &' (w) x " (w) x " forw K w, with0 <m < 1
and at high frequencies

&'(w) o &”(w) ox "' for o > w, with0 < n < 1
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Fig. 6.20 (Color online) Optical micrographs of the samples showing the differences of connec-
tivity, a non-percolated (fcon = 0.25) [inset: pure PVDF], b percolated (fcon = 0.28). ¢ Just
Percolated (fcon = 0.27)

The exponent values estimated from the fits agree well with Jonscher’s universal
regime ~ [0, 1]. It can also be observed from Fig. 6.3a, that the ratio &”(w) / &' (w)
is independent of frequency for w > w,, and is in good agreement with Eq. (2.11),
given by

8// ((X))
&'(w)

= cot(nm/2) = const for w > w, with0 < n < 1

which says that the ratio of energy lost per reversal of macroscopic polarization to
energy stored in every macroscopic polarization for w > w), in the case of correlated
dipolar systems is constant.

Similarly, for fcon = 0.28 > f (Fig. 6.22b), the expected correlated charge carrier
relaxation as a function of frequency is observed and Jonscher’s two fractional power
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Fig. 6.21 MATLAB
processed optical
micrographs, a
non-percolated (fcon = 0.25)
[inset: fcon = 0.20], b
percolated (fcon = 0.28), ¢
just percolated (fcon = 0.27)

laws in two distinct regions flanking the critical frequency [w, = 20 kHz, w, is the
frequency that bears a direct analogy to w,] obeys Eq. (2.13a, 2.13b), given by, at
low frequencies

&'(w) x &"(w) x 0™ forw € w, with0 < p < 1
and at high frequencies

&' (w) — 8;0 x &’ (w) x " forw > w. with0 <n < 1

The obtained exponents lie well within the limiting values [0, 1] as per the
predictions of Jonscher’s universal dielectric responses. From Fig. 6.22b, the ratio



140 6 Relaxation Behavior of Percolative Polymer Composites

10° [ ' "
=0. i o€ (Expt) ©OE ' (Expt)
- " = an2b —g"'
9, g @ 107 %
™) “w %}
(€) 1,..=0-27

10° 10° 10’

= 0.27

(d)
< 025 10° 10" 10’
» 027 + 028

Frequency {Hz}

Fig. 6.22 (Color online) Log—log plot of the real (¢)) and imaginary " complex permittivity as
a function of the frequency, a non-percolated (f.on = 0.25), the solid lines through the data show
good agreement with Egs. (2.9a, 2.9b) and (2.11), b Percolated (f con = 0.28), the solid lines through
the data show good agreement with Egs. (2.13a, 2.13b) and (2.15). ¢ Just Percolated (f con = 0.27),
the solid lines through the data show good agreement with Eqs. (2.9a, 2.9b), (2.13a, 2.13b) and
(6.1). d Tan 3 ~ frequency for all the samples, inset: Tan 3 ~ frequency for the f¢on = 0.27 sample

" (w) / &' (w) remains constant and is independent of frequency for w > w, with 0
<n <1 and is in good agreement with Eq. (2.15), given by;

" (w) .
—— =cot(nm/2) = const for w > w. with0 <n < 1
&'(w)

But for fon = 0.27 = f . (Fig. 6.22c¢), none of the relaxation phenomena, such as
correlated dipolar relaxation/charge carrier relaxation were observed or an equally
dipolar/charge carrier-dominated system with a completely different, neutral and
competing electrical behavior is observed over the entire range of frequency. All the
above equations starting from Egs. (2.9a, 2.9b) and (2.13a, 2.13b) were found to be
valid over the entire range of frequencies with values of the exponents well within
Jonscher’s universal regime [0, 1]. This suggests the emerged unique behavior of
the sample is due to being an equally 50% dipolar and a 50% charge carrier system.
Additionally, also both Egs. (2.11) and (2.15) in a modified manner over the entire
range of frequencies is demanded to be developed and is given in Eq. (6.1) as,
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8,(—0)) = const (6.1)
& (w)

which is the most awaited and modified Jonscher’s like third kind of universal dielec-
tric response behavior suitable for this type of dielectric systems. The validity of
Eq. (6.1) is guaranteed as we observe from the experimental values of dielectric
constants at different frequencies. At 40 Hz, the value of ¢ (w)and & (w) are given
by 400 and 100, respectively. At 10* Hz, the value of ¢ (wyand e’ (w)is given by 160
and 40, respectively. At 10 MHz, the value of ¢ (w)and &’ (w) is given by 50 and 13,
respectively. Thus from all the above experimental results at different frequencies, it
is observed for the f.,, = 0.27 sample that the value of Eq. (6.1) remains constant
(~0.25) over the entire range of frequency at each value of the scanned frequency. The
constant ratio for the sample can be interpreted as the rate at which the energy lost
occurs per reversal of macroscopic polarization is equal to the energy stored in every
macroscopic polarization at any frequency. This observation is also well-supported
by analyzing the plot of loss tangent (Tan 8) as a frequency (Fig. 6.22d), which shows
very drastic differences in the behavior of Tan 3 as a function of frequency for all the
three samples with f,, = 0.25, 0.28, and 0.27. The plot shows dipolar relaxation of
PVDF polymer at 2.71 MHz for the sample with f ., = 0.25, while the low-frequency
dispersion is observed for the sample with f .o, = 0.28 at less than 1 kHz. However,
the value of Tan & is maintained at a constant value ~0.25 (Fig. 6.22d) over the
entire experimental range of the frequencies for the sample with f,, = 0.27, which
is attributed to the rate at which the energy lost occurs per reversal of macroscopic
polarization is equal to the energy stored in every macroscopic polarization at any
frequency. In general, the value of this constant will be different for different PMC
and is attributed to depend on the dielectric constant of the polymer, the differences of
conductivity and fractions of the components of the PMC, and also on their connec-
tivity arising due to their differences of process conditions. This equally dipolar-
dominated/charge carrier-dominated behavior, i.e., the 50:50 behavior, exactly at the
interface of IMT for the f.,, = 0.27 can also be observed from the initiation of
percolated paths, just going to be developed in it’s digital image processed optical
micrograph (Fig. 6.21c). The non-percolated and percolated behavior for f.on =
0.20, 0.25, and 0.28 can also be observed (Fig. 6.21) from their respective digital
image processed optical micrographs. The relaxation behavior (Tan 8 ~ frequency)
of feon = 0.27 sample is given as an inset in Fig. 6.22d, which shows interestingly
the three types of relaxations, present in the sample over the frequency ranges of
40 Hz-1 kHz, 1 kHz-10° Hz, and 10° Hz-107 Hz, respectively. The relaxation in
the frequency range of 40 Hz-1 kHz is attributed to the low-frequency dispersion
relaxation mechanism, while the relaxation in the frequency range 10°-107 Hz is
attributed to the dipolar relaxation present in the polymer PVDF/PMC. Hence, the
general trend observed is that electric conduction dominates the Tan 8§ in the low-
frequency region while the dielectric relaxation (dipolar relaxation) dominates in the
high-frequency region. Interestingly, again the combination of the above-described
relaxations emerged as a new type of relaxation in the mid-frequency region of 1 kHz
~ 103 Hz for the fcon = 0.27 sample due to the competing dynamics between the two
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types of species present in the sample (inset, Fig. 6.22d). The presence of multiple
relaxations for the f.,, = 0.27 sample may also be attributed to the competing
dynamics of the two types of the carrier (dipolar as well as charge carrier) present in
the sample over different frequency domains.

6.5.3 Impedance and Conductivity Spectroscopy

The supporting explanation of both an equally dipolar and charge carrier system
for the f.on = 0.27 sample can also be verified from the fitted experimental values
of impedance and electrical conductivity with the help of a commercial software
ZSIMPWIN version 2 [27], from Fig. 6.23. The observation is that for f.on <f., the
Nyquist plot typically displays a straight line for all the PMC with f .o, = 0.25 <f as
shown in Fig. 6.23a. The straight line is attributed to the pure insulating nature of the
polymer arising due to only the capacitive behavior. Further, it is observed that the
profile of the Nyquist plot changes from straight-line behavior to an arc for f.o, =
0.27, while a single depressed semicircle with the center below the real axis for fon
> f ., with the frequency decreasing from left to right is observed. Thus, the behavior
of feon = 0.27 is exactly in the middle of f¢on <f¢ & feon > f ¢ The appearance of a
single semicircle indicates a single relaxation process originating from the Maxwell,
Wagner, and Sillars (MWS) interfacial polarization at the host polymer—metal inter-
face. Similarly, in observation with the variation of AR frequency (Fig. 6.23b), z'
decreases linearly with frequency for f¢on < f. for all the PMC. The value of Z "~ 108
Q2 for the samples with f.,, = 0.20 and 0.25, while it decreases by one order for the
feon =fc =0.27 sample and it reaches ~107 Q and for fcop > £, it again decreases by
orders reaching the value ~10° Q—10* Q for fcon = 0.28 & 0.30. It can also be seen
that Z" ~ frequency pattern displays broad and low-intensity peaks. This behavior
has been reported for several materials being evidence of actuation or a hopping
type mechanism as electrons start hopping between two filler clusters due to the
gradual decrease in distance between the filler clusters/particles due to the increase
of f.on. These behaviors may be considered due to the .., dependence of electrical
relaxation phenomena in the materials. The relaxation peak observed for the PMC
for f.on > f. in the lower frequency region is due to the development of long-range
dc conduction, which is attributed to the conductivity relaxation/MWS relaxation.
Figure 6.23c shows the dispersion of ac conductivity (o,.) with frequency for all
the samples corresponding to f.on <f. with the dc conductivity (oq4.) part becomes
zero, whose detailed analysis can be found from earlier literature. The value of low-
frequency o, is less than 1077 S/m for the samples fcon = 0.20 and 0.25, while it
increases by one order for the f.on =f. = 0.27 sample and it reaches ~107° S/m, and
after that, it increases by orders reaching the value ~107-1073 S/m for feon = 0.28 to
0.30. Thus, it is found that the conductivity of fcon = f . = 0.27 sample lies exactly in
between the fcon <fc & feon > f samples. Again for f¢on = 0.28-0.30 with fcon > f ¢, a
mixed conductivity is found, i.e., a dc plateau up to a certain frequency separated by
ac conductivity beyond that frequency. The dc plateau occurs due to the appearance
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of long-range dc conductivity with the increase of f .., separated from the frequency-
dependent conductivity part. The frequency at which dispersion in the ac conductivity
starts shifts to the higher frequency side with arise in f .o, and this frequency at which
the change in slope takes place is the “hopping frequency wg”. Thus from all the
results of Fig. 6.23, it is confirmed that f',n = 0.27 is tuned to the exact boundary of
IMT and has opened a completely different and novel dielectric response behavior
suitable for a variety of unique electrical and electronics engineering applications.

Fig. 6.23 a Nyquist plots of
all the samples of PMC. The
solid lines are the fits to the
experimental data. b The
variation of imaginary part
of impedance (Z”) asa
function of frequency for
feon = 0.20, 0.25, 0.27, 0.28,
and 0.30, respectively. ¢ The
variation of ac conductivity
with frequency for fcon =
0.20, 0.25, 0.27, 0.28, 0.29,
and 0.30, respectively
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6.6 Summary

The universality of dielectric relaxation in a wide variety of PCC exhibiting simulta-
neous dipolar and charge carrier-dominated transport over different f .o, is discussed.
The experimental results on polar and non-polar PCC provide convincing evidence
for an electrical transport mechanism governed by DR and ALFD phenomena. In
polar PCC, DR plays a predominant role below f ., whereas ALFD becomes dominant
above f .. On the other hand, ALFD abovef . is the only likely possibility for non-polar
PCC. The quantification of dielectric relaxation behavior in the PCC has been done in
terms of the relaxation exponents of the JUDR laws and the magnitude of relaxation
exponents ‘m’, ‘n’, and ‘p’, falls within the universal limit ~ [0, 1] with the additional
feature of strong dependence on f.o,. A decrease in the relaxation exponent ‘m’ with
an increase of f ., is directly linked with a decrease in the number of dipoles of the
polymer in the composite phase. This decrease is accompanied by a distribution of
relaxation time due to increased heterogeneity in the system. The magnitude of ‘p’
increases and approaches the limiting value ~1 with the increase of f .o, beyond f.
due to the dominance of charge carrier transport in the system. The magnitude of the
relaxation exponent ‘n’ decreases at f, due to the prevalence of MWS polarization
contributed by uncorrelated electrons. Below f., electrical transport is controlled
by strongly correlated dipoles whereas above f. charge carrier transport becomes
predominant. The two regimes across f . on the concentration scale in the PCC indi-
cated contrasting features in polar polymer host-based PCC. On the other hand,
PCC based on the non-polar polymer could not show any significant effect below
f. while its behavior remains identical to the polar polymer-based PCC above f.. A
comparison of this feature between PCC based on different polymer host indicated a
direct role of the dipoles present in the host in controlling their dielectric relaxation
behavior for fon < f.. The results confirmed a general validity of the JUDR laws
for a wide variety of PCC with different possible polymer/conductor combinations
in the composite form prepared under different process conditions. The universality
of both the JUDR laws in polar polymer-based PCC is also confirmed. Our results
appear to be of universal significance for ICC. Although this chapter gives an inves-
tigation of dielectric relaxation behavior in the case of PCC, the detailed study of
different other ac electrical parameters across f. will make the study complete and
will give a very clear understanding regarding the electrical relaxation behavior in
this PCC, which is discussed in Chap. 7. A very different, neutral, and competing
electrical relaxation phenomena for the f¢,n = f. = 0.27 sample is also observed,
which suggests a novel dielectric response, as well as a very special phenomenon at
the exact boundary of IMT for which both Jonscher’s laws are equally validated over
the entire range of frequencies and the ratio of imaginary and real part of dielectric
constant, remains constant over the entire range of frequency, which makes the mate-
rial as a very unique material. Also, the interesting feature is that the emerged new
relaxations show the presence of multiple relaxations in addition to the conventional
relaxations present in the sample due to the competing dynamics of two different
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types of carriers present in the sample. These types of materials may find their unique
and special applications in electrical and electronics engineering.
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Chapter 7 ®)
Impedance Spectroscopy of Percolative oo
Polymer Composites

In this chapter, the correlation between the microstructure of the polymer/conductor
composites (PCC) series of samples with their corresponding electrical properties
has been discussed. AC technique of complex impedance spectroscopy (CIS) has
been used to evaluate the electrical response in terms of impedance, modulus, and ac
conductivity as a function of frequency and volume fraction of conductor (fo,) for
the PCC across the percolation threshold (f.). The presence of electrical relaxation
has been observed in terms of the frequency response of electrical parameters, such
as impedance (Z) and modulus (M). An equivalent electrical circuit model has been
proposed to correlate the electrical response of the various PCC series with their
microstructure. The correlation between the two independent experimental results
appears to be in excellent agreement with each other. The studies on these different
PCC show identical microstructure agreeing well with their electrical properties and
observed relaxation across f.. The observed conductivity relaxation in all the seven
series of PCC provides convincing evidence for proposing the universality of the
phenomena.

7.1 Introduction

Generally, the polymer/conductor composites (PCC) are flexible and can be easily
fabricated into various shapes as compared to polymer-ceramic composites. The
interesting properties of these PCC are that they undergo an insulator-to-metal tran-
sition (IMT) at a critical volume fraction of the conductor (f.o,) called percolation
threshold (f .) which is characterized by the divergence of the real part of the dielectric
constant and abnormal increase of ac conductivity. To design new composite mate-
rials with desirable properties, the understanding of electrical properties of ICC/PCC
is of great significance [1-5]. Despite numerous research results reported up to now,
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little is known about the relationship between the microstructure and electrical prop-
erties of PCC experimentally although some scattered results are available on elec-
trical properties for a few PCC. Almond et al. [1-4] and Calame [5] explained theo-
retically that for insulator—conductor composites (ICC) (i.e., for a random resistor
(R)—capacitor (C) networks) the power-law dispersions in permittivity and dielec-
tric loss is characterized universally by the Cole—Davidson response function for the
composites with f .o, > f.. The experimental verification of the power-law dispersion
of permittivity is reported universally in a variety of PCC for both the regions of f.on
<fcandf.on > f.interms of Jonscher’s two exponents universal dielectric response
in Chap. 6. The experimental investigation of electrical properties of the random
ICC/PCC (R—C networks) across f . is yet to be investigated universally for f¢on <f
and f.on > f., respectively, although very few experimental systems have been inves-
tigated [3, 4]. Also, the electrical properties of the PCC using CIS [6] have received
little attention which is a very convenient and non-destructive powerful experimental
technique that enables us to study the electrical behavior of the composites over a
range of frequency and f.on. A strong confirmation regarding the universal modeling
of electrical equivalent of material for PCC/ICC undergoing continuum ideal perco-
lation is to be proposed based on our experimental results and earlier theoretical as
well as experimental results. The role of f ., in the PCC is to be explored and how it
plays the analogous role as that played by temperature in the case of ionic conductors
(ceramics) is very interesting. In ionic conductors with the increase of temperature
the charge carriers gain energy and try to overcome the attractive potential barrier
created by the nearest neighbor sites and undergo an insulator (only ac conduction)
to a mixed conduction behavior (both ac and dc conduction) as a function of temper-
ature. Hence, temperature is the parameter/external source to overcome the potential
barrier and gives rise to long-range dc conductivity as a function of temperature in
the case of ionic conductors. In the case of PCC, electrons are the only free charge
carriers in the metallic clusters and are prevented by the insulating polymer layer that
acts as the potential barrier. With the increase of f .., in the composite, the thickness
of the insulating layer between the filler clusters decreases, thereby decreasing the
height of the potential barrier and the composite undergoes an IMT transition from
its pure insulating ac conduction behavior to a behavior in which a mixed conduction
behavior (dc and ac conductivity) is expected. Hence, we understand that with the
increase of f.on, a decrease of the height of the potential barrier occurs which is indi-
rectly equivalent to the increase of the activation energy of the free electrons present
in the conducting filler clusters. The experimental results on various PCC give exactly
similar types of electrical properties across f.. The detailed discussion of electrical
properties of all the PCC in the following subsections across f. and found that the
physics associated with the various relaxation processes, and the microstructure of
all the PCC remains identical and universal.

To have a complete understanding of the dynamics of electrical response on
the variety of PCC across f. understudy, an analysis of the frequency-dependent
CIS result is presented. Various formalisms, such as complex impedance spectrum,
complex modulus spectrum, and conductivity spectrum approach, have been adopted
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Table 7.1 Preparation
method and notation for the
particular series understudy
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Name of the series
of composites

Preparation method

Notation for the
particular series

PVDF/p-Ni Room temperature | A
consolidation

PVDF/n-Ni Room temperature | B
consolidation

PVDF/n-QC Room temperature | C
consolidation

PVDF/u-Ni Compression hot D
molding

PVDF/n-Ni Compression hot E
molding

PVDF/n-Ni-NiO Compression hot F
molding

LDPE/n-Ni Compression hot G

molding

to probe the electrical response across f.. This has enabled us to understand and
generalize the electrical relaxation behavior in the broad class of PCC across f..

7.2 Samples Reported

In this chapter, to universalize the electrical properties (behavior of different electrical
parameters) of a PCC across f ., the different varieties of PCC have been studied (same
series of samples as having been studied in Chap. 6 with different possible types of
conductors and insulating polymers). The different series of samples along with their
preparation method and notations used for the particular series is given in the form
of Table 7.1. Before discussing the results, it would be very much useful to keep in
mind the respective f. values obtained for different PCC are given by 0.57, 0.28,
0.23, 0.26, 0.07, 0.30, 0.06 for series A, B, C, D, E, F, and G, respectively.

7.3 Results and Discussion

7.3.1 Microstructure

The effect of process conditions on tailoring of the microstructure of the PCC
is described in Chap. 5. Here our emphasis is to correlate the changes in PCC
microstructure with filler loading across f. [7-9]. Polarized optical microscopy is
used to see the distribution of metallic filler clusters in the polymer matrix of the PCC.
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Some of the typical optical micrographs of the PCC corresponding to fion <K fo,
feon = fe,and feon > f. are given in Fig. 7.1. The typical morphological features for
all the composites are composed of two-phase components in which one component
shows the brighter region and the other region is the background. Due to the presence
of metallic clusters in the polymer matrix, the reflection of the polarized light from the
metallic clusters occurs and that corresponds to the brighter regions in the compos-
ites. For f.on < f¢, the filler clusters (brighter regions) are well-isolated from each
other, and for f.o, — f. the filler clusters approach and become very close to each
other. The extent of heterogeneity of the distribution of the filler particles increases
with the increase of f ., and the filler clusters are found to be overlapped with each
other for f¢on > f. (refer to optical micrographs of Chap. 5 also). Such tailoring in
the morphological features, controlled by dispersion of conducting fillers of variable
geometrical shape, size, and loading in the PCC, may be expected to modulate their
physical properties and electrical response on the application of an ac electric field
across it. To confirm this hypothesis CIS has been carried out on each of the seven
series of samples over a wide range of frequency. It is described in the next section.

Fig. 7.1 Typical optical micrographs of the some of the samples corresponding to various series
of PCC, a series A, fcon = 0.57, upper inset: pure PVDF, lower inset: f¢on = 0.20, b series B, fcon
=0.28, inset: fcon = 0.10, ¢ series C, fcon = 0.24, inset: feon = 0.17, d series D, f con = 0.26, upper
inset: pure PVDF, lower inset: fcon = 0.10, e series E, fcon = 0.07, inset: fcon = 0.03, f series F,
feon = 0.06, left inset: fcon = 0.03, right inset: pure LDPE
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7.3.2 Impedance Spectroscopy

The complex-plane impedance spectrum (Nyquist plots) for all the PCC are shown in
Fig. 7.2. We observe that for f.on < f., the Nyquist plot typically displays a straight
line for all the series of PCC. The straight-line response is attributed to the pure
insulating nature of the polymer arising due to only the capacitive behavior. Further,
it is observed that the profile of the Nyquist plot changes from straight-line behavior
to an arc; i.e., the evolution of impedance spectra shows a slight decrease of resis-
tance with an increase of f o, in the region of .o, < f.. In all PCC, it is observed a
single depressed semicircle with the center below the real axis for f.o, > f., with the
frequency decreasing from left to right. The presence of a single semicircle indicates
a single relaxation process originating from the Maxwell, Wagner, Sillars, (MWS)
interfacial polarization at the host polymer-conducting filler interface. An inspection
of the CIS spectrum suggests that the purely capacitive response (indicated by the
vertical spike) undergoes a drastic modification into a semicircular arc pattern at a
specific loading of the conductor component in the PCC. The appearance of semi-
circle in the electrical impedance response at oo, > f, irrespective of the PCC
series confirms the electrical behavior of the PCC. It suggests an effective role of
the resistive component in the impedance response in conjunction with the capaci-
tive behavior. The combined resistive (R)—capacitive (C) effect begins at f.. The f.
value observed from the Nyquist plots agrees well with earlier values of f . for all the
series of PCC found from earlier investigations and also from the dielectric analysis
(Chap. 6). In general, percolation in PCC typically causes a transition from an insu-
lating electrical response to a more conducting behavior, consistent with CIS results
described here. The larger the radius of the semicircle larger is the resistance and
vice-versa. Hence, a relative decrease in the radii of arcs with increasing filler loading
causes electrical phase transition from an insulating to a conducting behavior across
fc. In general, whether a full, partial, or no semicircle is observed depends on the
strength of the relaxation and the experimentally available frequencies. It is observed
that in the region of f.o, > f, the dc resistance of the sample (where the semicircle
cuts the real axis) decreases with the increase of f., with a few exceptions which
can be accepted within the experimental error. The absence of the first semicircle
suggests that the effective contribution of the bulk material to impedance is not there
because of the conducting nature of the metallic clusters/particles. An analysis of the
CIS spectrum shows that the semicircle exhibits some depression degree instead of
a semicircle centered on the abscissa. The most acceptable approach to interpreting
the depression of semicircles is the statistical distributions of relaxation times [10,
11]. According to Debye’s model, a material having a single relaxation time gives
rise to an ideal semicircle in the Nyquist plot centered on the real axis. The shape
of Nyquist plots for the PCC suggests that the electrical response is composed of
one relaxation phenomenon with different relaxation frequencies. The value of peak
relaxation frequency (fax) increases with an increase of f.,, which can be under-
stood based on an increment of long-range dc conductivity like f,x increases with
the increase of temperature [12]. The semicircle arc is attributed to the interfacial



152 7 Impedance Spectroscopy of Percolative Polymer Composites

polarization or MWS polarization formed at the interface of the two components. The
non-Debye-type electrical relaxation is an outcome of the two-parameter functions,
expressed by Havriliak—-Negami formalism which is a combination of the Cole—
Davidson and Cole—Cole formalism. The depressed semicircle represents typically
a phenomenon with a distribution (spread) of relaxation time. It is also observed that
in the region of f.o, > f., the area of the semicircle gradually decreases with an
increase of f .., in PCC with a few exceptions due to the experimental error.

An equivalent circuit is commonly used in impedance spectroscopy analysis to
provide a complete picture of the system and establish the microstructure—property
relationship of the material systems under investigation. The impedance data of all
the PCC have been fitted using the commercially available software ZSIMP WIN
Version 2 and are shown in Fig. 7.2g, h. The solid line is the fitted curve used to
estimate the impedance of the composite. The theoretical and experimental patterns
appear to be in good agreement.

To give the electrical equivalent circuit model of the composites in the region of
feon <fe, an equivalent circuit of series resistance (Rj), in connection with a CPE
(Q) in series was used to fit the experimental data (see equivalent circuit model
of Fig. 7.2g). The CPE is used in place of a capacitor to account for deviations
from a perfect capacitor behavior causing depression. The CPE is attributed to the
electrically insulating behavior of the polymer. The series resistance used to fit the
experimental data is attributed to the wire resistance and the contact resistance of the
samples. Similarly in the region of f.,, > f., an equivalent circuit comprising of Ry
in series with another R and Q being in parallel gives the best fit to the experimental
data (see equivalent circuit model of Fig. 7.2h). At f, due to the overlapping of the
effective tunneling range of the filler particles, the conducting fillers particles/clusters
act as a resistor and the thin dielectric insulating layer acts as a CPE (i.e., a capacitor).
The series resistance is also attributed to the wire resistance and the contact resistance
of the samples. The impedance associated with the CPE (Q) is defined by Eq. (2.18)
which is given as Zcpg = m The estimated values of the electrical parameters
from the “equivalent electrical circuit” are given in Table 7.2. A comparison of
the values of Ry, R, O, and u suggests that f,, affects the electrical properties of
the composites markedly. The value of R decreases with an increase of f,, due
to the increase of density of filler particles leading to the overlapping of effective
tunneling range of the filler particles. It is also observed that the magnitude of CPE
increases with an increase of f.,, thereby increasing the value of the capacitance.
The magnitude of the dielectric constant (not shown in the table) calculated from
the fitted value of CPE matches well with the earlier reported values of the dielectric
constant. The magnitude of ‘u’ associated with the CPE lies in between 0.6 <u < 1 for
all the PCC samples confirming the agreement between theoretical and experimental
impedance response, i.e., the behavior of a CPE. We observe from Table 7.2 that the
value of ‘u’ undergoes a drastic change in its value, i.e., from 0.9 < u < 1 (for fon
<fe) 10 0.6 <u<0.9 (for feon > f¢). This can be understood on the basis that the
purely capacitive/insulating behavior is markedly affected by f o, in the composite.
As we know from Eq. (2.17), given by Z(w) = R + W and Eq. (2.18)
given above (See theoretical description of impedance spectroscopy in Chap. 2), that



7.3 Results and Discussion

Z" (MQ)

153

20
(a) © 00 A 005
= 0.6 & 016 b 020
: % 025 ¢ 027
1 X 028 - 030
10} 4 A 10315
0.0 & 016 < 0.28
sl§ 7> 035 + 0as o 050 g
i % 0.55 - 056 w 0.57
% 058
0 . ) : 0.0(# , , .
0 5 10 15 20 0.0 0.2 0.4 06
0.24f © 0.0 A 0.06 S e % e
o 017 > 0.18 0.20 ¢ 005 b 006
0.18 | % 022 = 0.24 ; V.. 0065 = 007
X 0.27 0.15 .
0.12 g
0.10 on1 s
0.06 | 0.05 ,/—\'\‘
000
000 om 0nz
0.00 | ¥% {c} c.oom ooom ool 0.00 .ﬂ ) ) ) ) ld]
0.00 006 012 0.18 0.24 000 005 0.10 015 020
2 o 00 2 0.0 *
[ 020 > 027,%
% 030 ¢ 10_%
10
III- 00 04 08 12

10
R,
CPE

ﬂ‘l<ﬂ

)

Fig. 7.2 Complex impedance plots, Z" versus Z , at several fcon for the various PCC series. a
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the values of ‘u’ and ‘o’ are related to each other by u = 1 — « and for f.on > fo,
‘a’ determines the extent of depression of the semicircle below the real axis. The ‘o’
value lies in between 0 < a < 0.4 as given in Table 7.2 for f .o, > f., for all the PCC.
From Table 7.2, we observe that the values of R and Q also indicate that the CPE
attributed to the interfacial/grain boundary semicircle is found to be a function of
feon- The intercept of the high-frequency semicircular arc with the real axis gives an
estimate of the bulk (dc) resistance (R) and its value becomes different for different
fcon, 1.€., R decreases with the increase of f .., in the composite (Fig. 7.2).

Figure 7.3 shows the typical variation of real and imaginary parts of impedance
(Z) with frequency for various f ¢, for all the PCC series of samples. In all the PCC,
Z' decreases linearly with frequency for f.on <f.. Butfor f¢on > f ¢, a constant plateau
in Z' versus frequency is observed up to a certain frequency due to the appearance
of long-range dc conduction, and then Z' decreases with frequency. Similarly in
observation with the variation of Z" ~ frequency (Fig. 7.3), clearly indicates that
7" decreases linearly with frequency for f.o, < f. for all PCC. For f.on > fo, it
can be seen that Z" ~ frequency pattern display broad and low-intensity peaks with
additional features, such as (i) appearance of a peak at a particular frequency (known
as relaxation frequency, fmax) (ii) decrease in the magnitude of Z " with a clear shift in
the peak frequency toward higher frequency as a function of f .o, (iii) peak broadening
with a rise in fo, and (iv) relaxation over several decades of frequency. The peak
location gives the maximum relaxation frequency (fm,.x) which has been calculated
in accordance with Eq. (2.20), i.e., fmax = ﬁ and 79 = ﬁ for all the PCC in
the region of f¢on > f. It is given in Table 7.2. The f . shifts to its higher value on
increasing f ¢on in good analogy with an increase in f,,x as a function of temperature.
This behavior has been reported for several materials with evidence of assisted by a
hopping type mechanism as electrons start to hop between two filler clusters due to
the gradual decrease in distance between the filler clusters/particles due to an increase
of f'.on. These behaviors may be related to the f .., dependence of electrical relaxation
phenomena in the PCC. The observed relaxation peak for the PCC for fo, > f. in
the lower frequency region is due to the development of long-range dc conductivity.
So, the relaxation is attributed to the conductivity relaxation/MWS relaxation arising
due to interfacial polarization. It occurs in the low-frequency regions as compared to
the dipolar relaxation of the virgin polymer matrix occurring in the high-frequency
region. After the relaxation, 7" decreases with frequency in the higher frequency
region. To investigate and analyze the dynamics of the MWS relaxation mechanism,
the impedance master curves are plotted in Fig. 7.4. The normalized impedance
versus frequency shows that a peak in the Z" is observed for all the PCC for f o
> f.. The peak frequency shifts toward higher frequency with an increase of f .o,
due to the appearance of enhanced long-range dc conductivity in the PCC. All the
relaxations are endowed with a distribution of relaxation times, and the extent of
distribution of relaxation times (i.e., the broadening) is different for different f .
This causes a significant effect on the dynamics of charge carriers. This is reflected
in the normalized impedance master curve shown in the inset of the corresponding
PCC series of the sample of Fig. 7.4. It is observed that the curves don’t coincide
with each other and the dynamics of charge carriers are merely a function of f¢op.
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7.3.3 Modulus Spectroscopy

In the foregoing sections, it is discussed that the interfacial relaxation occurs for the
composites with feon > f.. But from earlier Chap. 6, we have found that dipolar
relaxation for polar PCC is the universal mechanism for all the composites with
feon < fc. Hence, the evidence of both conductivity and dipolar relaxation from
modulus spectroscopy analysis is also expected. The real and imaginary part of
modulus has been calculated based on Eq. (2.22) for all the PCC. It is shown
systematically in Fig. 7.5. This shows the variation of real and imaginary parts of
electric modulus as a function of frequency over a range of fo, for all the PCC.
The advantage of representing electrical relaxation in modulus formalism is that
the electrode polarization effects are suppressed in this representation [10, 11]. The
variation M as a function of frequency over arange of f ., (Fig. 7.5) is characterized
by (i) two resolved peaks in the pattern appearing at a different frequency for different
feon (i1) significant asymmetry in the peak with their positions lying in the dispersion
region of M "(w) versus frequency pattern and (iii) the tendency of the peak positions
to shift toward the higher frequency side with the rise in f¢,,. The low-frequency
side of the M peak represents the range of frequencies in which charge carriers can
move over a long distance; i.e., charge carriers can perform successful hopping from
one site to a neighboring site for fon > f. The high-frequency side of the M peak
represents the range of frequencies in which the dipoles of the polymer flip and give
rise to finite charge displacement and thus could make a localized motion for f o, <
f¢. The higher peak frequency (fynax) corresponding to the maximum value of M "is
called the dipolar relaxation frequency which shows a higher value as compared to
the dielectric relaxation data shown in Chap. 6 for PCC based on PVDF in the region
of feon <fe, as it is well known that for the same physical process the time constants
are related as t, > Ty [13]. Similarly, the peak frequency in the low-frequency region
is called the MWS relaxation frequency. We observe from Fig. 7.5(f) that no signature
of dipolar relaxation for f.,, < f. as the PCC is based on polymer LDPE that does
not contain any dipoles in it.

To see if the dynamics of dipolar relaxation behavior are dependent on f¢on OF not
for feon < f¢, the modulus master curve corresponding to all the samples is shown
in Fig. 7.6. All the curves merge during the dipolar relaxation frequency and the
slight deviation from the coincidence in the low-frequency region is attributed to the
formation of MWS dipoles giving rise to interfacial polarization. Similarly, to see
the dynamics of MWS dipoles in the region of f.o, > f, the variation of normalized
complex electric modulus with normalized frequency is shown in Fig. 7.7. This is
known as the modulus master curve, which enables us to have an insight into the
dielectric process occurring in the material as a function of f,,. A non-exponential
or non-symmetrical conductivity relaxation behavior will be governed by Eq. (2.24)

B
¢(t)=e><p—<£> with0 < B8 <1

T
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Fig. 7.5 Typical representative plots of variation of real and imaginary parts of modulus with
frequency for all PCC corresponding to f'con <fc and fcon > f¢, a series A, b series A, ¢ series F, d
series F, e series G, f series G, respectively

suggests the possibility of electron migration that takes place via hopping. The
modulus master curve (Fig. 7.7) shows (a) a small shift in the modulus peak pattern,
(b) identical shape and pattern with slight variation in full width at half maximum
(FWHM) with a rise in f¢n and (c) the asymmetric nature of the curves which
indicates the non-exponential behavior of conductivity that can be described by
Kohlrausch-Williams-Watts (KWW) [13] function. The FWHM of the peaks is wider
than that of the Debye peak (1.14 decades) [14], even reaches 2 decades (Fig. 7.7)
which also suggests the presence of non-Debye-type relaxation phenomena.
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The impedance and modulus spectroscopy plots (Z" and M" vs. frequency) are
complementary to each other. As suggested by Sinclairetal. [15, 16], acombined plot
of imaginary modulus (M") and impedance (Z) as a function of frequency is useful
to detect the effect of the smallest capacitance and the largest resistance as the peak
heights are proportional to R for the 7" versus frequency plot and to C~! for the M !
peak. It is advantageous to plot Z" and M" versus frequency simultaneously which
helps in distinguishing whether a relaxation process is due to short-range or long-
range movement of charge carriers. If the process is long-range, then the peak in M !
versus frequency and 7" versus frequency will occur at the same frequency. On the
other hand, if the process is localized with charge migration occurring via hopping,
these peaks will occur at different frequencies. Figure 7.8 shows the representative
plots of Z" and M" versus frequency of some of the samples corresponding to fcon >
f . for various PCC. This figure exhibits an appreciable mismatch between the Z " and
M’ peaks for different f., concentrations of the various PCC. It is observed that the
peaks in Z" and M" versus frequency spectra occur at different frequencies and the
peak frequency of M " is greater than the peak frequency of Z" . Itis well known that
for the same physical processes the different physical quantities will have different
relaxation times (i.e., the time constants) and they are related as 77 > tj/. Again on
increasing f .o, peaks in 7" and M" versus frequency spectra shifts toward higher
frequency region (with the exception in case of Fig. 7.8a that may be attributed to the
experimental error) which is due to the development of long-range dc conductivity
in the samples and is in accordance with the same variation with the increase of
temperature in the earlier kinds of literature [12]. The appreciable separation between
these peaks suggests the presence of localized movement of charge carriers and a clear
departure from ideal Debye-like behavior for all samples with f, > f for various
PCC. The broad and asymmetric peaks of the samples irrespective of f.o, suggest
the existence of a distribution of relaxation times. In addition to the above, it has
been found that the Z* peaks are broadened in the low-frequency region of the peak
(maxima), whereas the M" peaks are broadened in the high-frequency regions. Hence,
the two peak maxima in Z ~ frequency and M~ ~ frequency plots (which are not
frequency coincident) suggest a departure from ideal Debye behavior. It seems logical
and justified due to the presence of a CPE and agreement with Jonscher’s power-law
of Eq. (2.25); given by 0,.(w) = 04. + Aw* where o;(w) = Awk, which plays
an important role in the interpretation of electrical behavior of the PCC. We also
observe from Fig. 7.8 that the relaxation time decreases with an increase of fo, in
the composites systematically which is attributed to the decrease in the thickness
of the polymer layer. It plays the same role as if the height of the potential barrier
gradually decreases with an increase in fcon.

7.3.4 Conductivity Spectroscopy

The variation of ac conductivity (which has been calculated as o, = wepe Tand) as a
function of frequency (conductivity spectrum) at different f .o, is shown in Fig. 7.9. It
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Fig. 7.8 Typical variation of normalized impedance and modulus with frequency for fcon > f for
various PCC, a series A, b series F, ¢ series G

can be observed that the plot shows dispersion of ac conductivity with frequency for
all the PCC series corresponding to f .o, <f . and that variation agree with Eq. (2.25),
i.e., Ouc(w) = 04 + Aw® with the oy, part becoming zero. The experimental data
for the samples with f, < f. well-satisfied Eq. (2.27) and the corresponding value
of ‘k’ found from the fits are plotted against fo, in Fig. 7.10. But for the samples
with feon > f¢, @ mixed conductivity is found, i.e., a dc plateau up to a certain
frequency separated by ac conductivity beyond that frequency. The plateau in the
conductivity spectrum occurs due to the appearance of long-range dc conductivity.
The frequency at which dispersion in the ac conductivity starts shifts to the higher
frequency side with a rise in f.,,. At higher frequency, the conductivity becomes
more or less f .o, dependent. This frequency at which the change in slope takes place
is known as the “hopping or critical frequency wg” which obeys Eq. (2.26), is given

by 0u = ogc[l + (%)k] with the value of wy = (%)* and the corresponding
calculated value of ‘wpg’ for fcon > fo, is given in Table 7.2. We observe that the
magnitude of ‘wy’ is always greater than f ,.x, and they are always different for all the
samples in the region of f .on, > f ¢, as they have been extracted from the two different
physical parameters corresponding to the same physical process which deals with
the same type of charge carrier. This can be also well-understood as hopping and
relaxation are different mechanisms that occur over different regions of frequencies
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as they have different time constants. The value of ‘.’ found from the fit of Eq.
(2.25) to the experimental data is shown in Fig. 7.10. We observe that the slope of
the straight line of the log—log plot (Fig. 7.9) at the lower frequency side for fcon > f,
approximately equals to O which is the natural result of the frequency-independent
conduction while the value of the slope at higher frequencies lies in between 0 and
1. The curves tend to flatten with increasing f.on, especially in the low-frequency
regions, suggesting dc conduction behavior. The frequency-independent plateau in
the 10-100 kHz range indicates conductivity relaxation across the interface found
from the above impedance spectroscopy analysis and thereby a corresponding f yax
is given in Table 7.2. From Fig. 7.10, it is observed that the value of ‘k’ remains
constant up to a certain f .o, and it starts decreasing with an increase of f.o, in the
vicinity of f.on > f.. This can be understood as due to the appearance of long-range
dc conductivity the value of ‘k” approaches 0. However, in all cases, the value of
‘k’ lies well within the universal regime [0, 1] suggesting the validity of Jonscher’s
power-law in all the PCC in the present studies.

7.4 Summary

Microstructural and ac electrical characterization of various insulating PCC as a func-
tion of frequency and f.,, have been correlated. Correlation between the microstruc-
tural and electrical equivalent of the material is established through CIS across the
f. for all PCC. CIS analysis shows that PCC with f¢,, > f. undergo a conduc-
tivity/interfacial relaxation due to the formation of MWS polarization at f. and the
relaxation frequency increases with the increase of f .. The dielectric and modulus
spectroscopy analysis show the presence of two types of relaxations in different
frequency ranges for different samples, such as (i) dipolar relaxation associated with
the flipping of dipoles present in the pure polymer for f .o, < f. and (ii) the conduc-
tivity/interfacial relaxation is due to the formation of artificial MWS dipoles at the
interface of the two components and the appearance of long-range dc conductivity
for fcon = f¢. The two respective relaxation mechanisms are discerned to occur
(1) inside the grains of the polymer phase and (ii) the grain boundary/interface of
the two-component phases, respectively. The value of relaxation frequency found
from the modulus (M) data is higher as compared to the impedance (Z) data corre-
sponding to the same physical process (electrical relaxation) which is in accordance
with the literature; i.e., the relaxation times are related as 7, > tj. A long-range
dc conductivity appears at f.on > f. and Jonscher’s universal fractional power-law
is well-satisfied for both the regions of f.on < f. and fcon > f. in all PCC. The
exponent of the power-law decreases as a function of f.,, due to a decrease of the
rate of dispersion arising due to the increase of dc conductivity. This study gives the
idea that PCC shows a microstructure and electrical properties which are universal
across f. and the parameter f. in PCC plays the analogous role as that played by
temperature in the case of ionic conductors. In all the PCC, the value of the expo-
nent corresponding to the CPE for f.o, < f. is always less than 0.85, while its value
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Fig. 7.10 Variation of
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undergoes a sharp transition at f. and lies in between 0.7 and 1, i.e., the dominant
behavior of a capacitor. All the PCC undergo a percolation transition as a function
of f'.on, and for a particular f ..y, in the PCC a long-range dc conductivity appears for
the sample. Jonscher’s universal fractional power-law holds good for all the samples
with the exponent ‘4’ being found in the universal regime. In the region of f¢o, >
fe, it is found that the dynamics of charge carriers are f ., dependent.
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Chapter 8 ®)
Magnetic and Rheological Behavior e
of Polymer Composites

In this chapter, among all the polymer/conductor composites (PCC), only the compos-
ites of ferroelectric polymer (PVDF) and ferromagnetic metal, nanocrystalline Ni (n-
Ni) composites are studied for their dielectric, ferroelectric and ferromagnetic prop-
erties. For the rheological study, the samples of the polymers PVA, PEG, PVDF, and
PVDF/NiO composites are studied. Electrical and magnetic properties of PVDF/n-
Ni composites have been investigated as a function of volume fractions of 7-Ni (f.on)
and frequency of the applied electric signal for investigating the concept of magnetic
percolation. Rheological investigations showed that PVDF (polar dielectric) shows
comparatively better viscoelastic properties as compared to the non-polar dielectrics
(PVA/PEG) due to the existence of permanent dipole moment in its polymer chain
structure and it’s higher crystalline (50-60%) nature. The viscoelastic properties, the
mechanical stability, and the nonlinear elastic behavior of the PVDF/NiO composite
samples were analyzed using rheological measurements. All the polymers and the
composites of PVDF/NiO show non-Newtonian-like fluid behavior. The effect of
NiO in these composites was investigated and was found that the mechanical proper-
ties are enhanced, being supporting pieces of evidence for their suitability as flexible
dielectrics.

8.1 Introduction

The synthesis of materials that exhibit simultaneous ferromagnetic (FM) and ferro-
electric (FE) characteristics has recently attracted a great deal of attention not only
from the fundamental physics point of view but also because of their potential
applications in practical electronic devices [1-3]. However, there are only a few
single-phase materials that can exhibit both ferromagnetic and ferroelectric prop-
erties for multifunctional applications. The study of composite materials has been
the subject of considerable interest in recent years because of their possible tech-
nological applications. Among the various polymer composites magnetic polymer
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composites have received recent attention due to their magneto-electric effects, a
coupled magnetic and dielectric/ferroelectric effect by the appearance of electric and
magnetic polarizations on applications of an electric or magnetic field. For techno-
logical applications, magneto-electric materials must exhibit high magneto-electric
coefficients. The soft magnetic nanocomposites (SMC)/insulating polymer magnetic
nanocomposites (PMC) with nanosized metallic inclusions are common in estab-
lished industrial applications because of the following properties/reasons. The SMC
also shows a drastic change in their magnetic properties at a critical concentration of
the magnetic component called magnetic percolation threshold [4—6]. The composite
of magnetic metal and insulator shows a divergence in the variation of inductance
and imaginary part of permeability like that of ICC at f. [7—11]. In discussion with a
ferromagnetic metal nanoparticle, the nanodimensional metal granule is considered
as a ferromagnetic particle possessing an intrinsic magnetic moment equal to the
sum of magnetic moments of the atoms contained in this granule. If the energy of the
magnetostatic interaction between granules is below kT (k being Boltzmann constant
and T is absolute temperature), no correlation between the magnetization vectors
of such particles takes place, and the composite is expected to show its paramag-
netic/superparamagnetic properties. When an infinite network of contacting granules
is formed, at a critical concentration of the magnetic filler particle called magnetic
percolation threshold (m.) [4], conditions favoring exchange interaction between
the atoms of the neighboring granules in the matrix are expected and the material
should acquire a drastic change in its magnetic properties (such as dc magnetic
susceptibility, coercivity, and dc magnetization). The observation of both ferroelec-
tricity and ferromagnetism individually in PVDF/n-Ni composites is reported [12].
The magneto-electric effect also could be expected in such a system of PVDF/n-
Ni composites. To achieve multifunctional properties for a particular composite of
SMC/PMC, along with the study of m, f., divergence/anomaly in inductance and
magnetic permeability in these composites, a composite composed of an insulating
polar polymer PVDF and a magnetostrictive metallic filler in its nanocrystalline
form, such as n-Ni is investigated in its two different forms of the samples, such as
thick films and bulk composites of PVDF/n-Ni.

As polymer dielectrics have considerable potential interest in energy storage and
dielectric applications because of their easy processing, flexibility, easily designing,
nontoxic, biocompatible, and low cost. The insulating polymer—conductor compos-
ites (PCC) are finding a lot of recent interest from the point of energy storage mate-
rials, electromagnetic interference applications, transistors, photovoltaic devices,
electrical insulations, etc. This PCC undergoes an insulator-to-metal transition (IMT)
at a critical concentration of conductor/metal in an insulating matrix, which is
called as percolation threshold (f.) [13—15]. In particular, as the filler concentra-
tion approaches f. from below, the effective ac electrical conductivity (c.¢) and the
dielectric constant (e.g) of the composites increase dramatically. It is observed that
the enhancement in e.¢ values with low dielectric loss (Tan 8) at f . is attained at lower
filler concentrations for PCC as compared to polymer-ceramic composites. On the
other hand, polymer-metal composites (PMC) show relatively new electrical charac-
teristics close to those of metals, whereas the mechanical properties and processing
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methods are typical of plastics. The electrical properties of PMC depend on several
factors, including the kind of conducting filler, their spatial distribution, the interac-
tion between polymer and filler, and the contact interaction between the particles.
In the development of these PMC materials for energy storage applications, specif-
ically, the electrostrictive polymers such as PVDF and PVDF (TrFE) have been
highly beneficial and give a very high value of dielectric constant with low loss
tangent. The composites of electrostrictive polymer and ferromagnetically magne-
tostrictive components in their reduced form have gained recent interest because of
their room-temperature magnetism, multiferroic, and high magneto-electric coupling
coefficients and they are finding a large number of applications such as multi-state
memory elements. PVDF is a semicrystalline thermoplastic having a remarkable
high piezoelectric coefficient, excellent thermal stability, and chemical resistance
compared with other polymers. It has been found that PVDF/Ni and PVDF/NiO
composites have proven themselves as very good materials from the point of energy
storage, EMI shielding, Photovoltaic, multiferroic, magneto-electric, and various
other applications. Although flexibility in the polymer-based composites is required
from the solving the designing problem, however the mechanical and the viscoelastic
properties are also required at a particular level and range. Although a lot of studies
have dealt with the electrical, thermal, magnetic, mechanical, etc., however a system-
atic study of the viscoelastic properties of these PMC is required and will be inter-
esting in finding their suitability from the application point of view [16—18]. Many
rheological and mechanical properties of these polymer dielectrics play an important
role in determining their suitability for high K applications. From this point of view,
detailed information and investigation about mechanical stability, thermal stability,
as well as viscoelastic properties of these polymer dielectric materials, are required.
Hence, a comparative study of viscoelastic properties of two non-polar dielectrics
(PVA and PEG) versus the polar polymer (PVDF) has also been compared and later
on the study was focused on the PVDF/NiO composite dielectrics for finding their
suitability as high K dielectric materials.

8.2 Samples Reported

The polymer PVDF was purchased from the Alfa Aesar and (PVA, PEG, and NiO)
was purchased from Loba Chemie in solid powder form. The size of NiO has been
reduced by the ball-milling of NiO by taking 10:1 as the ball-to-powder ratio in a
toluene environment. The samples studied in this chapter are in two forms, such
as thick films of the composites for their ferroelectric characterization and bulk
powder/pellet for the magnetic characterization. The thick films of ferroelectric
polymer PVDF and n-Ni composites were prepared through a simple tape casting
technique in the form of thick films with Ni concentrations varying from 0 to 5 wt%
[12]. Appropriate amounts of PVDF powder were dissolved in an organic solvent,
such as acetone. Continuous magnetic stirring was done to homogenize the mate-
rial for 10 h. Subsequently, varying weight percentage (1-5 wt% of PVDF) of n-Ni
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powder (~20 nm) was added to the solution. With the help of a Sonicator, a homoge-
nous composition of #-Ni, PVDF, and acetone was obtained. Thick films (~50 pm)
of the composite (PVDF and n-Ni) were obtained with the help of a glass tape caster.
Similarly, the synthesis of bulk PVDF/n-Ni composites is reported in Chap. 3 [14].
The structural, electrical, and magnetic properties of the as-prepared samples were
carried out at room temperature. The viscous fluid form of all the polymers has been
prepared by swelling the polymers in an acetone environment with the help of a
magnetic stirrer [16]. The composite samples of PVDF/NiO in viscous form have
been prepared by magnetic stirring and ultrasonication for 45 min to prepare the
composite fluid. The samples prepared were in the ratio of weight percentage of NiO
in the composite, and they were of weight fraction of NiO as 0, 5, 10, and 15%. The
rheological data on these composite fluids were taken with the help of the rotational
Rheometer given in Chap. 3.

8.3 Results and Discussion

8.3.1 Magnetic Properties

(i) Thick Films

From the XRD Patten (Fig. 8.1a), it is observed that with the increase of weight
fraction of n-Ni (W.o,) concentration in the composites, the intensity of Ni peaks is
increasing and the result is consistent with the data reported in the literature. It is
confirmed that there is no molecular-level interaction between the n-Ni clusters and
PVDF matrix (Fig. 8.1b). From the optical micrographs (Fig. 8.2a), it can be observed
that with the increase of n-Ni concentration in the polymer matrix the bright portions
are increasing and are getting distributed homogenously indicating those portions as
n-Ni. It is also observed the density of distribution of n-Ni clusters increases with the
increase of W, from Fig. 8.2b.

The effective dielectric constant (gesr) of the thick film PMC increases with the
increase of W o, and e.¢ decreases as a function of frequency (Fig. 8.3a). The loss
tangent (Tan 8) shows the presence of dipolar relaxation in the matrix PVDF (Inset:
Fig. 8.3a). It is observed that there is no significant change in the FE hysteresis loop
area (Fig. 8.3b) and the shape of the hysteresis loops isn’t undergoing any change
even with the addition of a conducting component, i.e., n-Ni.

This is due to the high resistivity (~10'?  cm) of the polymer matrix. The marked
feature is that P, and P« for all composites are in the neighborhood of 0.1 we/cm?
and 0.2-0.3 jLc/cm?, respectively. However, the coercivity (E.) of all composites
almost remains constant while retentivity (P,) of the composites shows a trend in
small decrement with concentration up to 5% (Inset, Fig. 8.3b). It can be seen from
Fig. 8.3c that the composite materials exhibit typical magnetic hysteresis loops as
well as remnant magnetization which indicates the magnetic phase is ordered. The
saturation magnetizations (M) of 1 and 5% PMC composites are given by 0.46 and
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Fig. 8.1 a X-ray diffractometry data of the samples 0-5% from bottom to top. b FTIR spectrum
of the samples from 0 to 10%

(a)

Fig. 8.2 a Optical micrographs of the samples from 0 to 5%. b X-ray dot mapping micrographs of
the samples from 0.15 to 7.5%

2.56 ep/g, whereas pure n-Ni is having M, of 30 ep/g as shown in Fig. 8.4a, b.
The retentivity (M,) of 1% and 5% PMC is about 0.035 ep/g & 0.4 ep/g, respec-
tively. The coercivity (H.) of 1 and 5% PMC is given by 100 Gauss and 110 Gauss
which show no change in coercivity with the increase of concentration of n-Ni.
At lower concentrations, the interaction between magnetic particles is minimized
because of the diamagnetic polymer (PVDF) matrix [12]. Thus, the addition of n-Ni
in the composites increases the FM behavior while at the same time, retaining the
ferroelectric behavior of the PVDF matrix.

(ii)) Bulk Composites
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The structure and morphological details of the bulk composites already have been
discussed in Chap. 4. Hence, here will only concentrate on their simultaneous dielec-
tric and magnetic properties. The .4 and the saturation magnetization (M) of the
composites as a function of f, are shown in Fig. 8.4a.

All the composites show typical ferromagnetic hysteresis (Fig. 8.4b and its Inset)
along with their magnetic saturation (Inset, Fig. 8.4a). The value of M, increases
from 7 ep/g for feon = 0.05-24 ep/g for feon = 0.28 with increase of f ¢oq (Fig. 8.4a).
To extract the magnetic parameters, the room temperature M—H curves of all the
composite samples are fitted to the usual function [14, 19] customarily used to fit
ferromagnetic hysteresis which is given by

oM H+H,
M(H) = TS tanl[H—CC tan(”—;ﬂ (8.1)
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Fig. 8.4 a M ~ fcon and €efr ~ fcon for the composite samples with different f¢on at 300 K. Inset:
Initial Magnetization ~ Magnetic field plot for the composite samples (fcon = 0.05-0.28) and n-Ni
at 300 K. b M ~ H plots at 300 K for all the composite samples (fcon = 0.05 to 0.28) and for pure
nNi (feon = 1.0). Inset: Expanded view of the plots showing hysteresis

The quantities M and H¢ give, respectively, the saturation magnetization and
coercivity of the samples where ‘S’ is known as “squareness” of the ferromagnetic
loop and is defined by the ratio of remnant magnetization to saturation magnetization
of the ferromagnetic loop, i.e., S = M,/M;. Reasonably good fits of Eq. (8.1), to the
magnetization curves, have been obtained for all the composite samples (Fig. 8.4b
and its Inset). As expected we observe from Table 8.1 that the values of M and M,
increase with the increase of f.,, while H,. remains constant for all the composites.
For single-domain particles, the H . value is expected to vary linearly with the packing
fraction. However, the present discussion doesn’t show any change in H . with packing
fraction, suggesting the particles/clusters to be multi-domain. These results suggest
that the non-interaction of nickel with the polymer may be due to the complete
phase separation of nickel from the polymer. The rate of increment of M with f o,
decreases with the increase of f.o, as can be observed from Fig. 8.4a that the slope
(dM/df con) of M ~ fcon curve decreases with the increase of f,,. This may be
attributed to at lower f,, the particles/clusters are well-separated from one another
and the magnetic dipolar interaction between them is weak, which is also minimized
because of the insulating diamagnetic polymer matrix forbidding the interaction
between the particles. So M decreases linearly with the decrease of f.,, in the
region of foon < f. that can be understood based on dilution effect. As feon —
fe, the particles are very close to each other and the coupling between the magnetic
moments of two or more clusters becomes prominent because of the increased dipolar
interaction and that leads to lowering of the rate of increment of M with f o for fcon
> f.. The M for all the composites is achieved for the magnetic field, well above
3000 Oe (Inset, Fig. 8.4a).

Figure 8.5 shows the real part of permeability/initial zero fields effective perme-
ability () as a function of f ey for various frequencies. The magnitude of ' remains
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Table 8.1 Magnitude of the fitting parameters M, M, H, S for all the composite samples (fcon
=0.0to 1.0)

Seon M (ep/g) M, (ep/g) H . (Gauss) Squareness ratio (S = M,/Mj;)
0.0 0 0 0 0

0.05 7.6 0.46 74 0.06

0.16 17.0 1.14 72 0.07

0.25 21.8 1.66 74 0.08

0.28 25.8 1.95 73 0.08

1.0 332 1.9 74 0.06

constant with the variation of frequency up to 10 MHz (shown up to 1 MHz in
Fig. 8.5). The magnitude of permeability is considered due to both the ferromagnetic
properties of n-Ni and the generation of eddy currents by an alternating magnetic
field [7-11]. The [L/ of the composites for various f .o, increases with the increase of
Ni content linearly even beyond f, i.e., up to fcon = 0.315 and falls for pure n-Ni.
Although the observed f. value, in this case, is for fco, = 0.28, the observation of
magnetic anomaly beyond f.,, = 0.315 unlike that of earlier literature [7—11] may
be attributed to the following reasons.

From earlier results, it is observed that the magnitude of Tan 3 increases with the
increase of f .o, (Fig. 8.5) and the conductivity for the composite (f .o, = 0.25) is of
pure ac conduction while the conductivity for (f.o, = 0.28 and 0.315) are of mixed
type, i.e., the dc conduction in the lower-frequency region followed by ac conduction
in the higher-frequency region (Inset, Fig. 8.5). This type of mixed conductivity is the
complete signature of a microstructure (Fig. 8.2a), in which the conducting particles
are isolated from each other by a thin insulating polymer layer that prevents the
generation of eddy current in the samples. Hence due to the non-setting of eddy
current in the samples, w increases linearly up to fcon = 0.315 since the magnetic

Fig. 8.5 Variation of Zero & —®—10kHz —4— 100kHz
field initial effective 112l —#—1000kHz |4
permeability and dielectric '
loss tangent of the

s . —~
composites as a function of :
- . 35
fcon for different frequencies. .
Inset: AC conductivity 31 .08
versus frequency for the =3
non-percolative and
percolative composites
1.04}

con
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flux is more concentrated. But in the case of pure n-Ni, i’ decreases as compared to
feon = 0.315 (Fig. 8.5) which may be due to the combined effect of ferromagnetic
properties of n-Ni and the generation of eddy currents by an alternating magnetic
field.

8.3.2 Rheological Properties

All the possible rheological parameters and their dependence on other parameters
are shown in this section [16]. Figure 8.6a—c shows the variation of torque as a
function of speed, shear rate, and strain%, respectively, for the variety of polymers
under investigation. The value of torque is quite high (~10°> WNm or even more)
for the PVDF polar polymer as compared to the PVA (~10> wNm) & PEG (~1
wNm). For PEG, all the graphs show a change in torque with respect to different
parameters under investigation but within a very small variation. However, the torque
remains very high and also remains constant for PVA & PVDF with respect to all
the parameters such as speed, shear rate, and strain%, respectively. This observation
shows that PVA shows little similarity with PVDF but PVDF always has a higher
value of torque in comparison with PVA and PEG. The higher value of torque, as
well as the constancy of torque, is attributed to the higher crystallinity and presence
of permanent dipole moments in the PVDF polymer matrix as compared to PVA and
PEG. Similarly, the higher value of torque for PVA as compared to PEG is due to the
presence of dipole contributions in the PVA polymer matrix as compared to PEG.

Figure 8.7a—c shows the variation of viscosity of PVA, PEG, and PVDF with
respect to speed, shear rate, and strain%, respectively. All the three polymers are
showing a nonlinearity in the variation of viscosity with respect to all the parameters
under investigation and the viscosity also decreases as a function of these parameters.
From observations, it is obvious that PEG has the least value of viscosity (~1073Pa.S)
and remains constant with respect to speed, shear rate, and strain%, respectively,
while the value of viscosity is of the order of (~10% Pa.S) for PVDF and is of the
order of (~10 Pa.S) for PVA. The viscosity of these two polymers (PVDF& PVA)
decreases nonlinearly with respect to speed, shear rate, and strain%, respectively,
as it is a conventional behavior of all polymers. In all manners, PVDF is always
showing a mechanically rich behavior which is good for making a composite with
any kind of filler (CNT/metal/graphite/CB/etc.) for finding their suitability for high
K dielectric materials.

Figure 8.8 shows the similar behavior of the polymers in terms of shear stress as
mechanical properties as that of Fig. 8.6. The value of shear stress is quite high in the
case of PVDF as compared to PVA and PEG has been attributed to the higher crys-
tallinity (50-60%), presence of permanent dipole moment and high static dielectric
constant (~10) of the PVDF polymer matrix.

So, from the above investigations (Figs. 8.6, 8.7, and 8.8) of viscoelastic properties,
it is found that always polar polymer/ferroelectric polymer (e.g., PVDF) shows the
higher value of mechanical and rheological parameters. From earlier investigations,
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pure polymers (PEG, PVA, and PVDF)

it is also found that definitely in the development of flexible high K materials only
the ferroelectric polymers should be taken preferentially in comparison to non-polar
polymers since the presence of permanent dipole moment and high dielectric constant
of the polar polymers play a major role in the enhancement of dielectric constant in
case of PMC [20]. As a specific investigation of the dielectric materials, also it has
been observed recently that PVDF/n-Ni@NiO (core—shell composite with polymer
PVDF) is a very good dielectric material [21] and hence under this investigation the
rheological investigation on PVDF/NiO composites was investigated.

In Fig. 8.9, the results of the PVDF/NiO composite of the various compositions of
NiO in the composite as 0, 5, 10, and 15% are shown. The results show that the value
of shear stress for the pure polymer PVDF or its composites, either remains constant
or slightly increases with the increase of the NiO content into the polymer matrix
in the composite. It is also observed that shear stress has an increasing behavior but
after a certain value the graph shows a sudden fall in shear stress but in the case
of the PVDF/NiO (15%) composite, it is not as sudden as other compositions, i.e.,
hardness of the composite is probably increasing.
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In Fig. 8.10, the viscosity provides a piece of important information, where
lowering in viscosity in these composites has a constant behavior over a long range
of the parameters, such as speed, shear rate, strain%, and time, which can be seen
in these logarithmic graphs Fig. 8.9a—d. One of the most important behaviors of
PVDF/NiO composite is that which have a well-known change of range of viscosity
with respect to the compositions and also with respect to the different parameters,
such as speed, shear rate, strain%, and time.

In Fig. 8.11, the variation of torque as a function of speed, shear rate, strain%,
and time is shown. The torque for all the composites remains constant up to a certain
value of all the parameters shown in the fig, and after that, it undergoes a decrement
in its value and that change in value isn’t becoming a substantial change in the values.

So from the above results and the observations, it is found that the comparative
study of PEG, PVA, and PVDF shows that the viscosity of PEG, PVA, and PVDF
changes with respect to shear rate which defines that these polymers behave like
non-Newtonian fluids. From all observations, it is obvious that PVDF shows high
mechanical stability and a high value of viscosity (Figs. 8.6, 8.7 and 8.8). In the
case of PVA, PEG, and PVDF, the viscosity decreases with respect to shear rate
and strain%, which makes them a pseudoplastic material or called as showing the
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Fig. 8.8 Variation of shear stress as a function of a speed, b shear rate and ¢ strain% for all the
three pure polymers (PEG, PVA, and PVDF)

shear thinning behavior. PVDF and its composites always have a high mechanical
and elastic behavior as compared to the other polymers and also always maintain a
time-dependent behavior. It is also found that the PVDF/NiO composites of different
compositions are showing the non-Newtonian flow behavior and decrease in viscosity
with respect to increment in shear rate [22]. In Fig. 8.5, the various compositions
of PVDF/NiO composite give the decrement under shear rate and strain% and the
curve of PVDF/NiO (15%) has a tendency to minimum thinning under shear rate
and strain%. All the polymers and the PVDF/NiO composites are behaving like a
thixotropic fluid which is taking a finite time to attain equilibrium viscosity when
introduced to a step change in shear rate [22].

8.4 Summary

The ferroelectric (FE) and ferromagnetic (FM) behaviors of the composites (thick
films) have undergone modifications with the increase of concentration of #-Ni in
the composites. FE and FM contributions in the composites come individually from
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PVDF and Ni, respectively. However, the concentration change of n-Ni hasn’t signif-
icantly modulated the FE properties of PVDF while FM behavior increases with the
increase of concentration of Ni. This suggests that possibly PVDF-Ni nanocompos-
ites may be a good candidate for ME applications which can be confirmed only
after further investigation. Similarly, in the case of bulk composites, electrical and
magnetic properties have been investigated as a function of volume fractions of n-Ni
(f con)- A significant enhancement in saturation magnetization of 24 ej/g, measure of
the permeability of 1.11, and dielectric constant of 2050 at 100 Hz is observed at the
electrical percolation threshold (f ) of the composite. The decrease of magnetization
of the composite with the decrease in f,, is attributed to the dilution effect and
magnetic dipolar interaction. The measure of permeability (1) increases linearly
with the increase of f ., as the magnetic flux concentrates over individual n-Ni clus-
ters/particles even beyond f .. On the other hand, i decreases for pure n-Ni probably
due to the increased connectivity among the n-Ni clusters/particles and hence being
a conductor result in eddy current generation in the alternating magnetic field. The



182 8 Magnetic and Rheological Behavior of Polymer Composites

— (a) (b)

— 80 — 80}
» ®
& & 60}
2 2 40}
2 2
g
> > ol
10° 10’ 10° 10“ 10' 10°
Speed [1/min] Shear Rate [1/s]
N (@
—0—5%
—A—10%
60; —v—15%

Viscosity [Pa-s]

Viscosity [Pa-s]

10 10° 10° 10° 10°
Strain [%] Time [s]

Fig. 8.10 Variation of viscosity as a function of a speed, b shear rate, ¢ strain%, d time for
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concept of m, could not be realized which may be attributed to the presence of larger
n-Ni clusters in the polymer matrix giving rise to their nature of ferromagnetism
arising due to their multi-domain nature. At f. of the composite, i.e., at f.o, = 0.28
the value of e = 2050, My = 24 en/g which is very close to M, of pure n-Ni
(30 ep/g) along with a higher value of w =111 may make the material suitable
for multifunctional applications, such as high charge storage capacitors, magnetic
memories, and high-frequency applications. PVDF shows very strong viscoelastic
and mechanical properties and also with the addition of NiO to the PVDF matrix, the
mechanical and viscoelastic properties are either enhanced or at least remain constant.
This study confirms that PVDF or other ferroelectric/polar polymers should be given
preference for the development of the PMC for their energy storage and dielectric
applications as these polymers also show higher viscoelastic properties.
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Chapter 9 ®)
Non-percolative Polymer Composites oo

In this chapter, the microstructure, dielectric behavior, and electrical properties of
polymer/ceramic composites (PCC) based on ferroelectric polymer [polyvinylidene
fluoride (PVDF)] and nanobarium titanate (n-BaTiO3) prepared under the novel cold
pressing method are reported. Large enhancement of effective dielectric constant (e,
~450) with lower loss tangent (Tan 8 ~ 0.9) at 50 Hz was observed for the PCC with
0.60 as the volume fraction of n-BaTiO3 into the PVDF matrix. The enhancement of
€efr 18 attributed to the large interfacial polarization arising due to the charge storage
at the spherulites of PVDF and the polymer/filler interfaces of PCC. The achieved
lower Tan 8 for the PCC as compared to the polymer/metal composites (PMC) is
attributed to the highly insulating nature of PVDF and semiconducting n-BaTiOs.
The thermal stability of the composites is also maintained due to the higher melting
temperature (170 °C) of PVDF. The cold-pressed PCC based on PVDF will act as
a better polymer dielectric for electrical energy storage applications as compared to
the reported cold-pressed PMC.

9.1 Introduction

Polymer dielectrics (PD) with higher energy density and lower loss tangent (Tan d)
with higher breakdown field strength are the emerging materials of future for elec-
trostatic energy storage applications due to their flexibility, non-toxicity, biocompat-
ibility, low cost, higher viscoelastic properties, etc. [1-5]. For this application, the
maximum stored energy density is an important parameter, and for a linear dielectric,
the maximum stored energy per unit volume is U = %K eoE2,., where K is the rela-
tive dielectric constant and E . is the maximum electric field, which can be applied
to the material (proportional to the breakdown field of the material). In the develop-
ment of this PD, over the last two decades of research, the ferroelectric polymers,
e.g., polyvinylidene fluoride (PVDF) matrix, have been preferred due to their high

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 185
M. Panda, Percolation, Scaling, and Relaxation in Polymer Dielectrics,
https://doi.org/10.1007/978-3-031-27941-6_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27941-6_9&domain=pdf
https://doi.org/10.1007/978-3-031-27941-6_9

186 9 Non-percolative Polymer Composites

static dielectric constant (~15) and higher viscoelastic properties and higher insu-
lating nature as compared to other non-polar polymers. The varieties of fillers, such as
micron and nanoparticles of metal, ceramic, carbon nanotube, carbon black, graphite,
graphene, conducting polymer, are under continuous use in the development of this
PD. However, the development of the polymer-ceramic composites (PCC) has been
dormant over the last decade of research, as the effective dielectric constant (g.¢) for
these composites was found to be very low, i.e., . ~ 100 at low frequencies due
to the low dielectric constant of the polymers as well as due to the conventional hot
molding process conditions. In the preparation of this PCC, a very high dielectric
constant ferroelectric ceramic, such as PMN-PT, BaTiOs, PbTiO3 with particles of
size order of microns is used to have an improvement in the value of &.¢ with lower
Tan 3. However, due to the low dielectric constant of the polymers, even with the
PVDF matrix (whose static dielectric constant ~17), a much higher value of g.¢ with
lower Tan 3 could not be achieved. Hence, to have large interfacial polarization, the
nanoparticles of the same ferroelectric ceramics also have been used in the PVDF
matrix through hot molding, and partially, the approach becomes effective to get
better PD [6-10].

In the development of these PCC based on PVDEF, the traditional mixed technique
(solution casting followed by hot molding) is used, during which the spherulites of
PVDF get lost [8—10], which results in getting the lower value of ¢.¢. Recently, our
group has developed the cold pressing technique in preparing the PD based on PVDF,
due to which the spherulites of PVDF are retained, and they help additionally in the
storage of electrical charge due to their additional interfaces, which results in higher
interfacial polarization, and hence, the higher value of e is achieved [10].

In developing this PD, among the variety of fillers, except the insulating ceramic
fillers, mostly, the polymer/metal or conductor composites (PMC) have undergone
research in the last two decades by various research groups, since a very high value of
&fr 18 achieved in these composites due to the percolative second-order insulator-to-
metal transition (IMT) at the percolation threshold (f.) of these PMC. At f ., the e,
Tan 8, and effective AC conductivity (o.¢) undergo sharp increment due to the IMT,
and f . becomes the point of discontinuity for &. in case of PMC. However, the main
drawback of these PMC, which inhibits them from their technological applications,
is the unwanted higher value of Tan 8 and o..

Hence, to overcome the major difficulty of this PD (higher value of Tan 3) based
on PMC, the interest in the PCC-based PD should be focused on a novel method
of preparation to have a lower value of Tan 8§ along with the higher value of &..
One of the very simple methods in finding the true percolation behavior of PMC
is the preparation of cold-pressed composites by Panda et al. [8—10], in which the
spherulites of PVDF are retained, and higher e.¢ is observed due to the additional
storage of electrical charge at the interfaces of the spherulites.

Hence, it is believed that by changing the traditional process condition (hot
molding of the thick films prepared from solution casting) to cold pressing devel-
oped by Panda et al. [8—10] in which the spherulites of PVDF will be retained for the
case of PCC (like that of the PMC), definitely higher value of ¢.¢ will be achieved,
with lower Tan 8 due to the high dielectric constant insulating ferroelectric ceramics.
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Hence, a PCC with high e.¢ and lower Tan 3, ferroelectric polymer (PVDF), and high
dielectric constant nanoceramic (n-BaTiO3) with particle size ~ 100 nm (having large
surface area) have prepared and have undergone the microstructural, dielectric, and
electrical conductivity measurements for finding their suitability to energy storage
applications.

9.2 Samples Reported

A series of PCC based on PVDF with varying volume fraction of n-BaTiO3 ( fgario,)
from 0.0 to 0.60 were prepared. The composite powders of PVDF (Alfa Aesar) and
the n-BaTiO3; (Aldrich) with particle size < 100 nm were prepared with different
SBario,, and the final samples were taken in the form of pellets under room tempera-
ture consolidation at a pressure of 30 MPa. The microstructure investigation on the
samples was carried out with the help of FESEM from FEI Company of USA (SE
Asia) PTE LTD. (Model No. SEM 450). The electrical measurements were made on
all the PCC in the frequency range of 50 Hz—5 MHz and in the temperature range
of room temperature to 100 °C with the help of the LCR HITESTER (Model No.
HIOKI 3520).

9.3 Results and Discussion

9.3.1 Microstructure

The FESEM micrographs of the cold-pressed pure PVDF (Fig. 9.1a, b) and PVDF/n-
BaTiOs composites with different fgario, up to 0.60 are shown in Fig. 9.1cf.
Figure 9.1a, b shows the presence of spherulites (the spherical semicrystalline regions
of the polymer) in the cold-pressed PVDEF, while both the spherulites and large created
voids/rod-like structures (due to the cold pressing) are observable from the micro-
graphs (Fig. 9.1c—f), which are going to be helpful in storing the additional electric
charge. The diameter of the spherulites present in the polymer is of the order of
~0.1 pm (Fig. 9.1a, b). Interestingly, the n-BaTiO; taken is of size 100 nm, i.e.,
0.1 pm, i.e., of the order of the diameter of the spherulites. During cold pressing,
the n-BaTiOj clusters have taken the shape of vertical rods (Fig. 9.1c—f) inside the
polymer matrix and created large voids in the matrix, which will be of large benefit
in the storage of electrical charge.
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Fig. 9.1 FESEM micrographs of cold-pressed PCC: a pure PVDF (lower resolution), b pure PVDF
(higher resolution), ¢ fgatio; = 0.2 (lower resolution), d fgaTio; = 0.2 (higher resolution), € fBatios
= 0.6 (lower resolution), f fgatio; = 0.6 (higher resolution)

9.3.2 Dielectric Properties

The variation of e.¢ and Tan 8 of the prepared series of PCC as a function of frequency
at 300 K is shown in Fig. 9.2a, b, respectively. The value of e.¢ at 50 Hz for the 0.0
sample is 16, while this value increases up to 120 linearly up to the PCC with fg,rio,
= 0.5, and after that, it increases up to the value of 330 & 420 for the samples with
SBatio, =0.55 and fgario, = 0.60, respectively. The higher value of e for the fgario,
=0.55and fgatio, = 0.60 is due to the large interfacial polarization arising both due
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to the presence of spherulites and created larger voids/rod-like structures during cold
pressing, while the spherulites are lost for the hot-molded samples (Fig. 9.3).
Figure 9.3 shows the static dielectric constant (¢,) of the cold-pressed pure PVDF
is ~16, i.e., higher than the ¢, of hot-molded pure PVDF (~10) due to the loss of
spherulites (Inset, Fig. 9.3) of the polymer. The value of .5 decreases with an increase
of frequency for all the PCC due to the absence of contribution from interfacial
polarization at higher frequencies where only the contribution from dipolar and
atomic polarization exists. A very low Tan 8 for the PCC with fgario, = 0.6 (having
highest e.is = 420 observed at 50 Hz) was found to be only 0.9 at 50 Hz and that
value also decreases with the increase of frequency and the trend of decrement is also
observed for all the PCC. However, in the recently reported PMC, the Tan 3 value
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was reported to be 10 at 50 Hz (Inset, Fig. 9.2b) for the percolative sample, with &
~2000. Hence, the PMC at f. shows 10 times higher value of Tan 3 in comparison
to the result of PCC.

The &1, ocr and Tan 3 of the composites as a function of fgatio, at different
frequencies are shown in Fig. 9.4. The e rises linearly from 16 to 120 when fgatio,
increases from 0.0 to 0.50 at 100 Hz, while due to the large interfacial polariza-
tion occurring due to the presence of spherulites and interfaces at the PCC, the et
increases largely from 120 to 350 & 420 for fgario, = 0.55 & 0.60, respectively. It
was found that the expression developed by Yamada et al. [11] (which is a model
for explaining the sum properties of the composite) can fit the dielectric data well
(Fig. 9.4b) at frequency 1000 Hz or above.

nfBatio; (KBatio; — KpvDF)
nKpvpr + (Kpatio; — Kpvpr) (1 + fBatio,)

Eeff = KPVDF|:1 + ] 9.1

where e 1s the effective dielectric constant of the composite, Kpypr and Kgario, are
the dielectric constants of the polymer matrix and the ceramic, respectively, fgatio,
is the volume fraction of the ceramic, and ‘n’ is a parameter related to the geometry
of ceramic particles [12]. The values of Kpypr, Kpatio,, and n obtained from the
fitting of Eq. (9.1) to the experimentally measured dielectric data of the composites
are 17, 1600, and 10, which is in good agreement with the earlier found geometrical
exponent (n = 10.6 for PVDF/PZT composites [11]. The important point is that we
would like to communicate here that the Yamada model could not hold good with the
experimental dielectric data at 100 Hz, as the additional contributions of electrical
charge (in addition to the presence of sum properties of both the components) at the
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Fig. 9.4 (Color online) Variation of a &fr experimentally, b fitting of eefr experimental data at
1 kHz with Yamada model, ¢ o.f and d Tan 8 as a function of fgatio, for various frequencies at
300 K for the PCC
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interface of the spherulites (due to cold pressing) give rise to rapid enhancement of
€eff, Which suggest that a modified Yamada model is to be developed, remained as a
challenge in taking care of the spherulites in his type of cold-pressed PCC.

The o, and Tan § for all the composites increases with the increase of fgario,
in the PCC slowly suggests the semiconducting nature of the BaTiO3 nanoceramic,
thereby becoming very helpful in the reduction of Tan § with achieved higher e
(~ 400). With fgatio, = 0.6, the oy value varies within 108-10* Q' em™! for
frequency varying between 50 Hz and 5 MHz, while the value of Tan 3 is maintained
in between 0.1 and 0.8. The value of o, & Tan 3 also is found to be increasing with
an increase of frequency, suggesting primarily a hopping type of AC conduction in
the PCC. Similarly, o.¢ value for all the PCC was found to be very low, i.e., less than
10~ Q! for all the PCC, and that value also almost remains constant over the entire
frequency range. The Tan § increases slowly as a function of fg,rio, and was found
to be less than 0.8 even with the PCC having fgatio, = 0.6.

The thermal stability of the PCC was checked by measuring the electrical param-
eters as a function of temperature and is given in Fig. 9.5. It was found that for
fBatio; = 0.4 (Fig. 9.5a) and fgatio, = 0.50 (Fig. 9.5b), the low-frequency (50 Hz)
value of €. is maintained at a thermal stabilized value of 90 and 130 (with their
corresponding decrement as a function of frequency) as a function of temperature
from 40 to 100 °C. The stabilization of & is attributed due to the major effective
contribution coming from the sum properties of the dielectric constant of both the
components. However, for the samples with fgaio, = 0.55 &0.6, the reached e ~
350 & 420 value arises due to the sum properties of the dielectric constant of both the
components as well as due to the major contribution of the spherulites. Hence, with
the increase of temperature, the €.¢ decreases due to the melting of the spherulites
of the PCC (Fig. 9.5¢c, d). Hence, the spherulites are useful at room temperature in
the case of PCC for achieving the high value of &, with low Tan 3.

9.3.3 Conductivity Properties

The variation of AC conductivity (which has been calculated as 0,. = wepe'Tand)
as a function of frequency (conductivity spectrum) at different fg,rio3 1S shown in
Fig. 9.6. The o as a function of frequency was found to be the hoping types of
conductivity satisfying Jonscher’s law of AC conduction [13—15]. It can be observed
that the plot shows the dispersion of AC conductivity with frequency for all the PCC
corresponding to fpatio, < 0.20, agrees very well with Eq. (9.2), i.e.,

Oac(@) = 0y + Ak 9.2)

with the o4, part becoming zero and the value of k ~ 1. The absence of DC conductivity
for the samples with fg,rio, < 0.20 can be interpreted as the non-presence of
percolating paths (being formed from the semiconducting BaTiO; nanoceramics in
the PVDF matrix) due to the insufficient fgario,. It can also be observed that the
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long-range DC conduction starts to appear for fgatio, = 0.3-0.5, but a good fit of
Eq. (9.2) could not be obtained for them as the percolating paths weren’t sufficient.
Butinterestingly, for the samples with fgatio, > 0.55, amixed conductivity is found,
i.e., a DC plateau up to a certain frequency separated by AC conductivity beyond that
frequency. The plateau in the conductivity spectrum occurs due to the appearance
of long-range DC conductivity. At higher frequency, the conductivity becomes more
or less fgatio, dependent. This frequency at which the change in slope takes place
is known as the “hopping or critical frequency wy,” and it can be observed that wy
increases with the increase of fgatio,-

However, in all cases, the value of ‘k’ lies well within Jonscher’s universal regime
[0, 1] suggesting the validity of Jonscher’s power law in all the PCC.

9.4 Summary

The microstructural and AC electrical characterization of a specific PCC as a function
of frequency and f.o,, have been studied. It is found that the enhancement of &gt
of PCC based on PVDF matrix is largely enhanced by the cold pressing process
conditions, due to the retention of the spherulites during sample preparation. It is
also found that this cold pressing method is more suitable to the PCC based on PVDF
matrix (since a very low value of Tan § ~ 0.9 is observed) in comparison to PMC
based on PVDF matrix in which a large value of Tan § ~ 10-100 is observed. The
spherulites present in the PVDF matrix are always helpful in maintaining the &, and
in increasing the . of PCC/PMC. A long-range DC conductivity appears at fcon >
f. and Jonschers universal fractional power law is well satisfied for both the regions
of feon < fe and feon > f in all PCC. The exponent of the power law decreases
as a function of f,, due to a decrease of the rate of dispersion arising due to the
increase of DC conductivity. In the region of f.,, > f, it is found that the dynamics
of charge carriers are f ., dependent. Again to have the applications of PD, the focus
of research should be concentrated on achieving the lower Tan 8, which increases
the dielectric field strength as well as the high-energy density, suitable for electrical
energy storage applications.
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Chapter 10 ®)
Ferroelectric Polymer Dielectrics e

In this chapter, the dielectric behavior of a variety of ferroelectric polymer dielectrics
(FPD), which may be the materials for future electrostatic energy storage applica-
tions has been discussed. The variety of polymer dielectrics, comprising of the ferro-
electric polymer [polyvinylidene fluoride (PVDF)]/non-polar polymer [low-density
polyethylene (LDPE)] and different sizes of metal particles (Ni, quasicrystal of Al—
Cu—Fe) as filler, prepared through different process conditions (cold press/hot press)
are explained. Very high values of effective dielectric constants (g.g) with low loss
tangent (Tan 8) were observed for all the prepared FPD at their respective percolation
thresholds (f ). The enhancement of &.¢ and Tan 8 at the insulator to metal transition
(IMT) is explained through the boundary layer capacitor effect and the percolation
theory, respectively. The non-universal f /critical exponents across the IMT have
been explained through percolation theory and are attributed to the filler particle size
and shape, the interaction between the components, method of preparation, adhe-
siveness, connectivity, and homogeneity of the samples. Recent results on developed
FPD with high e.¢ and low Tan 8 prepared through cold press have proven themselves
to be better candidates for low frequency and static dielectric applications.

10.1 Introduction

In the present-day scenario, the commercial materials used for energy storage, capac-
itor, and low-frequency dielectric applications are the high dielectric constant ceramic
materials, such as BaTiO3, PbTiO53, and PMN-PT. However, these ceramic materials
are associated with several disadvantages, such as toxicity, high cost, lack of mold-
ability, requiring longer time and higher energy consumption for their processing.
To overcome these disadvantages, a recent area of research is regarding the develop-
ment of polymer dielectrics (PD)/polymer composites as energy storage materials,
composed of polymer/filler [1-20]. In this process of development, the physics of
insulator-to-metal transition (IMT), associated with the enhancement of effective
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dielectric constant (&) and effective ac conductivity (oer)/loss tangent (Tan 3) at
the percolation threshold (f.) is underuse. In the study of this PD, a variety of poly-
mers with different kinds of fillers have undergone a lot of investigations for the last
two decades of research. Out of these investigations, ferroelectric polymer dielectrics
(FPD) have proven themselves as very good electrical energy storage materials [1—
13]. A detailed investigation of the observed superior dielectric behavior of a large
number of FPD [comprising of polyvinylidene fluoride (PVDF) and a variety of
metal fillers] in comparison to the non-polar polymer dielectrics [comprising of low-
density polyethylene (LDPE)] and nanocrystalline Ni (n-Ni)] are to be explained
here.

10.2 Samples Reported

The various series of polymer/metal composites (PMC) comprising of PVDF/LDPE
and different sizes of Ni/quasicrystal of Al-Cu—Fe are prepared through different
process conditions (cold press/hot press) are given in Table 10.1. The details of the
sample preparation and experimental measurements can be found from the earlier
chapters as well as from the references [7-13].

10.3 Results and Discussion

The micrographs of the non-polar and polar/ferroelectric polymers of the prepared
PMC show interesting features regarding the role of polymer spherulites and perma-
nent dipole moment of the polymer in storing the electrical charge [13]. If in a
material, the challenge is to store electrical charge by creating defects in the system
(i.e., by preparing polymer composites), and additionally the presence of spherulites
is also there in the virgin polymer, then definitely those materials are going to be
better dielectrics. The FESEM micrographs of the PVDF/LDPE prepared through
the cold-pressed and hot-pressed methods are shown in Fig. 10.1a—d.

The interesting features of the presence of spherulites in the cold-pressed PVDF
(Fig. 10.1a) and cold-pressed PMC and the presence of their dipolar polarization
(Fig. 10.2) are highly beneficial in storing the electrical charge and hence in the
development of high &.¢ materials. However, the loss of spherulites in the hot-molded
PVDF (Fig. 10.1b), lowers the static value of dielectric constant (&,) (Fig. 10.2), may
inhibit the hot-molded FPD although the dipolar polarization contribution in the
frequency ranges 40-107 Hz is present (Fig. 10.2). The non-presence of spherulites
(Fig. 10.1c, d) and dipolar polarization (Fig. 10.2) in both the cold/hot-pressed LDPE
inhibits them in the development of PD. The static ¢, value for cold-pressed PVDF
~16 and hot-pressed PVDF ~10 (due to loss of spherulites) and gradual dispersion
of ¢, with an increase of frequency can be observed (Fig. 10.2). In contrast, the
static g, value for both cold/hot-pressed LDPE is ~2 and this value remains constant
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within the frequency range (40-107 Hz) attributed to the non-presence of interfacial
(spherulites) and dipolar polarization (Fig. 10.2) in the polymer.

The detailed observation of homogeneity and distribution of metal fillers in the
polymer matrices of all the PMC and their dielectric/percolation behavior can be
found from the published pieces of literature [7-12]. In a broad sense, from the
detailed investigation of a large number of PMC, it can be summarized here that a
large variation of f. [0.07-0.57] independent of frequency, variation of e.¢ and Tan

1pm

'—

Fig. 10.1 FESESM micrographs of a Cold-pressed PVDF. b Hot-pressed PVDF. ¢ Cold-pressed
LDPE. d Hot-pressed LDPE
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Fig. 10.3 Achieved a ¢t and b Tan 3 of the variety of PMC at their respective f - & their variation
with frequency

d with frequency (Fig. 10.3) and a range of static values of €. & Tan 8 [e.¢ ~ 344 to
2405 & Tan 8 ~ 2.01 to 711] were observed (Table 10.1).

All the PMC undergo an IMT at their respective f,. and the enhancement of gt
and o is explained through the boundary layer capacitor effect and the percolation
theory [14]. Across the IMT, i.e., around the critical region, the e, and og as a
function of volume fraction of conductor (f o) satisfies the power-law Egs. 1.3 and
1.4 as

Eeff X (fc - fcon)_s for fcon < fc

Oett X (fe — fcon)is, for feon < fe

and the obtained non-universal critical exponents (s & s') are explained through the
swiss cheese/inverted Swiss cheese model. As a representative pattern, Fig. 10.3a, b
shows the variation of e.¢ and Tan 8 as a function of frequency only for the percolative
samples of all the series of PMC. It is observed that the LDPE/n-Ni composites
prepared through hold molding show the weakest dielectric behavior and don’t fit to
be a good dielectric. However, all the FPD based on PVDF shows good dielectric
behavior and may be suitable for applications. Among all the FPD, the best dielectric
results are observed for cold-pressed PVDF/n-Ni composites with e ~ 2405 and
Tan 8 ~ 19 at f. ~ 0.28. Also the achieved high value of e.¢ and low Tan $ for cold
pressed PVDF/BaTiO3 polymer/ceramic composites will be of high importance for
the static and low-frequency dielectric applications over the traditional hot-molded
dielectrics (Fig. 10.4) [9].

10.4 Summary

FPD is showing superior dielectric properties over other PD and is of definite help in
storing the electrical charge and are going to be the future materials for electrostatic
energy storage applications. It is found that the enhancement of e of PCC based
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on PVDF matrix is largely enhanced by the cold pressing process conditions, due to
the retention of the spherulites during sample preparation. It is also found that this
cold pressing method is more suitable to the PCC based on PVDF matrix (since a
very low value of Tan § ~ 0.9 is observed) in comparison with PMC based on PVDF
matrix in which a large value of Tan § ~ 10—100 is observed. The spherulites present
in the PVDF matrix are always helpful in maintaining the €, and in increasing the e
of PCC/PMC. In the current scenario, the most important investigation that should
carry out is to develop new methods in lowering the static Tan 8 value of FPD to
make them more suitable as the emerging materials (since recently it has also been
reported that polymer nanocomposites are successful as high-temperature dielectrics

[5D.

10.5 Scope for Future Possibilities

Although the present book reports a detailed investigation regarding the percolation
and its non-universality, scaling and the non-universality of the critical exponents,
the universality of the relaxation behavior across f'., the multiferroic and rheological
properties, and also some of the non-percolative systems, by studying their dielec-
tric, electrical, magnetic, and rheological transport properties, still the following
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works can be undertaken to improve the importance of these materials for various
multifunctional applications. They are listed as:

(1) Metals are very good conductors and they have the limitation of being used
as EMI shielding materials due to their disadvantages, such as heavyweight,
expensive, and their corrosion properties. However, as PMC/PCC composites
are showing a high value of Tan § at their respective f./above it and are also
flexible and don’t undergo corrosion; nowadays, they are attracted to be used as
EMI shielding materials. Hence, the EMI shielding coefficient measurement in
these PMC can provide information about the applicability of these materials
for high-frequency applications.

(2) Since the composite of piezoelectric and piezomagnetic components is finding
interest as magneto-electric materials for multifunctional applications, the
polymer magneto-electrics with high magneto-electric coefficient can be
developed.

(3) Due to the occurrence of both ME and EMI shielding properties, these
PMC/PCC will find a lot of multifunctional applications, such as high
charge storage capacitors, high-frequency applications, and multistate memory
elements.

(4) Again to have the applications of FPD, the focus of research should be
concentrated on achieving the lower Tan 3, which increases the dielectric field
strength as well as the high-energy density, suitable for electrical energy storage
applications.

(5) The most interesting part will be in the development of high-temperature
polymer dielectric materials for dielectric capacitors to work in a high-
temperature environment such as avionic and automotive industries, wind
turbine generators, and advanced propulsion system [in which high power,
high current, and elevated temperature conditions are the default environmental
conditions] should be developed.

(6) Polymer nanocomposites are going to be the upcoming multifunctional mate-
rials for any type of applications in the future.

Tab. 10.1 Various series of PMC along with the achieved ¢ and Tan § at 40 Hz at their respective

fe
Series of PMC Method of preparation fe geff at 40 Hz Tan 3 at 40 Hz
PVDF/p-Ni Cold Press 0.57 1284 25
PVDF/n-Ni Cold Press 0.28 2405 19
PVDF/n-QC Cold Press 0.24 3016 711
PVDF/p-Ni Hot Press 0.25 310 2.11
PVDF/n-Ni Hot Press 0.07 9440 693
PVDF/n-Ni@NiO Hot Press 0.30 363 2.01
LDPE/n-Ni Hot Press 0.08 344 34.46
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Appendix
Calculation of Volume Fraction of Any
Component in a Composite

Let the two components in a composite are of weight xg and yg, respectively, where
xg is the weight of filler and yg is the weight of the matrix.

Let the total weight of composite be zg.

Hence, the relationship between x, y, and z can be written as x + y = z.

The weight fraction for the first component, i.e., filler is given by Wy = x/x +y
= x/z.

The weight fraction for the second component, i.e., matrix is given by W, = y/x
+y=ylz=1—-xlz

Let the density of two components, such as filler and matrix, be py and p,,
respectively.

The volume fraction of any component in the composites, e.g., for filler can be
calculated as:

_ Wy
W (1 - Wf)%

Vy

where Wy is the weight fraction and Vy is the volume fraction of the filler, used
respectively.
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