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Preface

Materials are broadly categorized as metals, insulators, or semiconductors. They are the basic
building blocks of today’s technologies. Modern science and technology requires control over the
properties of materials so that they may be applied to different applications. The multidisciplina‐
ry nature of the materials science has attracted researchers from all sorts of fields and led to the
discovery of many novel materials as well as the concept of man-made meta-materials. To name a
few among the vast classes of materials: crystalline, polycrystalline, dielectrics, polymers, ceram‐
ics, superconductors etc. are widely used. Thus, when the IntechOpen editors invited a proposal
for a book project, it was natural for me to propose one on the properties of materials.

This book is not an introduction to materials science or properties, rather it is an advanced level
book on the properties of metal powder systems, polyesters, and varistor ceramics. It requires
knowledge of applied physics, electronics, and some engineering. There are five chapters and
the first one, the introductory chapter, summarizes the content of the contributed chapters.
Among them, there is one contributed chapter on the measurement methods and extraction
techniques that are employed to inherit the dielectric properties of dielectric materials. The con‐
tributed chapters have been selected from more than twenty proposals. The targeted audience
of this book is senior undergraduate and graduate students. We believe that the contributions
would be of interest to physicists, chemists, and of course to material scientists and engineers.

Chapter 2 discusses different models of electrical resistivity of powdered porous compacts. The
proposed empirical models are compared with experimental data where necessary to justify the
modeling parameters. Chapter 3 answers one interesting phenomenon: how polyester behaves
under a DC field? The potential of changing the innate electroinsulating properties of polyester
to impart electroconductive and antistatic properties is also investigated in this book. Chapter 4
presents the properties of varistor ceramics under different doping mechanisms. The ultimate
goal is to improve the breakdown characteristics of the ceramics, which has applications in
power systems and protection circuits. The last chapter focuses on different measurement
methods and parameter extraction techniques. Comparison between different techniques has
been made and the prospects of free space measurement method in measuring material proper‐
ties in THz frequency range are discussed.

During the editing of this volume, I have received full support from IntechOpen that I must ac‐
knowledge, and encouragement from my colleagues, directly or indirectly. I would like to special‐
ly mention one graduate student’s name, Ms. Mahnaz Islam, who has helped me in finalizing the
introductory chapter. I would also like to thank my other research group members and express
deep gratitude to my family without whose support this book would not have been possible.

Md. Kawsar Alam
Department of Electrical and Electronic Engineering

Bangladesh University of Engineering & Technology
Dhaka, Bangladesh
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1. Introduction

Materials science is an interdisciplinary field having common interest to physicists, chem-
ists, and engineers. Understanding the basic principles and properties of materials has been 
one of the most challenging attempts of mankind. Researches starting from apprehending 
a single atom to bulk materials such as metals, insulators, and semiconductors have led us 
to the point of current technological revolution. In this fascinating endeavor, electrical and 
electronic properties of matters have played a crucial role.

Properties from microscopic such as (but not limited to) band structure to macroscopic resis-
tivity, conductivity, effective mass, permittivity, etc. are of immense interest to the materials 
scientists. Theoretical and experimental analyses of such characteristics are inevitable before 
employing different materials such as nanotube, polymer, ceramics, porous compacts, etc. in 
different fields of engineering.

2. Content Overview

There are many basic textbooks on the fundamental concepts of materials. This book is more 
specifically aimed to special materials that are of current interests. It is not possible to cover all 
the emerging materials and their properties in a small book. Still, the content of this concise yet 
complete enough book covers polyesters, varistor ceramics, powdered porous compacts, and 
some measurement and parameter extraction methods of dielectric properties. These classes of 
materials are of interest to materials scientists as well as to engineers, physicist, and chemist or 
other related fields. There are four contributed chapters in this book. Each class of materials as 
mentioned above is explained with reference to experimental works or real-world examples.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Researchers have been intrigued about the electrical conductivity of porous materials and 
been trying to cite its causes by studying it from various angles [1–6]. Model equations with 
empirical parameters to estimate the effective resistivity of metal powder systems are pre-
sented. It is shown that the effective electrical resistivity can be estimated from the material 
resistivity and the porosity degree of the sample and of the tap porosity of the starting pow-
ders. The validity of proposed equations has been experimentally justified with reasonably 
good agreement between experimental and fitted theoretical values. The equations would 
be useful to describe the early stages of electrical consolidation techniques. Electrical activa-
tion process has also been described based on the presented models, which may be useful to 
describe dielectric breakdown process of oxide layers.

During the last decade, polyesters, which include biodegradable and conventional poly-
mers, have been under the limelight of interdisciplinary research [7, 8]. Their wide variety 
of applications in diverse arenas such as medical, ecological, and agricultural have attracted 
researchers from wider disciplines. Futuristic applications enabled by the chemical as well as 
physical metamorphosis of polyesters have also propelled their studies in different research 
fields. This has begged many questions regarding the behavior of polyesters under different 
electrical phenomena, which are yet to be answered. One such question, covered in this book, 
demands the analysis on behavior of polyester under a DC field [9].

In particular, the characteristics of aliphatic-aromatic polyesters such as poly(ethylene tere-
phthalate) (PET), polycarbonate (PC), and aliphatic polyester such as poly(lactic acid) under 
an applied DC field are analyzed. The microstructure of polymers has important consequences 
for their electric properties as addressed in this book. For instance, electrets are materials 
which can retain a permanent electric charge, and the susceptibility of polymers to polariza-
tion enables their use as electret materials. As such, the electrical conductivity of poly(ethylene 
terephthalate) films in a DC field is discussed. Among other factors, the relative humidity of the 
medium is known to affect the properties of polymer films such as poly(ethylene terephthal-
ate) [7, 10]. To address this notion, the electrical conductance of poly(ethylene terephthalate)-
based products under different relative humidities in a DC field is studied.

In modern processing, the most common deposition techniques include physical vapor 
deposition (PVD) [11] and chemical vapor deposition (CVD) [12]. The potential of changing 
the innate electroinsulating properties of polyester fabrics via the use of these techniques 
as well as digital printing [13] to impart electroconductive and antistatic properties is also 
investigated in this book. In particular, studies on the contact electricity in the PET film and 
various metal systems are presented. A potential use of polyester fabrics in packaging is often 
hindered by its susceptibility to static electricity. The intent of this investigation is to reduce 
the risk in this potential use and also introduce new range of applications for polyester fabrics 
by extending its functionalization.

Another class of materials, varistor ceramics, has made their mark for applications in power 
system and protection circuits, which can be traced back to their excellent nonlinear current–
voltage characteristics [14–16]. However, keeping in trend with the miniaturization of elec-
tronic devices, it has become imperative to improve the breakdown characteristics of existing 
varistors. It is known that the breakdown field is majorly affected by single grain boundary 
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characteristics, as determined by Schottky barriers and the amount of grain boundaries in the 
direction of the electric field [17, 18]. In this book, different doping techniques are introduced 
to improve the microstructure of varistors, in particular ZnO varistor ceramics and perovskite 
CaCu3Ti4O12 (CCTO) ceramics, and to result in enhanced breakdown performance. Precisely, 
the electrical breakdown field is increased in Ca1−xSrxCu3Ti4O12 ceramics via tailoring donor 
density and CCTO-xCuAl2O4varistor ceramics synthesized in situ. Enhanced nonlinear elec-
trical characteristics are obtained in CCTO-YCTO composite ceramics prepared with solid-
state reaction method. The improvement in breakdown characteristics is attributed to the 
control of defect structure of Schottky barrier at grain boundaries and restricted grain size.

Besides their microstructure, the electrical performance of varistors has also been reported 
to vary within the bulk of the ceramic. Dimensional effect presents as the variation of the 
breakdown field in varistor ceramics with its thickness [19, 20]. It has been found that both 
the breakdown field and the nonlinearity in electrical characteristics decrease alarmingly as 
the thickness decreases beyond a critical limit. Investigating the origin of dimensional effect in 
varistor microstructures both theoretically and experimentally, the uniformity of grain sizes 
is found to have major consequences for the dimensional effect observed in ZnO ceramics 
as well as CCTO ceramics. To provide solid evidence for the idea, experimental efforts are 
made to eliminate dimensional effect in the aforementioned varistor ceramics by controlling 
grain sizes. Indeed, restrictions in grain sizes and their subsequent narrower distribution have 
allowed the observed dimensional effect to diminish.

The last chapter of this book focuses on the different measurement methods and extraction 
techniques that are employed to inherit the dielectric properties of dielectric materials. To facili-
tate increasingly novel applications in microwave, mm waves, and THz frequency range, accu-
rate and precise knowledge of material properties is essential, which drives focus onto material 
characterization and appropriate measurement and extraction methods [21–23]. A particular 
dichotomy of the vast numbers of measurement methods can be into upconversion, such as 
a microwave or mm wave measurement method aimed at increasing frequency from 1010 to 
1011 Hz, and downconversion to decrease the frequency from 1014 to 1012 or 1011 Hz. Important 
dielectric properties, such as complex permittivity and refractive index, are used for presenting 
the comparison and analysis in this study. A comparison is made between the expensive THz 
time-domain spectroscopy (THz-TDS) system and multimode laser diode (MLD) for TDS sys-
tems [24], where advantages of the latter are discussed theoretically and experimentally. The 
prospects of free space measurement method, traditionally labeled as a microwave measure-
ment method, in measuring material properties in THz frequency range, are discussed.

Poor extraction of data from measurements made with high accuracy can also present as 
a hindrance to precise material characterization. In that regard, different calibrating and 
extraction techniques are applied to measured data in this chapter to establish a comparison 
between them. Extraction of the complex permittivity and permeability of the materials is 
enabled by scattering parameters using analytical, for instance, Nicolson-Ross-Weir (NRW), 
and numerical extraction techniques such as Newton-Raphson method [25]. Keeping with 
recent trends, the idea of using artificial intelligence (AI) methods to bolster numerical tech-
niques in extracting the dielectric properties is also put forward [26].
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3. Summary

Advanced knowledge in materials science is essential, particularly since, at the present time, 
scientific innovation in this area has excelled beyond expectations. This work serves that pur-
pose very well. The content of this book is not only extremely appropriate for engineering 
students, material scientists, physicists, chemists, etc. but also equivalently beneficial to those 
who pursue this field in the industry.
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3. Summary

Advanced knowledge in materials science is essential, particularly since, at the present time, 
scientific innovation in this area has excelled beyond expectations. This work serves that pur-
pose very well. The content of this book is not only extremely appropriate for engineering 
students, material scientists, physicists, chemists, etc. but also equivalently beneficial to those 
who pursue this field in the industry.
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Abstract

In this chapter, the problem of the electrical conduction in powdered systems is analyzed.
New equations for computing the effective electrical resistivity of metallic powder aggre-
gates and sintered compacts are proposed. In both cases, the effective electrical resistivity
is a function of the bulk material resistivity, the sample porosity and the tap porosity of the
starting powder. Additional parameters are required to describe the case of non-sintered
powder aggregates: one of them describes a certain residual resistivity and another
describes the rate of mechanical descaling during compression of the oxide layers cover-
ing the particles. Laws for the thermal dependence of these two parameters are also
suggested. These new equations modeling the effective electrical resistivity are valid in
all the physical range of porosity: from zero porosity to the tap porosity. Links between
the proposed equations and the percolation conduction theory are stated. The proposed
equations have been experimentally validated with powder aggregates (both in as-
received state and after electrical activation to eliminate oxide layers) and sintered com-
pacts of different metallic powders, resulting in a very good agreement with theoretical
predictions. In addition to their general interest, the proposed models can be of great
interest in modeling electrical consolidation techniques.

Keywords: electrical resistivity, powder metallurgy, modeling, effective properties,
electrical consolidation techniques, FAST
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The theoretical prediction of the effective (or apparent) properties of heterogeneous materials
(including multiphase materials, composites, porous materials, etc.) has a remarkable history,
on times stimulating the interest of some eminent scientists, including Maxwell, Rayleigh and
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Einstein, among others. In 1873, Maxwell derived an expression for the effective resistivity of a
dispersion of spheres within a different material, although only accurate for dilute sphere
concentration [1]. In 1892, Rayleigh developed a method to calculate the effective resistivity of
an otherwise uniformmaterial interrupted by a rectangular arrangement of spheres of different
nature, which is still useful today [2]. In 1906, Einstein determined the effective viscosity of a
diluted suspension of spheres, in a work which began the way to model the effective properties
of heterogeneous materials [3]. From those first works until today, there has been an upsurge in
the number of works dealing with this subject, not only because of the extraordinary intellec-
tual challenge that they represent but also because of their undoubted technological interest.

Porous materials are a good example of heterogeneous materials of technological interest, and
we will focus this work on them. Porous materials can be considered as two-phase materials: a
phase consisting of the bulk material (fully dense material) and the other constituted by pores.

But, how to model the properties of heterogeneous materials? It is tempting to use ‘mixture
rules’, with the appropriate weighting factors. In the case of porous materials, these rules result
in particularly simple expressions, since the properties of one of the phases (the pores) are
usually zero. In this way, in order to know the effective properties of porous materials, it
would be sufficient to know the properties of the bulk material and the degree of porosity of
the sample under consideration. However, for some properties, especially those related to
transport phenomena, the aforementioned approach is not sufficient; other factors such as the
average size of the pores, their size distribution, etc. are particularly important.

Even the indicated details are not sufficient when the porous materials are made of metallic
powders (i.e. the powder metallurgy field). If this is the case, other details must be considered:
the material may be the result of cold compacting a mass of powders or the result of compacting
and then sintering in a furnace. There are more than mechanical differences between these two
situations. From an electrical point of view, for example, in the first situation, metal–metal
contacts between particles are not guaranteed. However, in the second case, the sintering process
guarantees the electrical continuity (metal–metal contacts) in all the particle junctions. For this
reason, the designation of ‘porous materials’ is too ambiguous. However, with ‘powdered
porous compacts’, we refer to compacted powder aggregates or sintered compacts. Other
authors prefer the expression ‘granular materials’ to refer to the same idea.

Regarding sintered materials, some expressions proposed for generic porous materials may be
applicable. Table 1 shows some of the reported expressions to model the effective electrical
resistivity of porous media, obtained by theoretical, empirical or semiempirical means. The
expressions in Table 1 refer to relative (or normalized) resistivity, i.e. the ratio between the
effective resistivity of the porous material and the resistivity of the bulk material (rR = rE/r0).
Some of them were proposed to describe thermal resistivity, but the problem is quite similar
(although the transport mechanisms are not exactly the same.)

As can be seen in Table 1, most expressions include an empirical parameter. Resistivity is
closely dependent on the microstructure (including pore shape and size), and this empirical
parameter helps to model the effect of these details. Therefore, a simple mathematical expres-
sion based solely on the porosity degree, without any additional empirical parameter, can
never accurately describe the electrical resistivity.

Electrical and Electronic Properties of Materials12

Naturally, the resistivity must increase with the porosity. The greater the porosity, the smaller the
electric flow transfer section and the longer the path it must travel, contouring the pores. Most of
the expressions in Table 1 verify that relative resistivity increases from 1 to infinity as porosity
varies from 0 to 1. However, this does not apply to powdered materials, as their maximum
porosity is always lower than 1. Only the expressions of Loeb [5], McLachlan [10] and Montes
et al. [11–13] take this into account, being even applicable in the range of high porosities.

Regarding powder aggregates under compression, modeling is always more difficult. The
electrical resistance of the powder mass logically depends on its porosity, decreasing by
increasing pressure. So, the bigger the pressure, the lesser is the porosity and therefore the
lower is the electrical resistance. But pressure not only helps to reduce the porosity but also,
due to the friction between particles, can force the descaling of the dielectric layers (mainly
oxides but also hydrides and other chemical compounds) that normally cover the powder
metallic particles. Both phenomena lead to decrease the effective resistivity of the powder
mass by increasing pressure. These oxides have a high influence on the apparent value of the
electrical resistance, to the point that may have more influence than the porosity itself. The
influence of oxide layers (with a dielectric behavior) is crucial, since, despite their small
thickness, they dramatically influence the conduction process. Some interesting experimental
studies, focused on the electrical behavior, have helped to identify the complexity of the
phenomena involved [14–16]. Some theoretical studies carried out by Montes et al. [13] have

Authors Year Relative resistivity
(rR = rE /r0)

Upper boundary condition
rR ! 1…

Lower boundary condition
rR ! ∞…

Maxwell [1] 1873 2þΘ
2 1�Θð Þ Θ ! 0 Θ ! 1

Fricke [4] 1924 1þc1Θ
1�Θ

Θ ! 0 Θ ! 1

Loeb [5] 1954 1� c2Θð Þ�1 Θ ! 0 Θ ! 1=c2

Murabayashi et al. [6] 1969 2þΘ
3 1�Θð Þc3� 1�Θð Þ Θ ! 0 Θ ! 1

Aivazov et al. [7] 1971 1þc4Θ2

1�Θ
Θ ! 0 Θ ! 1

Meyer [8] 1972 c5þΘ
c5 1�Θð Þ Θ ! 0 Θ ! 1

Schulz [9] 1981 1�Θð Þ�c6 Θ ! 0 Θ ! 1

McLachlan [10] 1986
1� Θ

Θc

� ��3
2Θc Θ ! 0 Θ ! Θc

Montes et al. [11] 2003 1� Θ
ΘM

� ��2 Θ ! 0 Θ ! ΘM

Montes et al. [12] 2008 1� Θ
ΘM

� ��u

u ¼ 1þ 1�ΘMð Þ45

Θ ! 0 Θ ! ΘM

Montes et al. [13] 2016
1� Θ

ΘM

� ��3
2 Θ ! 0 Θ ! ΘM

The parameters c1 to c6 are material constants, Θc is a critical porosity (related to the percolation threshold) and ΘM is the
tap porosity of the starting powder (later described)

Table 1. Several expressions for the relative resistivity as a function of the porosity degree (Θ).
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attempted to identify the most relevant parameters of the problem, ensuring the applicability
of the proposed expressions throughout the physical range of porosity and trying to maintain
a minimum level of mathematical complexity. The proposed models incorporate parameters as
the porosity of the sample, the initial porosity of the starting powder (tap porosity), the
resistivity of the metal and the thickness and resistivity of the oxide layers. However, the
models also need to incorporate two empirical parameters to describe the mechanical
descaling of the oxide layers during the compaction process.

In this chapter, two new models to compute the effective electrical resistivity of metal powder
systems under pressure (constituted by oxide-free metallic particles or by oxide-coated metal-
lic particles) will be developed. These models can be considered valid for describing the
electrical behavior both of sintered compacts and of powder aggregates, which will be tested
to validate the proposed models. The new expressions will be useful to model the electrical
consolidation techniques of metallic powders, which are commonly known as field-assisted
sintering techniques (FAST).

2. Modeling of the effective resistivity

2.1. Effective areas and effective paths

Let us consider two cylindrical samples of the same material and equal dimensions, the first
one being completely solid and the second one with a porosity Θ, as illustrated in Figure 1.

As a consequence of the porosity, the electrical resistance cannot be the same in the second
sample. The electrical resistance (R) of a bulk material can be calculated from its resistivity. So,
for a specimen with nominal section SN and uniform nominal height of length LN, the electrical
resistance is

R ¼ r0
LN
SN

(1)

with r0 being the resistivity of the bulk material.

Figure 1. Diametrical cross sections of two cylindrical samples. Obviously, in the porous material, the electric flow path
will be longer and more tortuous, while the transfer cross section will be smaller.
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For the porous specimen, which may be produced by uniaxial press and sintering of metallic
oxide-free powders, the resistance R’ (higher than the one of the bulk specimen) can be
calculated in two different ways. On the one hand, it may be considered that the porous
material behaves as having an effective electrical resistivity, rE, upper than r0, and this is

R0 ¼ rE
LN
SN

(2)

On the other hand, assuming that the resistivity of the porous material is equal to r0, the
effective section for the electrical flow to pass, as well as the path length that the flow has to
travel, must be different. Being SE and LE the effective values of, respectively, the mean transfer
section (smaller than the nominal) and mean effective path (longer than the one corresponding
to a bulk specimen), the resistance of the porous specimen could be expressed as

R0 ¼ r0
LE
SE

(3)

It is possible to express SE and LE as functions of the specimen porosity (Θ). Thus, by equalling
Eq. (2) and Eq. (3), it would be possible to obtain an expression for the effective resistivity, rE,
as a function of r0 and the porosity degree. The problem is knowing how the effective
magnitudes, SE and LE, depend on the porosity. A simple reasoning provides the solution. Let
us assume that the porosity of the second specimen in Figure 1 is completely removed by
concentrating the material toward the inside, by decreasing its diameter, as is illustrated in
Figure 2. The result will be a new, fully dense cylinder of the same height (LN), cross-sectional
area SE and volume Vfully dense = SE�LN.
According to the definition of porosity

Θ ¼ Vvoid

Vtotal
¼ VN � Vfully dense

VN
¼ 1� Vfully dense

VN
¼ 1� SE � LN

SN � LN ¼ 1� SE
SN

(4)

and therefore

Figure 2. Initial porous sample and final sample obtained by concentrating all the material and preserving the same
nominal height.
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attempted to identify the most relevant parameters of the problem, ensuring the applicability
of the proposed expressions throughout the physical range of porosity and trying to maintain
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LN
SN

(1)

with r0 being the resistivity of the bulk material.

Figure 1. Diametrical cross sections of two cylindrical samples. Obviously, in the porous material, the electric flow path
will be longer and more tortuous, while the transfer cross section will be smaller.
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SE ¼ SN 1�Θð Þ (5)

This expression is well known in stereology and widely used in quantitative metallography. As
can be checked, SE ! SN as Θ ! 0 (fully dense material) and SE ! 0 as Θ ! 1.

In order to model the mean effective path through a porous specimen, i.e. the distance to
travel, eluding pores, from the top to the bottom of the cylinder, a similar expression can be
stated. However, two considerations have to be taken into account: (i) we are now dealing with
a distance instead of an area; therefore, the factor depending on the porosity should be (1 �
Θ)½, and (ii) the other way round as with the effective area, the effective length increases with
the porosity, and, thus, the relationship should be now inversely proportional.

It is then proposed as follows:

LE ¼ LN 1�Θð Þ�1
2 (6)

As can be checked, LE ! LN as Θ ! 0, but LE ! ∞ as Θ ! 1, being equivalent to say that there
is not a continuous path.

However, for the description of powdered systems, the previous expressions of SE and LE
require to be revised. There are also two situations to be distinguished: powder systems with
oxide-free particles and powder systems with oxide-coated particles.

2.2. Resistivity of powder systems consisting of oxide-free particles

Until now, we have assumed the porosity to be uniformly distributed and to range from 0 to 1.
We shall refer to systems fulfilling these two conditions as foamed porous systems, although the
limit of Θ = 1 could actually never be reached. The case of systems obtained from powders is
far from fulfilling the above-mentioned limits. Theoretically, a sintered compact can be
expected to reach a zero porosity upon sintering. However, the upper limit of porosity will
never be reached. The maximum porosity in those systems, ΘM, is the maximum undistorted
equilibrium porosity. Essentially, this porosity is equivalent to the tap porosity, i.e. the porosity
of a powder mass after being vibrated [17]. This latter parameter describes the pore structure
and is very dependent on particle shape, size and distribution, in some way agglutinating
morphometric information about the powder. We shall refer to systems satisfying this descrip-
tion as powdered porous systems. This entails altering Eq. (5) and Eq. (6) in order to include this
upper bound for porosity. The required change is fairly simple and involves replacing the
porosity (Θ) with the normalized or relative porosity (ΘR = Θ/ΘM). Thus

SE ¼ SN 1�Θ=ΘMð Þ (7)

Now, SE ! SN asΘ! 0, as in the fully dense material, but in the upper porosity bound, SE ! 0
as Θ ! ΘM, situation where interparticle contacts in the powder are points. SE represents the
effective section for the electrical current transfer, and being this section null, the transfer is not
possible.

Electrical and Electronic Properties of Materials16

A similar expression can be stated to model the mean effective path. It is then proposed as
follows:

LE ¼ LN 1�Θ=ΘMð Þ�1
2 (8)

As can be checked, LE ! LN as Θ ! 0, but LE ! ∞ as Θ ! ΘM, being equivalent to say that
there is no continuous path in the non-pressed system.

In previous works, Montes et al. proposed the same theoretical expression for the effective
transfer section [18–20] but a different expression for the effective path [21]. The difference is
not so large and can be absorbed by very small differences in the values of ΘM, which cannot
be empirically discerned due to the experimental uncertainty.

By substituting Eq. (7) and Eq. (8) into Eq. (3), the expression below is obtained:

R0 ¼ r0
LN
SN

1�Θ=ΘMð Þ�3
2 (9)

Equalling Eqs. (2) and (9), the next final expression is obtained:

rE ¼ r0 1�Θ=ΘMð Þ�3
2 (10)

Eq. (10) satisfies the expected boundary conditions, rE ! r0 as Θ ! 0 and rE ! ∞ as Θ ! ΘM,
since, in this last situation, interparticle contacts are points.

It is interesting to compare Eq. (10) with the previously proposed expressions (see Table 1). As
the exponent 2 in [11] resulted to be too high, when fitting the expression to experimental data,
authors were forced to introduce a correction in the value of ΘM, moving it away from the
experimentally measured value. Regarding the expression proposed in [12], the exponent u
takes different values depending on the value of ΘM. For instance, and considering extreme
values, for ΘM = 0.35, u = 1.71, whereas for ΘM = 0.65, u = 1.43. Both 1.71 and 1.43 can be
approximated to 1.5. This is supported by the experimental uncertainty in the determination of
the ΘM value. Therefore, as compared with the expression derived in [12], the expression now
proposed can be seen as a convenient simplification. Eq. (10) was also derived in [13] following
a similar but different approach.

2.3. Resistivity of powder systems consisting of oxide-coated particles

An important detail that must be included to model oxidized powder aggregates is the fact
that the oxide films coating the particles are altered throughout the compression process.
During the early instants of compression, shear occurs along particle contacts because of
sliding [22]. As a consequence of this shear, oxide films locally break, allowing the formation
of metal–metal electric paths with rather lower electric resistance [14, 15]. This descaling effect
that occurs during particle rearrangement is sufficiently important to be taken into account.

In view of Eq. (10), we can propose a similar expression to model the new situation:
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that the oxide films coating the particles are altered throughout the compression process.
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rE ¼ rres 1�Θ=ΘMð Þ�n (11)

where rres is the residual resistivity (higher than or equal to r0) that would remain atΘ = 0, as a
consequence of the mechanical descaling process not being completed. Only if the oxide layers
descaling during compression is complete, rres = r0 (actually, this limit value does not corre-
spond to that of the bulk material, because the oxide layers, once removed, remain in the
material and, although representing a very small volume fraction, slightly alter the resistivity
value). The exponent n is a fitting parameter, which describes the descaling rate; if there are no
oxide layers, its value would be equal to 3/2, but with their presence it will take higher values.

Thus, for Θ ! ΘM

lim
Θ!ΘM

rE ¼ rres � 1� 1ð Þ�n ¼ rres � ∞ð Þ ¼ ∞ (12)

On the other hand, in the limit that Θ ! 0

lim
Θ!0

rE ¼ rres � 1� 0ð Þ�n ¼ rres (13)

Comparing Eq. (11) with Eq. (10), it follows that the minimum value of the exponent nmust be
3/2. When the oxide dielectric layers are very thick and/or very resistive, the value of the
resistivity during the first moments of compaction will be much higher than with bare parti-
cles, and the descaling effect will be very pronounced. Then, the exponent n will take values
greater than 3/2.

2.4. Percolation theory relationship

Eqs. (10) and (11) are similar to that derived from the percolation theory [23–26]. In fact, a
simple algebraic manipulation of Eq. (10) leads to

rE ¼ r0 1�Θ=ΘMð Þ�3
2 ¼ r0

ΘM �Θ
ΘM

� ��3
2

¼ r0
1�Θ� 1þΘM

ΘM

� ��3
2

(14)

and, as the term (1�Θ) coincides with the relative density ϕ, by defining the relative tap
density ϕc = (1 – ΘM), it is obtained that

rE ¼ r0
ϕ� ϕc

1� ϕc

� ��3
2

(15)

where the denominator is a constant, so it follows that

rE ∝ ϕ� ϕc

� ��3
2 (16)

which is what the percolation theory predicts [23–26], if admitted that ϕc, obtained from the
tap porosity ( ΘM), represents the percolation bound and 3/2 is the percolation exponent.

A similar reasoning can be applied to Eq. (11), leading to the same conclusion.
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2.5. Model comparison

It is instructive to compare the theoretical predictions resulting from Eq. (10) and Eq. (11). Two
systems will be considered. The first one is a powder mass with bare particles (applicable to
sintered compacts or pressed compacts of deoxidized particles). The second one is a powder
mass with particles coated by native oxides (oxidized particles). According to the considered
equations, the relative electrical resistivity for both powder masses under compression varies
with the porosity degree as shown in Figure 3.

As shown, the variation by increasing pressure of both curves starts at the same porosity value
(the tap porosity), but the shape is not the same, due to the effect of the oxide descaling.

2.6. Influence of temperature

Although the resistivity of metals increases linearly with temperature, the resistivity of oxide
layers decreases with temperature and in a more drastic way, which is usually described by
means of an exponential law [27]:

rx Tð Þ ¼ Axexp Ex= 2kBTð Þð Þ (17)

where Ax is a pre-exponential factor, Ex is the band-gap energy and kB is the Boltzmann
constant. So, for sufficiently high temperatures (T ! ∞), the resistivity of the dielectric or
semiconductor layers will be significantly reduced. Dielectric breakdown of the layers may
also occur. (Note that the expression Ex/ (2kB) must have temperature dimensions.)

Taking into account this expression, it seems sensible to assume a similar behavior for rres and
the exponent n in Eq. (11), which should vary with temperature as follows:

Figure 3. Relative electrical resistivity (rE /r0 or rE/rres) vs. porosity for a powder mass of oxide-free particles (solid line)
and oxide-coated particles (dashed line). Curves have been computed by considering the arbitrary values ΘM = 0.6 and
n = 7/2.
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n Tð Þ ¼ 3
2
exp Tn=Tð Þ (18)

rres Tð Þ ¼ r0exp Tr=T
� �

(19)

where Tn and Tr are two convenient temperatures related to the corresponding activation
energies.

Thus, as T ! ∞, n ! 3/2, which is the value that the exponent n takes for oxide-free particles
(see Eq. (10)), i.e. without dielectric layer coatings. Similarly, as T ! ∞, rres ! r0, i.e. the
resistivity of the metal, which means that the oxide effect is zero, as if they were not present.

The electrical resistivity values of the oxide films coating the powder particles are difficult to
find. The chemical and physical nature of this oxide film cannot be accurately known in most
cases. Moreover, the oxide film may contain metal atoms in various oxidation states, and the
oxides may be accompanied by some hydroxides. Moreover, thin oxide films covering parti-
cles may behave in a rather different way of bulk oxides. The small thickness of the oxide layer
alters the resistivity value by diminishing it, according to the Fuchs-Sondheimer law [27]. It is
then concluded that it is difficult to know the exact nature and electrical resistivity of the oxide
layers. We also ignore the relationship between Tn or Tr and Ex.

Fortunately, it is possible to calculate the values of Tn and Tr from Eq. (17) and (18), once the
values of n and rres are known at room temperature. By isolating n and rres from the above
equations, we obtain

Tn ¼ T � Ln 2n=3ð Þ (20)

Tr ¼ T � Ln rres=r0
� �

(21)

2.7. Connection with the applied pressure

Eqs. (10) and (11) relate the effective electrical resistivity of the powder aggregate to its
porosity. Alternately, it would be possible to take into account the relationship between the
electrical resistivity and the applied pressure, as has been done by other authors [28]. How-
ever, the fact that Eq. (10) and Eq. (11) are formally equal is a great success of the porosity-
based description. The pressure-based description appears to have a narrower applicability,
because although sintered compacts are in general previously subjected to compression, there
is the possibility of obtaining very porous materials (with metal–metal contacts) without
applying pressure, due only to the heat effect, as is the case in loose sintering. In such scenario,
it is possible to consider a ‘pressure’ equal to the driving force that causes the decrease of
energy per unit of volume (J/m3 is equivalent to Pa), but this interpretation seems somewhat
tortuous and impractical. Therefore, the description based on the porosity appears to have a
wider applicability than that based on the applied pressure.
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There is also a technical reason for preferring a porosity-based description. Although during the
determination of the resistivity-porosity curve, it is also possible to record the applied pressure,
and the punches (made of electrolytic copper) limit the value of the highest attainable pressure.

However, it is perfectly possible to make a compressibility curve of the powders reaching very
high-pressure values, by using hardened steel punches (The compressibility curve collects
information of how the porosity (or relative density) of the powder mass varies when it is
subjected to an increasing compression.). Thus, the porosity-based description can be
supplemented by an analytical description of the compressibility curve of the powder. Once
the corresponding compressibility curve is obtained (Θ vs. PN), it can be fitted by the least
squares method to the analytical expression, for example, the one proposed by Secondi [29],
which can be expressed in porosity terms as

Θ ¼ Θ∞ þ ΘM �Θ∞ð Þexp � PN=að Þb
� �

(22)

where Θ is the porosity of the powder mass under a compacting pressure PN. The parameter
ΘM is again the tap porosity of the powder. The other parameters (Θ∞, a and b) are fitting
parameters.

Therefore, on the one hand, Eqs. (10) and (11) relate rE to Θ, and on the other hand, Eq. (21)
relates Θ to PN. Considering both equations, it is possible to relate rE to PN, which may be
helpful for some situations.

3. Experimental validation

3.1. Materials

To validate Eqs. (10) and (11), four powders (three elemental and one alloy) with different
nature, granulometry and tap porosity were chosen. The choice was guided by the intention of
checking whether the parameter ΘM used in the models allows for bringing out these differ-
ences.

Table 2 lists the commercial designation of each powder, the designation used here, the mean
particle size obtained by laser diffraction and the tap porosity (ΘM) measured according to
MPIF Standards [17]. Figure 4 shows SEM images with the different powders shape.

The absolute error during the measurement of the ΘM value, as a function of the employed
instrument precision, results to be�0.01: a very small value as compared to the measurements.
However, the random vibration process during measuring can lead to an increase of the
experimental uncertainty. Experimental checks confirm a higher value around �0.05, which is
still a relatively small value.
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n Tð Þ ¼ 3
2
exp Tn=Tð Þ (18)

rres Tð Þ ¼ r0exp Tr=T
� �

(19)

where Tn and Tr are two convenient temperatures related to the corresponding activation
energies.

Thus, as T ! ∞, n ! 3/2, which is the value that the exponent n takes for oxide-free particles
(see Eq. (10)), i.e. without dielectric layer coatings. Similarly, as T ! ∞, rres ! r0, i.e. the
resistivity of the metal, which means that the oxide effect is zero, as if they were not present.

The electrical resistivity values of the oxide films coating the powder particles are difficult to
find. The chemical and physical nature of this oxide film cannot be accurately known in most
cases. Moreover, the oxide film may contain metal atoms in various oxidation states, and the
oxides may be accompanied by some hydroxides. Moreover, thin oxide films covering parti-
cles may behave in a rather different way of bulk oxides. The small thickness of the oxide layer
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Fortunately, it is possible to calculate the values of Tn and Tr from Eq. (17) and (18), once the
values of n and rres are known at room temperature. By isolating n and rres from the above
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Tn ¼ T � Ln 2n=3ð Þ (20)

Tr ¼ T � Ln rres=r0
� �

(21)

2.7. Connection with the applied pressure

Eqs. (10) and (11) relate the effective electrical resistivity of the powder aggregate to its
porosity. Alternately, it would be possible to take into account the relationship between the
electrical resistivity and the applied pressure, as has been done by other authors [28]. How-
ever, the fact that Eq. (10) and Eq. (11) are formally equal is a great success of the porosity-
based description. The pressure-based description appears to have a narrower applicability,
because although sintered compacts are in general previously subjected to compression, there
is the possibility of obtaining very porous materials (with metal–metal contacts) without
applying pressure, due only to the heat effect, as is the case in loose sintering. In such scenario,
it is possible to consider a ‘pressure’ equal to the driving force that causes the decrease of
energy per unit of volume (J/m3 is equivalent to Pa), but this interpretation seems somewhat
tortuous and impractical. Therefore, the description based on the porosity appears to have a
wider applicability than that based on the applied pressure.
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There is also a technical reason for preferring a porosity-based description. Although during the
determination of the resistivity-porosity curve, it is also possible to record the applied pressure,
and the punches (made of electrolytic copper) limit the value of the highest attainable pressure.

However, it is perfectly possible to make a compressibility curve of the powders reaching very
high-pressure values, by using hardened steel punches (The compressibility curve collects
information of how the porosity (or relative density) of the powder mass varies when it is
subjected to an increasing compression.). Thus, the porosity-based description can be
supplemented by an analytical description of the compressibility curve of the powder. Once
the corresponding compressibility curve is obtained (Θ vs. PN), it can be fitted by the least
squares method to the analytical expression, for example, the one proposed by Secondi [29],
which can be expressed in porosity terms as

Θ ¼ Θ∞ þ ΘM �Θ∞ð Þexp � PN=að Þb
� �

(22)

where Θ is the porosity of the powder mass under a compacting pressure PN. The parameter
ΘM is again the tap porosity of the powder. The other parameters (Θ∞, a and b) are fitting
parameters.

Therefore, on the one hand, Eqs. (10) and (11) relate rE to Θ, and on the other hand, Eq. (21)
relates Θ to PN. Considering both equations, it is possible to relate rE to PN, which may be
helpful for some situations.

3. Experimental validation

3.1. Materials

To validate Eqs. (10) and (11), four powders (three elemental and one alloy) with different
nature, granulometry and tap porosity were chosen. The choice was guided by the intention of
checking whether the parameter ΘM used in the models allows for bringing out these differ-
ences.

Table 2 lists the commercial designation of each powder, the designation used here, the mean
particle size obtained by laser diffraction and the tap porosity (ΘM) measured according to
MPIF Standards [17]. Figure 4 shows SEM images with the different powders shape.

The absolute error during the measurement of the ΘM value, as a function of the employed
instrument precision, results to be�0.01: a very small value as compared to the measurements.
However, the random vibration process during measuring can lead to an increase of the
experimental uncertainty. Experimental checks confirm a higher value around �0.05, which is
still a relatively small value.
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3.2. Effective electrical resistivity of sintered compacts

There are two possible ways to validate Eq. (10). The first way consists in deoxidizing the
powders and subjecting them to varying pressures to determine their resistivity, all under an
inert atmosphere that guarantees the non-reoxidation of the particles. The second way consists
in pressing the as-received powders (oxidized) to different pressures obtaining different com-
pacts and, once compacted, carrying out a sintering process. This ensures that there are true
metal–metal contacts between the particles. Due to the technical difficulties in the first option,
the second one has been followed in this work.

Electrical resistance measurements were carried out by using a four-point probe and a Kelvin
bridge (micro-ohmmeter), by performing two measurements with inverted polarities to mini-
mize the parasitic effects. The electrical resistance was measured on cylindrical sintered com-
pacts with different porosities. Resistivity was determined from the measured resistance value,

Powder Designation Mean size (μm) ΘM (measured)

AS61 aluminum (Eckart-Werke) Al 77.0 0.45

89/11 AK bronze (Eckart-Werke) Bz 57.2 0.43

WPL 200 iron (QMP) Fe 84.4 0.63

T255 nickel (Inco) Ni 18.8 0.86

Table 2. Mean particle size and measured tap porosity (ΘM) of tested powders.

Figure 4. Scanning transmission microscopy (SEM) images of the four powders used for experimental validations. From
left to right and top to bottom: Al, Bz, Fe and Ni.
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Rm, by applying the known expression rE = 2π sRm, where s = 2 mm, is the distance between
the probe electrodes.

These cylindrical samples (about 10 mm height, 12 mm diameter) were prepared by uniaxial
cold compaction and subsequent sintering. Several compacting pressures were selected
according to the compressibility curve to achieve the desired porosities, which ranged from
the maximum allowing a handily specimen to the one obtained for a pressure of 1400 MPa.
Afterwards, sintering was carried out for 30 minutes at the temperature indicated in Table 3
under 1.2�105 Pa argon atmosphere. The final porosity after sintering (Θ) was again measured
by weighting and measuring the specimens, and the resulting values, shown in Table 3, were
used in the later calculations.

For comparison purposes, fully dense reference samples of each powder were produced by a
double pressing at 1400 MPa (with intermediate annealing to a half of the sintering tempera-
ture) and final sintering during 3 hours. Table 4 gathers the experimentally determined
resistivity values of the fully dense samples, used like r0 values. Also, included are the values
of the bulk materials, at the measuring temperature (~25�C), found in the literature [30]. These
later values are some lower, probably due to the presence in the fully dense samples of some
residual porosity and the contamination introduced by the surface oxides of the powder
particles.

The porosity-effective resistivity data cloud was then fitted to the expression of Eq. (10) by the
least squares method. The only fitting parameter was ΘM. The validity of the proposed model
will be assessed depending on how the fitted ΘM value compares to the experimental value
gathered in Table 2.

Powder Sintering temperature (�C) Porosity range

Al 650 0.01–0.32

Bz 850 0.05–0.10

Fe 1150 0.02–0.43

Ni 800 0.05–0.19

Table 3. Sintering temperature used to produce the tested specimens, previously pressed at different pressures, and
porosity range attained.

Powder Fully dense resistivity (r0 [Ω�m]) Bulk material resistivity (Ω�m)

Al 2.922 � 10�8 2.730 � 10�8

Bz 1.862 � 10�7 1.805 � 10�7

Fe 1.177 � 10�7 1.043 � 10�7

Ni 8.197 � 10�8 6.993 � 10�8

Table 4. Electrical resistivity of fully dense parts and bulk materials, at room temperature.
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Rm, by applying the known expression rE = 2π sRm, where s = 2 mm, is the distance between
the probe electrodes.

These cylindrical samples (about 10 mm height, 12 mm diameter) were prepared by uniaxial
cold compaction and subsequent sintering. Several compacting pressures were selected
according to the compressibility curve to achieve the desired porosities, which ranged from
the maximum allowing a handily specimen to the one obtained for a pressure of 1400 MPa.
Afterwards, sintering was carried out for 30 minutes at the temperature indicated in Table 3
under 1.2�105 Pa argon atmosphere. The final porosity after sintering (Θ) was again measured
by weighting and measuring the specimens, and the resulting values, shown in Table 3, were
used in the later calculations.

For comparison purposes, fully dense reference samples of each powder were produced by a
double pressing at 1400 MPa (with intermediate annealing to a half of the sintering tempera-
ture) and final sintering during 3 hours. Table 4 gathers the experimentally determined
resistivity values of the fully dense samples, used like r0 values. Also, included are the values
of the bulk materials, at the measuring temperature (~25�C), found in the literature [30]. These
later values are some lower, probably due to the presence in the fully dense samples of some
residual porosity and the contamination introduced by the surface oxides of the powder
particles.

The porosity-effective resistivity data cloud was then fitted to the expression of Eq. (10) by the
least squares method. The only fitting parameter was ΘM. The validity of the proposed model
will be assessed depending on how the fitted ΘM value compares to the experimental value
gathered in Table 2.

Powder Sintering temperature (�C) Porosity range

Al 650 0.01–0.32

Bz 850 0.05–0.10

Fe 1150 0.02–0.43

Ni 800 0.05–0.19

Table 3. Sintering temperature used to produce the tested specimens, previously pressed at different pressures, and
porosity range attained.

Powder Fully dense resistivity (r0 [Ω�m]) Bulk material resistivity (Ω�m)

Al 2.922 � 10�8 2.730 � 10�8

Bz 1.862 � 10�7 1.805 � 10�7

Fe 1.177 � 10�7 1.043 � 10�7

Ni 8.197 � 10�8 6.993 � 10�8

Table 4. Electrical resistivity of fully dense parts and bulk materials, at room temperature.
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Figure 5 shows the data clouds referred to the pairs (Θ, rE) and (ΘR, rR) for each one of the
tested powders. Also shown are the fitted theoretical curves, according to Eq. (10), which is
only one when using relative variables. Table 5 gathers the resulting values of ΘM after fitting
and the coefficients of determination, R2, obtained for each one of the powders.

As can be seen, the resulting fitting indicators are quite acceptable. Fitted ΘM values are inside
the accepted uncertainty range of �0.05 of the experimental values, except for the Ni powder.
In this case, the fitted value (0.71) is far from the experimental one (0.86). This deviation could
be due to the filamentary morphology of this powder and its great tendency to form agglom-
erates. This can distort the measurement of the tap porosity to a value higher than the actual
value. A very small compression is sufficient for the porosity to decrease drastically to a value
of about 0.7, which is the resultant value of the fitting process. Nevertheless, it seems that for
this type of powder morphologies, the tap porosity does not result an adequate parameter.

It is interesting to compare the expression proposed in this chapter with the expressions
suggested by other authors (Table 1). For this purpose, the experimental curve of the arbitrarily

Figure 5. Experimental results (symbols) and fitted curves (lines) according to Eq. (10). (a) Effective electrical resistivity
vs. porosity and (b) relative electrical resistivity (rE/r0) vs. relative porosity (Θ/ΘM), for the different studied compacts.
The vertical lines in (a) represent the fitted ΘM values of the tested powders.

Powder ΘM (measured) ΘM (fitted) R2

Al 0.45 0.424 0.957

Bz 0.43 0.422 0.855

Fe 0.63 0.678 0.982

Ni 0.86 0.706 0.962

Table 5. Values of the adjustable parameter of Eq. (10), the tap porosity ΘM and the resulting coefficients of
determination after fitting to the experimental data.
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chosen Fe compacts has been fitted with all the expressions (Figure 6). The value of r0 has always
been set equal to the value shown in Table 4, for the fully dense sample.

As can be seen, the expression proposed in this chapter offers one of the best coefficients of
determination. For the first seven expressions, the fitting parameter does not have a clear
physical meaning, so, nothing can be discussed in favor or against the obtained value. For the
McLachlan expression [10], the obtained parameter c results are too low to be identified with the
tap porosity. Similarly, for the expression reported by Montes et al. [11], c results are too high,
even higher than the measured tap porosity. If the fitting process is forced in these two cases to
make the parameter c to move in into admissible values (between 0.58 and 0.68), the coefficient of
determination decreases to 0.8960 and 0.7647, respectively. Regarding the expression in [12], the
obtained result is quite good, with a realistic value of the fitting parameter, and also with the
expression proposed in this chapter, with the added advantage of a being a simpler expression.

Figure 6. Curves resulting after fitting the experimental data of the Fe compacts with the different theoretical expressions
gathered in Table 1. The value of r0 was fixed to 1.177 � 10�7 Ω�m, corresponding to the fully dense sample. The inserted
table shows the coefficient of determination and the fitting parameter, c, in each expression.
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chosen Fe compacts has been fitted with all the expressions (Figure 6). The value of r0 has always
been set equal to the value shown in Table 4, for the fully dense sample.

As can be seen, the expression proposed in this chapter offers one of the best coefficients of
determination. For the first seven expressions, the fitting parameter does not have a clear
physical meaning, so, nothing can be discussed in favor or against the obtained value. For the
McLachlan expression [10], the obtained parameter c results are too low to be identified with the
tap porosity. Similarly, for the expression reported by Montes et al. [11], c results are too high,
even higher than the measured tap porosity. If the fitting process is forced in these two cases to
make the parameter c to move in into admissible values (between 0.58 and 0.68), the coefficient of
determination decreases to 0.8960 and 0.7647, respectively. Regarding the expression in [12], the
obtained result is quite good, with a realistic value of the fitting parameter, and also with the
expression proposed in this chapter, with the added advantage of a being a simpler expression.

Figure 6. Curves resulting after fitting the experimental data of the Fe compacts with the different theoretical expressions
gathered in Table 1. The value of r0 was fixed to 1.177 � 10�7 Ω�m, corresponding to the fully dense sample. The inserted
table shows the coefficient of determination and the fitting parameter, c, in each expression.
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3.3. Effective electrical resistivity of powder aggregates

It is now the intention to validate Eq. (11) for oxidized powder aggregates. The measuring
system consisted of a cylindrical die made of alumina (12 mm inner diameter and resistivity
~1012 Ω�m), with an external steel hoop to reinforce the brittle ceramic. Two electrodes (of
electrolytic copper) closed the die, with the powder mass in the middle. The porosity of the
powders was reduced by increasing the pressure and therefore moving the upper electrode
(the lower one remained fixed). After pouring the powder into the die, it was vibrated
according to the standards [17] in order to reach the tap porosity. The measuring process
started soon after the upper punch touched the powders. At each step, the height of the
powder column and its electrical resistance were recorded (the former through the displace-
ment of the universal testing machine frame, and the latter through a micro- or kilo-ohmmeter
connected to the electrodes). The load was increased to record a new point. For each measured
resistance value (R), the effective resistivity value (rE) can be calculated using the well-known
formula rE = R�S/H, where S is the cross-sectional area and H is the height of the powder
column. The porosity can also be easily computed from the powder column height.

The experimental results and fitted theoretical curves according to Eq. (11) are shown in
Figure 7. Note that although for the representation in Figure 7b relative variables have been
used, there is not a common theoretical equation for all the powders because the influence of
the descaling process is different from each one. Fitted values of the adjustable parameters
(ΘM, rres and n), as well as the coefficients of determination, R2, are gathered in Table 6. As can
be seen, the results are quite consistent, with coefficients always greater than 0.99.

Now, in all cases, fitted ΘM values are within the experimental uncertainty (about �0.05). The
obtained value for Ni is interesting, now in a total agreement with the measured value despite
the morphological characteristics of the powder have not changed. The presence of two other
fitting parameters allows ΘM reaching the objective value, which probably causes a slight

Figure 7. Experimental results (symbols) and fitted curves (lines) with Eq. (11) of (a) the effective electrical resistivity vs.
porosity and (b) relative electrical resistivity (rE/rres, with rres taken from Table 6) vs. relative porosity (Θ/ΘM), for the four
studied powders. The vertical lines in (a) represent the fitted tap porosity values.
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alteration in the other parameters. Unfortunately, the filamentary morphology of the powder
does not allow to be totally confident with the obtained results.

A detailed study of the fitted value of rres and n is also worth performing. Regarding the value
of rres, and also considering the rx value shown in Table 6, it can be said that there is a
correlation between the two values: if the values of rres and rx are ranked from highest to
lowest, the list obtained is the same. This is logical, considering that rres is due to the remains of
the oxide layers that have not been removed.

Obviously, the values of rres cannot be lower than those of the bulk metal, r0, given in Table 4.
As can be seen, all the values of rres exceed in one or more orders of magnitude of the
corresponding values of r0, with the exception of the bronze (Bz) whose rres is only slightly
higher than its respective value of r0. This very small difference means that the oxide can flake
out completely or that the oxide layer is much thinner in this powder.

On the other hand, the results obtained for n are not so easy to interpret. Obviously, these have
to do with the oxide descaling easiness. But the nature of this phenomenon is complex,
depending on multiple factors: the shape, size and hardness of the particles, the thickness of
the oxide layers, the mechanical strength and brittleness of these layers, etc. The difficultness to
collect all this information aggravates the problem [35].

It is possible, however, as already mentioned, to calculate the values of the activation energies
associated with the parameters n and rres, present in Eq. (11). Table 7 shows the resulting
values after replacing in Eq. (19) and Eq. (20) in the values of n and rres shown in Table 6 for
tests carried out at room temperature (298 K).

Powder ΘM (fitted) rres n R2 ΘM (measured) rx (Ω�m)

Al 0.436 1.618 � 10�5 2.311 0.990 0.45 1.0 � 1012 [31]

Bz 0.446 1.880 � 10�7 3.639 0.987 0.43 1.0 � 102 [32]

Fe 0.673 2.263 � 10�6 3.200 0.998 0.63 2.1 � 103 [33]

Ni 0.860 1.000 � 10�6 1.522 0.998 0.86 8.0 � 102 [34]

For comparison purposes, in the last two columns, the measured value of ΘM and the oxide resistivity at room tempera-
ture, found in thin film-specialized literature, are shown

Table 6. Fitting parameter values and coefficient of determination for the studied powders.

Powder Tn (K) Tr (K)

Al 128.846 1.88 � 103

Bz 264.095 2.87

Fe 225.792 8.81 � 102

Ni 4.334 7.45 � 102

Table 7. Activation energies associated with parameters n and rres.
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alteration in the other parameters. Unfortunately, the filamentary morphology of the powder
does not allow to be totally confident with the obtained results.

A detailed study of the fitted value of rres and n is also worth performing. Regarding the value
of rres, and also considering the rx value shown in Table 6, it can be said that there is a
correlation between the two values: if the values of rres and rx are ranked from highest to
lowest, the list obtained is the same. This is logical, considering that rres is due to the remains of
the oxide layers that have not been removed.

Obviously, the values of rres cannot be lower than those of the bulk metal, r0, given in Table 4.
As can be seen, all the values of rres exceed in one or more orders of magnitude of the
corresponding values of r0, with the exception of the bronze (Bz) whose rres is only slightly
higher than its respective value of r0. This very small difference means that the oxide can flake
out completely or that the oxide layer is much thinner in this powder.

On the other hand, the results obtained for n are not so easy to interpret. Obviously, these have
to do with the oxide descaling easiness. But the nature of this phenomenon is complex,
depending on multiple factors: the shape, size and hardness of the particles, the thickness of
the oxide layers, the mechanical strength and brittleness of these layers, etc. The difficultness to
collect all this information aggravates the problem [35].

It is possible, however, as already mentioned, to calculate the values of the activation energies
associated with the parameters n and rres, present in Eq. (11). Table 7 shows the resulting
values after replacing in Eq. (19) and Eq. (20) in the values of n and rres shown in Table 6 for
tests carried out at room temperature (298 K).

Powder ΘM (fitted) rres n R2 ΘM (measured) rx (Ω�m)

Al 0.436 1.618 � 10�5 2.311 0.990 0.45 1.0 � 1012 [31]

Bz 0.446 1.880 � 10�7 3.639 0.987 0.43 1.0 � 102 [32]

Fe 0.673 2.263 � 10�6 3.200 0.998 0.63 2.1 � 103 [33]

Ni 0.860 1.000 � 10�6 1.522 0.998 0.86 8.0 � 102 [34]

For comparison purposes, in the last two columns, the measured value of ΘM and the oxide resistivity at room tempera-
ture, found in thin film-specialized literature, are shown

Table 6. Fitting parameter values and coefficient of determination for the studied powders.

Powder Tn (K) Tr (K)

Al 128.846 1.88 � 103

Bz 264.095 2.87

Fe 225.792 8.81 � 102

Ni 4.334 7.45 � 102

Table 7. Activation energies associated with parameters n and rres.
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The relatively small differences in the n and rres values shown in Table 6 are now magnified. A
clear difference is found among resulting values. Concerning Tn, the Ni powder shows a value
of two orders of magnitude lower. This means that for temperatures not too high, the effect of
the nickel oxide will not be much important. In the limit situation, with oxide-free particles, Tn

takes the limit value 0 at any temperature. When the oxide is present, the value of Tn gives an
idea of the effect of the oxide at the considered temperature. On the other hand, according to
the Tr values, for temperatures not too high, the resistivity of the bronze oxide will be similar
to that of the metal. The effect of the resistivity at different temperatures can be followed with
the Tp value.

3.4. Model application

Up to now, the goodness of the developed relationships between electrical resistivity and
porosity has been checked, both in oxide-free and oxide-covered particles. As a result, the
fitting parameters of the model have been proven to agree with the expected ones or, in some
cases, have just been determined to fit the experimental data. A step further in the applicability
of the final model (considering the previously obtained fitting parameters) consists in compar-
ing the predictions for new situations with the corresponding new experimental results, this
time without free value parameters.

However, before undertaking this, there is still a pending issue, defining the relationship
between rE and PN stablished in Eq. (21). The first step consists in subjecting the selected
powders to compression tests, using a universal testing machine according to the standards
[36]. Figure 8 shows the obtained curves (inΘ vs. PN representation) and the theoretical curves
resulting from fitting by the least squares method the experimental curves to the Secondi
expression. Table 8 gathers the values of the parameters involved in Eq. (21) and the obtained
determination coefficients.

There are not many comments to make about the results, because apart from ΘM, the other
parameters do not have a physical meaning. Regarding ΘM, the fitted values are inside the
uncertainty interval except for the Ni powder. In this case, the fitted value is again quite
different to the experimentally measured, but being the same as the one obtained when also
working with oxide-covered powders during checking of Eq. (11). The powder morphology
accounts again for the observed difference.

Once the values of the parameters present in Eq. (10) and (21) are known, the predictability of
the model can be checked. For this purpose, new electrical resistance measurements were
made on the four powders under some different experimental conditions. An 8-mm-internal
diameter die was used (instead of the one used to determine compressibility and compressibil-
ity/resistivity curves, with 12 mm). Measurements were made with three different masses, 6, 8
and 12 g and with four different pressures (25, 50, 75 and 100 MPa). The measured values of
electrical resistance and the predicted values obtained using Eq. (10), Eq. (21) and the known
expression R = rE H/S are shown in Figure 9, for the iron powder. As can be seen, the values
differed by less than 2%, with an average relative error of 0.83%, which can be considered a
reasonable agreement. For the remaining powders, similar results were obtained.
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3.5. Electrical activation

In some electrical consolidation techniques of powders, it is practical to incorporate an electri-
cal activation stage, whose purpose is precisely to eliminate the insulating effect of the oxide
layers by electrical means. It is possible to avoid the effect of these oxide layers by employing
high or medium voltages (>200 V). High electrical currents are not necessary. During the first
moments of the process, the interparticle contact areas are very small and therefore very
resistive, and the local temperature of these areas can quickly and notably increase. This local

Powder Θ∞ ΘM a b R2

Al 0.007 0.494 110.6680 0.8381 0.9998

Bz 0.000 0.430 759.5506 0.7865 0.9923

Fe 0.016 0.645 304.9329 0.7967 0.9997

Ni 0.130 0.716 329.6176 0.8132 0.9997

Table 8. Fitted values of the parameters involved in the Secondi expression (Eq. (21)).

Figure 8. Experimental compressibility curves and corresponding fitted curves obtained by fitting by the least squares
method the Secondi expression to the experimental data.
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differed by less than 2%, with an average relative error of 0.83%, which can be considered a
reasonable agreement. For the remaining powders, similar results were obtained.
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temperature increment will result in a drastic decrease in the resistivity of the oxide layers,
dielectric or semiconductor in nature. If the local temperature or applied electric fields become
sufficiently high, the dielectric breakdown of these layers could also occur, often leading to an
irreversible degradation.

In order to test both themodel and the efficiency of the electrical activation process, the resistance
measurements obtained after activating Fe powder columns (under the same aforementioned
conditions), and the predicted values through the model of oxide-free particles given by Eq. (10),
are compared. The electrical discharge came from an autotransformer capable of providing a
voltage of 0–220 V and a maximum current of 10 A, protected by a magnetothermic circuit
breaker. The voltage was slowly increased until the circuit breaker opened the circuit. Then,
resistance measurements were carried out. Figure 10 shows the measured electrical resistance
values, as well as the predicted ones. In this case, the maximum relative error is 9.5%, with seven
of the experiments having an error greater than 5%, and with an average relative error of 4.9%.

It is worth noting that the resistance values shown in Figure 9 are three orders of magnitude
higher than those shown in Figure 10. The higher values must be due to the presence of oxide
layers, only partially peeled by pressure, and to their absence (partial or total) in the second
case. After the application of the electrical activation, resistivity decreases as a consequence of
the temperature increase or the degradation of the dielectric layers. The observed differences
between experimental and theoretical values suggest, however, that the invalidation effect of
the oxide layers is not complete. Certainly, the activation process also has a strongly erratic
component forming randomly privileged electrical pathways, thus making the process non-
uniform and deviating from the proposed model. Despite these differences, and according to
the measured and predicted values shown in Figures 9 and 10, it can be concluded that the
model can be considered satisfactorily validated.

Figure 9. Measured and predicted resistance values for Fe powder columns under different pressures and masses.
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4. Conclusions

Two new equations to calculate the effective electrical resistivity of metal powder systems
under pressure (constituted by oxide-free or oxide-coated metallic particles) have been devel-
oped. According to these equations, the effective electrical resistivity can be expressed as a
function of the material resistivity, the porosity degree of the sample and the tap porosity of the
starting powders. The latter parameter is considered a fitting parameter in the model, to be
determined with initial experiences. To model powder aggregates of oxide-coated particles,
two fitting parameters describing the powder descaling phenomenon are also necessary: the
residual resistivity and the exponent value. This descaling phenomenon must be considered in
the model to explain that resistivity does not tend to the bulk metal value if extrapolated to
zero porosity and to justify the greater rate of reduction in resistivity by decreasing porosity (as
compared to the case of oxide-free particles). However, both equations are formally similar
from a mathematical point of view.

The validity of these equations has been experimentally tested, using sintered compacts (sim-
ilar to oxide-free powder system) and powder aggregates (similar to oxide-coated powder
system) of aluminum, bronze, iron and nickel with different porosity degrees. The agreement
between experimental and fitted theoretical values is quite good.

The proposed equations are suitable to describe the early stages of electrical consolidation
techniques. The efficiency of the electrical activation process (which causes the dielectric
breakdown of the oxide layers) has been tested and interpreted on the basis of the equations
presented here. The results obtained confirm the goodness of the proposed models.

Figure 10. Measured and predicted resistance values for Fe powder columns under different pressures and masses and
with a previous activation stage.
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Abstract

Polyesters occupy an important place in the group of polymers as engineering materials 
to be used in electrotechnology and electronics. These polymers are characterized by 
excellent electro-insulating properties, showing mechanical strength, thermal resistance, 
and easiness in processing at the same time. The chapter presents the behavior analy-
sis of the following polyesters in electric field: poly(ethylene terephthalate), poly(lactic 
acid), and polycarbonate. The effect of polymer microstructure on electric properties is 
presented, including its susceptibility to polarization that makes it possible to use poly-
esters as electrets materials. The second trend of the study presents the possibilities of 
transforming the electro-insulating properties of polyester fabrics to conductive proper-
ties with the use of modern processing methods such as PVD, CVD, and digital print. 
The functionalization of polyester fabrics extends their application range, for example, 
in e-textiles and reduces the fabric susceptibility to static electricity, increasing the safety 
of use.

Keywords: polyesters, electrical conductivity, polarization, electrets, static electricity

1. Introduction

Polyesters constitute an important group of polymers widely used in many branches of econ-
omy, such as electrical, electronic, building, clothing and packaging industries, and medi-
cine. These polymers are characterized by excellent electro-insulating properties, mechanical 
strength, thermal resistance, and susceptibility to multiple processing. A common feature of 
polyesters is the presence of ester group in the main chain structure. This group imparts 
a polar character to polyesters. Aromatic groups in the repeatable units of polyester chain 
impart to the polymers an increased physical resistance, such as thermal (increased melt-
ing point and glass transition temperature) and mechanical resistance (increased mechanical 
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Abstract

Polyesters occupy an important place in the group of polymers as engineering materials 
to be used in electrotechnology and electronics. These polymers are characterized by 
excellent electro-insulating properties, showing mechanical strength, thermal resistance, 
and easiness in processing at the same time. The chapter presents the behavior analy-
sis of the following polyesters in electric field: poly(ethylene terephthalate), poly(lactic 
acid), and polycarbonate. The effect of polymer microstructure on electric properties is 
presented, including its susceptibility to polarization that makes it possible to use poly-
esters as electrets materials. The second trend of the study presents the possibilities of 
transforming the electro-insulating properties of polyester fabrics to conductive proper-
ties with the use of modern processing methods such as PVD, CVD, and digital print. 
The functionalization of polyester fabrics extends their application range, for example, 
in e-textiles and reduces the fabric susceptibility to static electricity, increasing the safety 
of use.

Keywords: polyesters, electrical conductivity, polarization, electrets, static electricity

1. Introduction

Polyesters constitute an important group of polymers widely used in many branches of econ-
omy, such as electrical, electronic, building, clothing and packaging industries, and medi-
cine. These polymers are characterized by excellent electro-insulating properties, mechanical 
strength, thermal resistance, and susceptibility to multiple processing. A common feature of 
polyesters is the presence of ester group in the main chain structure. This group imparts 
a polar character to polyesters. Aromatic groups in the repeatable units of polyester chain 
impart to the polymers an increased physical resistance, such as thermal (increased melt-
ing point and glass transition temperature) and mechanical resistance (increased mechanical 
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parameters such as elasticity and strength). The content of aromatic structures in polyesters is 
different and has been used for the internal classification of these polymers into aliphatic, ali-
phatic-aromatic, and aromatic polyesters. Aliphatic polyesters contain no aromatic structures, 
for example, poly(ethylene adipate). This group includes biodegradable polyesters, such as 
poly(lactic acid) (PLA) (Figure 1B), polyesters of butyric acid (PHB), and poly(butylene suc-
cinates) (PBS) widely used in medicine and technology. Aliphatic-aromatic polyesters contain 
both the aliphatic and aromatic structures (e.g., poly(ethylene terephthalate), polycarbonates) 
(Figure 1C, D). These polyesters show very good thermo-mechanical, impact, tribological, 
and optical properties, as well as resistance to atmospheric and functional conditions, which 
qualify them for mass production and versatile use. Finally, polyesters with “purely” aromatic 
structures—polyarylates (poly(4-hydroxybenzoate), poly(bishfenol-A-terephthalate), liquid 
crystal polyester) that show excellent thermal and dimensional stability, impact resistance, 
fire resistance, and nonlinear optical properties (NLO) [1]. Aromatic polyesters are used in 
the production of membranes, films coatings for electronic and electrical industries, optical 
waveguides and devices doubling the frequency of electromagnetic waves [1].

The chapter presents the behavior analysis of the following polyesters in DC electric field: 
aliphatic-aromatic polyesters with the example of poly(ethylene terephthalate) (PET) and 
polycarbonate (PC) and aliphatic polyester with the example of poly(lactic acid).

The processes of nonstationary current flow in polyesters and possible mechanisms that gen-
erate the nonstationary states are presented. Using the example of PET film tests, the ionic 
character of current conduction is shown. It is the effect of air humidity in the environment 
where a product is used that is connected with the ionic character of current conductance. 
There observed a well-known effect of deteriorating the PET film electro-insulating properties 
with increasing the content of water vapor in air [2]. In this study, it has been shown that this 
effect additionally depends on the form of product, and it is particularly intensified in fibrous 
structures, where the conduction is increased by about 1000 times. The effect of the physico-
chemical state and coarseness of surface on the level of static electricity charge is shown. The 
processes of static electricity of polyesters, electricity conditioning, and hypotheses explain-
ing these processes with a particular consideration of the static electricity of polyester-metal 
contact are discussed. The polyesters are important precursors for making electrets. The vari-
ous techniques of electrets making and the issues of the electric charge relaxation that are of 

Figure 1. Structures of chemical groups in polyesters.
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great importance for the electrets stability are presented. Information about the development 
trends of polyester and new fields of application are also included.

2. Electrical conductance of polyesters in a DC field

Polyesters are real dielectrics with a low electric conductance, polarizability in electric field, 
and a strong susceptibility to static electricity. Electric properties are determined by the pres-
ence of connected charges and trace quantities of free electric charges that are generated by 
defects, impurities, technological additives, or injected from electrodes or environment (e.g., 
low-temperature plasma). During the interaction of DC field, free charges undergo migration 
and connected charges are polarized. Migration and polarization processes occur in parallel, 
shaping a characteristic, nonstationary image of the polymer electric conductance.

The current that flows in a real polymeric dielectric under DC field is transient in nature 
and called absorption current. The density of absorption current decreases in time to reach 
a steady-state value called conductance current. The transient (absorption) current “j(t)” is 
presented as a sum of the steady-state conduction current “jc,” the transient current (displace-
ment current) “jp(t),” and diffusion current “jd“:

  j (t)  =  j  c   +  j  d   +  j  p   (t)   (1)

In many polymers, the decreasing transient polarization current is in a direct relation with 
the function of polarization decay P(t). The polarization decay occurs according to the 
dependence:

  P (t)  =  P  o   ⋅ exp (  t __  τ  p    )   (2)

where: t—time and τp—macroscopic relaxation time of electrical polarization. The decrease in 
current in dielectric polymer can be approximated by Curie function:

  j = A ⋅  t   −n   (3)

where: A—coefficient of proportionality dependent on temperature, n—power coefficient 
dependent on relaxation processes, n < 1 for times t > τ, while n > 1 for t < τ. With the use of the 
above approximation to transient conduction processes in PET, the following values of power 
coefficient are obtained: n = 0.75 [3], n = 0.33 [4], and n = 0.79 [5]. The transient character of 
current indicates a complicated behavior of electric charges in dielectric polymers. The values 
of conductance current are lower by one to several orders compared to the initial absorption 
current and the time of reaching a steady-state value is from several minutes to dozen hours 
depending on polymer. To metrologically characterize a polymer, it is indispensable to deter-
mine the isochronal absorption current (i.e., current at constant times).
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great importance for the electrets stability are presented. Information about the development 
trends of polyester and new fields of application are also included.

2. Electrical conductance of polyesters in a DC field

Polyesters are real dielectrics with a low electric conductance, polarizability in electric field, 
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and connected charges are polarized. Migration and polarization processes occur in parallel, 
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The current that flows in a real polymeric dielectric under DC field is transient in nature 
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ment current) “jp(t),” and diffusion current “jd“:

  j (t)  =  j  c   +  j  d   +  j  p   (t)   (1)

In many polymers, the decreasing transient polarization current is in a direct relation with 
the function of polarization decay P(t). The polarization decay occurs according to the 
dependence:

  P (t)  =  P  o   ⋅ exp (  t __  τ  p    )   (2)

where: t—time and τp—macroscopic relaxation time of electrical polarization. The decrease in 
current in dielectric polymer can be approximated by Curie function:

  j = A ⋅  t   −n   (3)

where: A—coefficient of proportionality dependent on temperature, n—power coefficient 
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current indicates a complicated behavior of electric charges in dielectric polymers. The values 
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mine the isochronal absorption current (i.e., current at constant times).
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Test results indicate that the transient character of current depends on the factors connected 
with the object tested (chemical structure and the presence of polar groups, physical micro-
structure, thermal and electric history of a sample) and test conditions (field intensity, tem-
perature and relative humidity of the medium, and electrode material and the presence of 
residual charge in the material tested).

Das-Gupta in his studies [7–9] has presented several mechanisms explaining the transient cur-
rent flow in polymers. His intention was to indicate a method of identifying the mechanism 
type. The identification consists in performing a series of tests for the given polymer: relation-
ship between electric field and the isochronal current transient, temperature dependence, effect 
of electrode material, thickness dependence, and time dependence of transient current. Then, 
the test results are analyzed with respect to the probability of the given mechanism. Das-Gupta 
characterizes the features of five mechanisms potentially generating transient current flows:

1. Electrode polarization: isochronal current proportional to field, a strong effect of the elec-
trode material by blocking the flow, the process is thermally activated, power coefficient: 
initially n = 0.5 followed by n > 1.

2. Orientation of dipoles uniformly arranged through the polymer volume: isochronal cur-
rent proportional to field, the process is thermally activated, electrode materials and thick-
ness sample independent of isochronal current at DC field, power coefficient 0 ≤ n ≤ 2.

3. Charge injection forming trapped space charge: isochronal current is controlled by injec-
tion method (electronic, corona discharge, and glow discharge methods), the thickness 
sample independent of isochronal current at DC field, dependence electrode material 
related to injection method, thermally activated process related to injection method, power 
coefficient 0 ≤ n ≤ 1.

4. Charge tunneling from electrodes to empty traps: (isochronal current proportional to field, 
thickness sample inversely proportional dependent of isochronal current at DC field, the 
process is thermally independent, strongly dependence electrode material, power coef-
ficient 0 ≤ n ≤ 2

5. Hopping of charge carriers from one localized state to another: isochronal current propor-
tional to field, the process is thermally activated, thickness sample and electrode materials 
independent of isochronal current at DC field, power coefficient 0 ≤ n ≤ 2.

The starting point of recognizing the conductance process is the determination of charge car-
rier nature (electrons, ions). The assessment of carrier types is carried out by direct testing 
through comparing the charge transferred with the mass of substance released on electrodes 
in contact with the polymer (mass spectrometry and neutron activation analysis). Indirect 
methods include: tests of voltage-current and current-temperature characteristics [5, 10, 
11], dielectric tests [12], tests of photo-electric and electro-chemical effects as well as tests of 
the dependence of polymer conductance on pressure [13]. The image of the pure polymer 
conductance significantly differs from that of polymer containing ionogen compounds (e.g., 
stabilizers, catalyst residues, impurities, other additives, and products of chemical decompo-
sition). Compounds of this type (e.g., water) easily dissociate in volume or on the polymer 
surface imparting an ionic character to conductance.
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In studies carried out on a pure PET, their authors present divided views: Amborski [10], 
Saito [13] declare themselves in favor of the ionic conductivity mechanism in PET. Based 
on testing the electro-chemical effect with the use of thermally stimulated currents (TSC), 
Sawa [14] concludes that electronic conduction occurs at temperatures to Tg and ionic 
conductance at temperatures above Tg. The concept of ionic conductance in polymers is 
based on the assumption of the presence of molecules capable of dissociating in the poly-
mer structure and various structural effects that determine the available internal volume of 
polymer and are responsible for the diffusion processes and ion transport in the polymer 
volume. The migration of free ions consists in specific, hopping change in ion positions 
[15] Charge motion is given by the carrier hopping over the potential barrier. It takes place 
from one to the other position, in which the ion achieves the minimal value of potential 
energy. The mobility of free ions is limited by the value of potential barrier WB, which 
should be defeated by the ion during migration. The electric field reduces the barrier by 
the value “Δ“:

  Δ =   1 __ 2   e ⋅ a ⋅ E  (4)

where: E is DC field intensity, e—electron charge, and a—hopping dislocation path of ion. 
Based on the calculations of the probability of change in ion position in the polymer during 
migration and the rate of ion dislocation from one to the other position [15], the current den-
sity of conduction under the conditions of the DC action can be given as follows:

  j = z ⋅ e ⋅ n ⋅  (a ⋅ ν ⋅ exp [−   
 W  B  

 ___ kT  ]  ⋅ 2 ⋅ sinh [  z ⋅ e ⋅ E ⋅ a _________ 2kT  ] )  = G ⋅ sinh (H ⋅ E)   (5)

where: z—number of elementary charges, e—electron charge, n—density of dissociated mol-
ecules, a—path of the charge hopping dislocation, k—Boltzmann constant, WB—barrier of the 
charge potential energy, E—DC field intensity, T—temperature, G and H—constants in the 
generalized form of Eq. (5).

2.1. Electrical conductivity of poly(ethylene terephthalate) films

Poly(ethylene terephthalate) is a commonly used polymer in electrical engineering and elec-
tronics, where its electro-insulating properties are successfully used. In this study, commercial 
PET films, Estrofol type, containing indispensable additives, such as catalysts and stabiliz-
ers: manganese acetate (0.035% by wt.), calcium acetate (0.052% by wt.), antimony trioxide 
(0.040% by wt.), and phosphorus compounds (0.035% by wt.) were tested. Three variants of 
PET film with different supermolecular structures were tested: oriented films technologically 
drawn in a single-axis direction in a ratio of 2×, 3.5×, and 4×.

Al electrodes with a protective ring were evaporated on the purified film surface. The kinetics 
of absorption/desorption (depolarization) currents were examined for 20 min with the use of 
the measurement system described in paper [16]. Figure 2 shows the kinetics of the volume 
absorption current in PET film (Table 1, draw ratio 4.0×) measured for 10 min. After this time, 
DC field was turned out and with earthed electrodes, the depolarization current (desorption 
current) was recorded for 10 min.
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Current-voltage characteristics were determined on the basis of the absorption current cor-
rected by the desorption component according to the procedure of Badiana [17]. The char-
acteristics j = f(E) shown in Figure 3 indicate linear behavior of the films and a shift into 
nonlinear state at an intensity of 3.5 × 107 V/m. Based on the nonlinear range of field intensity 
that in the case of samples B and C is developed within a high range of the intensity of field E, 
the analysis of the ionic conductance of the films was carried out.

The experimental current-voltage characteristics of samples B and C were approximated with 
the Eq. (5). The approximation consisted in directing the function: j = G.sinh H.E to a linear 
form, that is, to develop it into Taylor series according to the procedure given in monograph 
[18], taking into account only the linear elements of this solution. In calculations based on the 
minimization procedure, the following parameter values were obtained:

• for PET (R = 3.5×) G = 7.20 × 10−13 m/V, H = 2.4 × 10−8 m2/A, a = 1.24 nm

• for PET (R = 4.0×) G = 7.41 × 10−13 m/V, H = 2.4 × 10−8 m2/A, a = 1.24 nm

a—path of the hopping shift of charge between successive equilibrium positions.

* determined by the densitometric technique.

Table 1. Characteristics of PTE films.

Figure 2. Decay of the transient (A) and depolarization (D) currents Iv = f(t) in a PET film (R = 4.0×) under a DC field (Al 
electrodes, t = 23°C, RH = 25%).
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Parameter “H” characterizes the migration of the charge carriers in the process of conduction. 
With an assumption of one carrier type (e.g., proton, z = 1), the path of protons in the PET 
tested amounts to 1.24 nm and is the same for the film stretched 3.5 and 4.0 times. The value 
calculated is probable if we consider the distances between PET macromolecules. The inves-
tigations of PET films by the method of wide-angle diffraction [19] prove that the phenyl ring 
planes of macromolecules in the crystalline areas are oriented in parallel to the film plane. The 
distance between the phenyl ring planes perpendicular to the film plane (i.e., toward field E)— 
thus toward the motion of charge carriers according to the calculation [19], it amounts to 
0.32 nm. If the migration of charge carriers occurs in the noncrystalline areas of polymer, where 
the intermolecular distances are higher than 0.32 nm, the value of the charge hopping shift is 
real. Figure 4 shows the comparison of theoretical and experimental j = f (E) characteristics of 
PET films.

The conformity of current-voltage courses allows one to think that in the PET films tested, 
the conduction of charges is of ionic character. The resistivity of PET films calculated 
for the proportional range of characteristics I = f(U) is for R = 2.0× lg ρV = 15.400 ± 0.157, 
for R = 3.5× lg ρV = 15.500 ± 0.128, and for Rx = 4.0 lg ρV = 15.277 ± 0.177. It seems that the 
structural differences in the films tested do not influence the DC conductance in a statisti-
cally significant way.

Urbaniak-Domagala has presented in her study [16] the tests results of DC conductance in 
polylactide film. The tests were carried out with the use of Al and Au rigid electrodes within 
the range of DC field from 8.3 to 33.3 MV/m. In DC field, polylactide behaves as PET, showing 
a low conductance, a transient in nature current flow, dependence of current density on the 
electrode material j PET-Al-PET > j PET-Au-PET and a low energy of the conduction activation energy 
(0.4–0.7) eV that increases in the area of glass transition (0.9–1.1) eV.

Figure 3. Characteristics of PET films. Films denotation according to Table 1.
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Current-voltage characteristics were determined on the basis of the absorption current cor-
rected by the desorption component according to the procedure of Badiana [17]. The char-
acteristics j = f(E) shown in Figure 3 indicate linear behavior of the films and a shift into 
nonlinear state at an intensity of 3.5 × 107 V/m. Based on the nonlinear range of field intensity 
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• for PET (R = 3.5×) G = 7.20 × 10−13 m/V, H = 2.4 × 10−8 m2/A, a = 1.24 nm

• for PET (R = 4.0×) G = 7.41 × 10−13 m/V, H = 2.4 × 10−8 m2/A, a = 1.24 nm

a—path of the hopping shift of charge between successive equilibrium positions.

* determined by the densitometric technique.

Table 1. Characteristics of PTE films.

Figure 2. Decay of the transient (A) and depolarization (D) currents Iv = f(t) in a PET film (R = 4.0×) under a DC field (Al 
electrodes, t = 23°C, RH = 25%).
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Parameter “H” characterizes the migration of the charge carriers in the process of conduction. 
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the range of DC field from 8.3 to 33.3 MV/m. In DC field, polylactide behaves as PET, showing 
a low conductance, a transient in nature current flow, dependence of current density on the 
electrode material j PET-Al-PET > j PET-Au-PET and a low energy of the conduction activation energy 
(0.4–0.7) eV that increases in the area of glass transition (0.9–1.1) eV.
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Figure 4. Comparison of theoretical and experimental density current - DC field intensity characteristics of PET films.

2.2. Effect of the medium relative humidity (RH) on the electric conductance of PET 
products in DC field

There are many examples of end products (films woven and knitted fabrics, nonwovens) 
designed for protective applications, such as electro-insulating barriers and protective cloth-
ing that are used under variable environmental conditions. Environmental factors bring 
about polymer aging [2]. Qualitative and quantitative tests of the polyester product aging 
have shown a significant effect of water vapor in air as an ionogenic factor that is perma-
nently present during operational use, while the content of water vapor is variable as the 
relative humidity in the medium. The interaction of water vapor is dependent not only on the 
polymer absorption properties, but also on the product structure. This effect is particularly 
distinct in textile fabrics, where the fabric structure has a hierarchic character determined by 
complex systems of fibers with micrometric thickness, forming a yarn and the yarn threads 
form a higher structure such as thread repeat. The textile fabric structure intensifies absorp-
tion processes due to capillary processes that do not occur in monolithic products such as 
films or foils.
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Figure 5. Effect of relative humidity (RH) of air in an isothermal medium on the volume resistivity “ρV” of PET woven 
fabric: (A) absolute humidity of woven fabric “W” = f(RH), (B)ρV = f(RH), (C) log ρV = f(W).

Electrical Properties of Polyesters
http://dx.doi.org/10.5772/intechopen.78612

43



Figure 4. Comparison of theoretical and experimental density current - DC field intensity characteristics of PET films.

2.2. Effect of the medium relative humidity (RH) on the electric conductance of PET 
products in DC field

There are many examples of end products (films woven and knitted fabrics, nonwovens) 
designed for protective applications, such as electro-insulating barriers and protective cloth-
ing that are used under variable environmental conditions. Environmental factors bring 
about polymer aging [2]. Qualitative and quantitative tests of the polyester product aging 
have shown a significant effect of water vapor in air as an ionogenic factor that is perma-
nently present during operational use, while the content of water vapor is variable as the 
relative humidity in the medium. The interaction of water vapor is dependent not only on the 
polymer absorption properties, but also on the product structure. This effect is particularly 
distinct in textile fabrics, where the fabric structure has a hierarchic character determined by 
complex systems of fibers with micrometric thickness, forming a yarn and the yarn threads 
form a higher structure such as thread repeat. The textile fabric structure intensifies absorp-
tion processes due to capillary processes that do not occur in monolithic products such as 
films or foils.

Electrical and Electronic Properties of Materials42

Figure 5. Effect of relative humidity (RH) of air in an isothermal medium on the volume resistivity “ρV” of PET woven 
fabric: (A) absolute humidity of woven fabric “W” = f(RH), (B)ρV = f(RH), (C) log ρV = f(W).

Electrical Properties of Polyesters
http://dx.doi.org/10.5772/intechopen.78612

43



The importance of the problem of the air humidity effect in environment on the processes of 
current flow in a product in DC field was presented using an example of woven fabric made 
of 100% PET fibers. In order to do that, the isochronal current absorption and current depolar-
ization in the woven fabric for 10 min were examined using an electrostatic field intensity of 
E = 1 kV/mm. The fabric was first purified and its surface weight was 100.0 g/m2 and thickness 
of 0.2 mm. They used rigid electrodes with a diameter 50 mm and a constant unit load accord-
ing to EN 1149-2:1999 + Ap1:2001, in a standard screened measurement system [16]. Before the 
tests, the woven fabrics were preheated to constant weight “ms” considered as dry mass. Then, 
isothermal environment conditions were established (t = 23°C) under which the air relative 
humidity was changed from 25 to 88% followed by return to the initial humidity 25%. For each 
variant of RH in the range of 25–88%, the samples were air conditioned for 24 h and then tested 
under these conditions. The tests were carried out in an air conditioning chamber Feutron. In 
parallel to the absorption and depolarization currents, the mass of moist fabric “mw” was deter-
mined and then the absolute humidity of fabrics “W” was calculated from the dependence:

  W =  (  
 m  w   −  m  s   ______  m  s    )  ⋅ 100%  (6)

Figure 5 presents the effect of relative humidity (RH) of air in the isothermal medium on the 
volume resistivity “ρV “of PET woven fabric in the process of sorption followed by desorption.

Figure 5A shows that with increasing RH from 25 to 88%, the volume resistivity of PET 
woven fabric is decreased by about 1000 times. Changes in resistivity are nonlinear and 
conditioned by the modifying interaction of the molecules of water absorbed from air and 
physico-chemically and physically added to the fabric as shown by the sigmoidal character of 
the sorption and desorption isotherms (Figure 5B). Moreover, it is observed that the humidity 
and resistivity “ρV“ depend on the way of reaching the physical equilibrium of sample by wet-
ting or drying, which results in the hysteresis of humidity of fabrics and hysteresis of volume 
resistivity. The occurrence of hysteresis parameters proves how important is the definition of 
the fabric pre-conditioning and its acclimatization for tests.

The absolute humidity of woven fabric is an important factor influencing the processes of 
charge conductance and depolarization. For the PET woven fabric tested in the electrostatic 
field E = 1 kV/mm, the volume resistivity “ρV“ of the fabric as a function of humidity “W” 
(Figure 5C) satisfy the generalized dependence:

  log  ρ  V   = − aW + b  (7)

where: W—absolute humidity of fiber, a = − 10.559, b = 16.150 (Figure 5C), which is consistent 
with the results of Morton and Hearle [20]. Based on the above dependence, one can estimate 
the volume resistivity of PET woven fabrics in the state of humidity W = 0% at a level of log 
ρV = 16,150 with correlation coefficient R2 = 0.98.

3. Static electricity of polyesters

Polyesters form a group of polymers with a high susceptibility to static electricity and a 
long lifetime of charges generated on surface and in volume. This feature results from a low 
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number of free charges and a low electric conductance. On account of a high Debye radius, 
a charge can be formed in both the polymer top layer and volume [21]. The mechanism of 
static electricity of polymers is complex since the electric loading state attained constitutes 
a resultant effect of three partial processes: charge generation, charge storage on polymer 
surface, and in its volume and charge decay by relaxation and transport. Each of these par-
tial processes proceeds differently in the case of so-called contact electricity, triboelectric, 
induction, injection in corona and glow discharges, γ-irradiated, laser–irradiated, and UV-
irradiated electricity [22, 23]. It is the contact electricity that has been best known, particularly 
in polymer-metal systems, on account of the possible specification of molecular and energetic 
parameters for metals. Already in studies [24, 25], attempts have been undertaken to model 
contact electricity with the assumption that in the polymer counter-surface contact, the charge 
carriers are transferred from one surface to the other contacting surface, while the direction 
of charge transfer depends on parameters such as: work charge exit from contacting surfaces, 
surface temperature, and initial concentration of charge carriers.

The next question to be solved is the assessment of the carrier nature responsible for elec-
tricity. Many authors believe that electricity depends on the injection of electrons from/to 
the polymer surface [26, 27]. The mechanism of contact electricity with the polymer-metal 
system is considered when we use the notions of band structure of a solid body (insulator or 
semiconductor) to describe the polymer energetic structure. For polymers, the occurrence of 
a wide band of forbidden positions and a specified work of electron exit are assumed. A char-
acteristic feature is the occurrence of discrete donor and acceptor energetic states in the band 
of forbidden energies. These states are localized at the edges of conduction and valence bands. 
The succession of the presence of discrete states is the broadening of band edges. According 
to Fuhrmann [28], Fabish [25], and Mizutani [29], these states can trap the charge carriers and 
take part in contact electricity.

Energetic states localized in the polymer top layer are energetically different as a result from 
the presence of impurities, free radicals, absorbed molecules, products of polymer oxidation, 
ends and branches of macromolecules, and structural defects. The nature of localized ener-
getic states is also modified by the polymer physical microstructure, mainly by the content of 
crystalline phase, shape, and perfectness of crystallite and interphase structures: crystallite-
amorphous zone. The use of the notion of trapping states is convenient for the description of 
the processes of charge displacement and accumulation in polymeric dielectrics. The filling of 
traps with various charges leads to a permanent presence of charges in polymer.

An open issue is the investigation method of the distribution of the charge generated in poly-
mers. The knowledge of charge distribution is indispensable for the identification of electric 
conductance processes, strength of polymeric dielectrics, and their aging as well as the mecha-
nisms of polarization in polymeric electrets. The classic methods of investigating the distribu-
tion of charges and electric relaxation of polymers include the methods thermally stimulated 
currents (TSC) and thermally stimulated depolarization currents (TSDC) [30]. The drawback 
of TSC and TSDC methods is their destructive character in relation to the sample tested. 
Apart from the thermally stimulated method, they developed acoustic methods suitable for a 
direct use in testing polymeric insulations under voltage, measurements of the distributions 
of electric fields [31, 32], and tracing the development of polarization in polymers under high 
field voltage. Three types of acoustic methods using different techniques of acoustic wave 
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generation are now under improvement: laser induced pressure pulse (LIPP) [32], pressure 
wave propagation (PWP) [33], and electrically stimulated acoustic wave (ESAW) [34–36]. The 
analysis of signals from polymers affected by impulsing allows one to diagnose the space 
distribution of charge in polymers. According to the opinion of Motyl [37], the use of two 
measurement methods, for example, PWP and ESAW increases the reliability of results and 
extent the range of diagnosis. In PWP method, the deformation wave causes local changes 
in free and polarization charges in time, which is a source of the signal observed. In ESAW 
method, the applied voltage impulse to sample generates a signal from the whole charge and 
the homogeneously distributed dipoles are not detected.

3.1. Contact electricity in the PET film-metal system

Hennecke et al. [24] have proposed an analog model of polymer electricity consisting in 
contacting with metals in the interrupting way repeated until the charge is established. The 
qualitative interpretation is based on the concept of the band polymer model, where the 
occurrence of the energetic levels of forbidden bands and heights of barrier between these 
levels in polymer were taken into account. The static electricity of polymers with the repeti-
tion of contacts has been also analyzed by Fuhrmann [28], Fabish and Duke [25], Lowell [26] 
and Mizutani et al. [29]. Fabish and Duke have observed a reversible change in the sign of 
charge transferred on polymer from metals after successive contacts. These authors explain 
this phenomenon with the presence of charges in the form of molecular ions in the polymer 
top layer. These ions form local energetic states.

Mizutani et al. [29] have determined the properties of the metal-polymer contact by means of the 
photo-injection of electrons from metal (Cu, Al) to PET, indicating the existence of energetic states on 
the surface of PET. These researchers also assessed the density of surface states amounting to 1.7 ×  
1014 (cm−3 eV−1) and confirmed a strong dependence of the contact energetic barrier on atmospheric 
conditions, including the presence of adsorbed oxygen molecules on the PET surface. Oxygen mol-
ecules, on account of a high affinity of electrons, can form surface states and act as electron traps. 
According to the opinion of Brennan et al. [38], during single and multiple contacts of polymer with 
counter-surface a charge is created whose range is limited to a depth of maximum 3 nm.

Lowell [26, 27] proposes a mechanism of charge transfer from metal to polymer (PET and 
PTFE). In the case of a single contact of polymer and metals (Al, Pt, and Hg), Lowell has found 
that the charge density does not depend on the type of metal. He puts forward a thesis that 
during a single contact, the tunneling of electrons occur from metal to traps in the polymer top 
layer, but the system does not reach thermodynamic equilibrium. The difference in electro-
static potentials created in the charge layer is inadequate to increase the energy of trap levels 
up to the Fermi energy of the metal. Only with a multiple contact, the charge is transferred to 
a higher depth. Then, it is possible to reach the equilibrium state. Lowell predicts the achieve-
ment of equilibrium charge density that will be linearly dependent on the metal work-function.

3.1.1. Contact electricity in the PET film-Al, PET film-Au systems

In this study, the susceptibility of PET film to static electricity in contact with metals (Al and 
Au) was investigated. Two pairs of cylindrical electrodes made of brass with a diameter of 
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50 mm and a height of 30 mm were used. Au and Al metals were evaporated onto the polished 
cylinder surface in the glow discharge aided with Argon. The coatings obtained were charac-
terized by a high stability of the joint with the substrate, which made it possible to purify the 
surfaces before the tests of contact electricity. The PET films purified and devoid from charges 
were located between earthed electrodes in the following systems: Au-PET-Au and Al-PET-Al 
for 60s and then the electrodes were taken off in a frictionless way. The measurements of the 
sample surface charge were carried out in a contactless way by means of the probe of field 
intensity meter in the system described in paper [16]. During repeated contacts, the surface 
charge increased up to the saturation state that was obtained with the number of contacts of 
at least 100. The contact electricity was performed for PET film samples described in Table 1. 
The test results obtained are listed in Table 2.

3.1.2. Contact electricity of activated PET surface films

In this study, we also attempted to answer the question how the activation of PET surface 
influences its susceptibility to electricity. To that end, the films were subjected to an activating 
plasma treatment. The process was realized in a low-temperature plasma, in glow discharge 
RF under reduced pressure air with the use reactor system described in paper [39]. The test 
results were supplemented with the examinations of the sample volume and surface resistiv-
ity in DC field with the use of rigid Al electrodes.

In Table 2 are listed the test results of volume and surface resistivity in contact with Al elec-
trode, surface density of the charge were generated in contact with Au and Al metals. The 
resistivity was calculated on the basis of absorption and depolarization currents according 
to proceeding Badian [17]. The polarization component of the PET film surface free energy 
before and after the plasma treatment is also shown.

Based on the tests of the surface and volume resistance of untreated films (Table 2), one can 
think that the structural changes expressed by the crystallinity degree ranging from 7.4 to 

Table 2. Results of testing the surface properties of untreated and air plasma-treated PET films (power 100 W, flow 
100sccm, pressure 20mTr).
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Figure 6. Electron microscopy images of PET film surface, (A) untreated; treated with air plasma (power 100 W, flow 100 
sccm, pressure 20 mTr): (B) 1 min, (C) 3 min, (D) 30 min. The arrows show the direction of films orientation.

19.8% and the Herman’s coefficient of orientation from 0.12 to 0.58 do not influence, in a sta-
tistically significant way, the DC conduction in the top layer and volume of the films. Also, no 
significant effect of changes in physical structure on the level of charge generated in contact 
with Al and Au metals was found. On the other hand, a significant effect of the metal type 
on the charge value is observed. The density of charge generated on the PET film surfaces 
in contact with aluminum is higher than that in contact with gold. Let us assume Lewell 
hypothesis [26] that the value of static charge depends on the difference in the exit works 
of materials in contact. According to Davies [40], the values of the exit work of the material 
tested are arranged in the following sequence PET > Au > Al. This relation of exit works justi-
fies the negative sign of charge generated on the PET surface in contact with metals, as well 
as the higher charge density in contact with aluminum compared to that in contact with gold.

The processes of static electricity of polymers are typical surface processes. The physico-
chemical and physical states of surface are of importance for the course of contact electricity 
processes. In this study, the physicochemical and physical properties of the PET film top layer 
were modified by air plasma treatment. The physicochemical properties of PET films were 
assessed by measuring the contact angle with water and methylene iodide and the free energy 
calculated according to procedure of Owens and Wendt [41]. In Table 2 are listed the values 
of the polar component of the surface energy of films treated with plasma. The dispersion 
component was unchanged and therefore it was omitted. The plasma treatment was carried 
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out for 1–30 min. Already from 1 minute to 3 minutes, the plasma treatment strongly increases 
the  polar component of the top layer of the PET films. The physicochemical changes result in 
a negligible decrease in the value of surface and volume resistivity of the films. The PET film 
surfaces modified with plasma in contact with Al and Au metals still show a negative charge, 
but the surface density of charge in PET films is significantly decreased. The generation of 
charges is the more weakened, the longer the surface was treated with plasma. These changes 
can be related to the surface physical state. The plasma interaction causes significant physical 
changes in the film surface microtopography. Figure 6 shows the electron microscopic images 
of the PET film surfaces treated with plasma for 1, 3, and 30 min.

The effect of etching the polymer in its top layer that intensifies with increasing the plasma 
treatment time is observed. The surface is curved to form groove cavities located crosswise to 
the direction of stretching the film. The height of microroughness of surface subjected to plasma 
exposure for 30 min. With the strongest effect of etching can be assessed to about 0.04 μm. The 
character of surface carving is conditioned by the physical microstructure of PET. Based on the 
hypothesis of the polymer semi-crystalline structure, they are distinguished into two principal 
phases: crystalline and amorphous phases. The crystalline phase is characterized by a high 
energy of molecular cohesion that conditions its particular resistance to destructive factors, 
such as heat and the forces of interactions with plasma molecules. Considerably less resistant 
is the amorphous phase, in which the interaction between molecules are statistically incidental, 
and this phase is etched in the first place. In the image of the etched top layer, the protrusions 
seem to be formed by the crystalline phase of PET periodically occurring with long period in 
macro-fibrils. The etching effect generates the coarseness of surface that intensifies with pro-
longing the plasma action. The surface coarseness determines the real surface of film contact 
with metals. The coarser the surface, the lower is the charge that was found in measurements.

4. Polyester electrets

Electrets are materials in which a permanent electric charge occurs. The charge in electrets is 
stable for a longer time and its stability depends on the type of materials and exploitation con-
ditions. It can last for years, while the material is an active source of electric field. The electrets 
are widely used in dust and gas filters, micro-machines, xerography, electro-acoustic trans-
ducers. Many electro-insulating polymers are used as electret precursors, including dipole 
(PET, PMMA and PS) and nondipole polymers (PTFE, PP and PE). The use of precursors in 
the form of films allows one to miniaturize the devices based on electrets. The charging state 
of electret material is obtained in various ways [22, 32, 46] using triboelectric effect (triboelec-
trets), DC electric field (thermo-electrets), UV and VIS radiations (photo-electrets), β and γ 
radiation (radio-electrets), glow and corona discharges (corona electrets).

Polyesters are materials with potential use as electret precursors owing to their susceptibility 
to dipole polarization and good mechanical parameters. Thermoelectrets are made by polymer 
polarization in DC electric field under conditions above the glass transition temperature and 
then after charging, they are refrigerated to freeze the state of oriented dipoles. The surface 
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Figure 6. Electron microscopy images of PET film surface, (A) untreated; treated with air plasma (power 100 W, flow 100 
sccm, pressure 20 mTr): (B) 1 min, (C) 3 min, (D) 30 min. The arrows show the direction of films orientation.

19.8% and the Herman’s coefficient of orientation from 0.12 to 0.58 do not influence, in a sta-
tistically significant way, the DC conduction in the top layer and volume of the films. Also, no 
significant effect of changes in physical structure on the level of charge generated in contact 
with Al and Au metals was found. On the other hand, a significant effect of the metal type 
on the charge value is observed. The density of charge generated on the PET film surfaces 
in contact with aluminum is higher than that in contact with gold. Let us assume Lewell 
hypothesis [26] that the value of static charge depends on the difference in the exit works 
of materials in contact. According to Davies [40], the values of the exit work of the material 
tested are arranged in the following sequence PET > Au > Al. This relation of exit works justi-
fies the negative sign of charge generated on the PET surface in contact with metals, as well 
as the higher charge density in contact with aluminum compared to that in contact with gold.

The processes of static electricity of polymers are typical surface processes. The physico-
chemical and physical states of surface are of importance for the course of contact electricity 
processes. In this study, the physicochemical and physical properties of the PET film top layer 
were modified by air plasma treatment. The physicochemical properties of PET films were 
assessed by measuring the contact angle with water and methylene iodide and the free energy 
calculated according to procedure of Owens and Wendt [41]. In Table 2 are listed the values 
of the polar component of the surface energy of films treated with plasma. The dispersion 
component was unchanged and therefore it was omitted. The plasma treatment was carried 
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out for 1–30 min. Already from 1 minute to 3 minutes, the plasma treatment strongly increases 
the  polar component of the top layer of the PET films. The physicochemical changes result in 
a negligible decrease in the value of surface and volume resistivity of the films. The PET film 
surfaces modified with plasma in contact with Al and Au metals still show a negative charge, 
but the surface density of charge in PET films is significantly decreased. The generation of 
charges is the more weakened, the longer the surface was treated with plasma. These changes 
can be related to the surface physical state. The plasma interaction causes significant physical 
changes in the film surface microtopography. Figure 6 shows the electron microscopic images 
of the PET film surfaces treated with plasma for 1, 3, and 30 min.

The effect of etching the polymer in its top layer that intensifies with increasing the plasma 
treatment time is observed. The surface is curved to form groove cavities located crosswise to 
the direction of stretching the film. The height of microroughness of surface subjected to plasma 
exposure for 30 min. With the strongest effect of etching can be assessed to about 0.04 μm. The 
character of surface carving is conditioned by the physical microstructure of PET. Based on the 
hypothesis of the polymer semi-crystalline structure, they are distinguished into two principal 
phases: crystalline and amorphous phases. The crystalline phase is characterized by a high 
energy of molecular cohesion that conditions its particular resistance to destructive factors, 
such as heat and the forces of interactions with plasma molecules. Considerably less resistant 
is the amorphous phase, in which the interaction between molecules are statistically incidental, 
and this phase is etched in the first place. In the image of the etched top layer, the protrusions 
seem to be formed by the crystalline phase of PET periodically occurring with long period in 
macro-fibrils. The etching effect generates the coarseness of surface that intensifies with pro-
longing the plasma action. The surface coarseness determines the real surface of film contact 
with metals. The coarser the surface, the lower is the charge that was found in measurements.

4. Polyester electrets

Electrets are materials in which a permanent electric charge occurs. The charge in electrets is 
stable for a longer time and its stability depends on the type of materials and exploitation con-
ditions. It can last for years, while the material is an active source of electric field. The electrets 
are widely used in dust and gas filters, micro-machines, xerography, electro-acoustic trans-
ducers. Many electro-insulating polymers are used as electret precursors, including dipole 
(PET, PMMA and PS) and nondipole polymers (PTFE, PP and PE). The use of precursors in 
the form of films allows one to miniaturize the devices based on electrets. The charging state 
of electret material is obtained in various ways [22, 32, 46] using triboelectric effect (triboelec-
trets), DC electric field (thermo-electrets), UV and VIS radiations (photo-electrets), β and γ 
radiation (radio-electrets), glow and corona discharges (corona electrets).

Polyesters are materials with potential use as electret precursors owing to their susceptibility 
to dipole polarization and good mechanical parameters. Thermoelectrets are made by polymer 
polarization in DC electric field under conditions above the glass transition temperature and 
then after charging, they are refrigerated to freeze the state of oriented dipoles. The surface 
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charge formed is called heterocharge if its sign is opposite to the sign of electrode potential 
in contact and is connected with ordering the dipole polarization or the separation of already 
existing free charges. The homocharge has a sign consistent with the electrode potential sign 
in contact during the electret formation and shows the incorporation of charge carriers from 
electrode. During the formation of thermo-electret in the external electric field, the relaxation 
polarization component influences the process of dipole polarization.

Two types of the relaxation mechanisms were found: α- and β-relaxation. The former one 
occurs at temperatures above the glass transition temperature of PET or at a low field fre-
quency, while β-relaxation appears at lower temperatures below the glass transition tempera-
ture of PET or at higher field frequencies. According to the present views, α-relaxation results 
from the co-operative motion of the kinetic units of macromolecule chain with discrete changes 
in the energy of orientation positions in the electric field. Groups ▬O▬CH2▬CH2▬O▬ and 
p-phenyl bonds are the kinetic units in PET. According to Saito et al. [13], the active kinetic 
units of polymer contain more than one mer macromolecule. Peruccini et al. [42] present the 
opinion that α-relaxation is an isotropic process and occurs in amorphous areas.

The process of β-relaxation occurs under conditions of a limited mobility of the main chain of 
macromolecule as a result of the rotation movements of single groups of atoms ▬(CO▬O)▬ 
[6, 13, 43] with a stable dipole moment around the axis consistent with the axis of polymer 
orientation. Because of a considerable intermolecular interaction of the group of atoms, the 
process of β-relaxation shows an anisotropic nature [6, 13, 44, 45] and occurs in both amor-
phous and crystalline areas. Time changes leading to the stabilization of electret caused by 
relaxation processes and also by the effect of environmental conditions are known as aging 
[46, 47]. The study [16] describes the formation of thermo-electret from the PLA film precur-
sor by isothermal polarization and demonstrates a stabilized density of surface charge and 
the dependence of charge level on the polarization intensity of filed Epolar. and charging time. 
In the case of field intensity Epolar. < 20 MV/m, the heterocharge is observed that is stabilized 
in the processes of dipole relaxation and volume charge within 30 days. The use of higher 
field intensities Epolar. > 20 MV/m results in the transition of homocharge into heterocharge, 
which can be caused by the process of an additional injection of charge from electrodes or 
a change in the direction of dipole moment of molecular dipoles [48]. The prolongation of 
the PLA isothermal charging results in an increased charge density on the surface, which is 
consistent with the theory of isothermal dipole polarization, according to which the charge 
density exponentially depends on the charging time and relaxation time.

In the method of electret formation by irradiation with UV, VIS or ionizing β and γ, in the 
precursor electrons are excited from the basic state and the deep traps to the conduction band. 
The precursor in that time is in electric field, where a directed transport of charge carriers and 
trapping in new positions take place. Once the field and irradiation are turned off, the precur-
sor shows a stable heterocharge. Zllangr et al. [23] analyzed the state of energetic traps the 
PET radio-electret made during the exposure to γ irradiation. The authors quantitatively char-
acterized the average depth of trap level, density and distribution of traps by the technique 
of thermally stimulated currents (TSC). As precursor they used PET from various stages of 
production: an amorphous film, oriented in two directions and film crystallized in the process 
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of heating. The processes of molecular orientation, increasing the content of crystalline phase 
and irradiation caused an increase in the depth of localized states from 1.36 to 2.15 eV linearly 
with increasing the molecular orientation, from 1.20 to 1.40 eV with increasing the content 
of the PET crystalline phase and from 1.30 to 1.70 eV with increasing the dose of γ radia-
tion. In the interpretation of authors [23], the processes of polymer crystallization, orientation 
of macromolecules and ionizing radiation cause new structural defects: on the crystallites-
noncrystalline border, along the border of oriented and nonoriented areas as well as cracked 
polymer macromolecules due to radiation, confirmed by a decrease in the molecular weight. 
An increase in defects generates new types of localized energetic levels, an increase in their 
number, decomposition, and depth. In the study [23] three models of traps are proposed, in 
relation to three methods of the PET treatment on the basis of quantitative data of TSC.

Currently, a great importance is ascribed to electrets in which a permanent charge is incor-
porated by the injection from external sources by means of corona or glow discharge [22, 49]. 
A charge is incorporated into polymer located in the zone of the electrode of crow discharge. 
Blade electrodes with a high potential generate in space electrons and various types of ions 
[50, 51] that recombine on the polymer surface, causing chemical changes and the residue 
diffuses into the polymer top layer and is trapped. During corona discharge, double bonds 
C〓C and carbonyl groups are formed that can constitute additional traps for current carriers. 
Charges are accumulated near the polymer surface. The relative depth of charge localization 
related to the film thickness is assessed to 5%. Charging at increased temperature increases 
the stability of electret, which is exploited in the formation of pneumo-thermal nonwovens. 
The process effects are closely dependent on the gas composition and air humidity, if it pro-
ceeds under atmospheric conditions [52]. The mechanism of a permanent charge in material 
proceeds as in glow discharge. A decrease in the process pressure makes it possible to per-
form the synthesis of polymer and the simultaneous charging of the polymer that shows the 
features of electret [53].

5. Imparting electro-conductive and antistatic properties to 
polyesters

Polyesters (PET) have found their use as antistatic and electro-conductive materials. An 
increase in electric conductance of polyesters has been obtained to provide an effective dis-
sipation of electrostatic charges and reduce electrostatic discharges. Owing to that, the use 
of polyester materials/fabrics has become safe, particularly in areas endangered with explo-
sion and for workers using protective clothing. A high level of polyester conductance can 
be obtained by making polymeric composites. Composites are made according to two con-
ceptions. The first one consists in combining at least two components, where the polymeric 
matrix is formed by polyester in which a conducting phase is scattered. The conducting phase 
can consist of: metal particle, carbon black, carbon fibers or nano-tubes, graphene, metal-
lized fibers, conducting salts, and organic conductors, for example, conjugated polymers. The 
type of the scattered phase determines the electric conduction of composite. The scattered 
phase should be used in a quantity not lower than the percolation threshold. The value of 
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charge formed is called heterocharge if its sign is opposite to the sign of electrode potential 
in contact and is connected with ordering the dipole polarization or the separation of already 
existing free charges. The homocharge has a sign consistent with the electrode potential sign 
in contact during the electret formation and shows the incorporation of charge carriers from 
electrode. During the formation of thermo-electret in the external electric field, the relaxation 
polarization component influences the process of dipole polarization.

Two types of the relaxation mechanisms were found: α- and β-relaxation. The former one 
occurs at temperatures above the glass transition temperature of PET or at a low field fre-
quency, while β-relaxation appears at lower temperatures below the glass transition tempera-
ture of PET or at higher field frequencies. According to the present views, α-relaxation results 
from the co-operative motion of the kinetic units of macromolecule chain with discrete changes 
in the energy of orientation positions in the electric field. Groups ▬O▬CH2▬CH2▬O▬ and 
p-phenyl bonds are the kinetic units in PET. According to Saito et al. [13], the active kinetic 
units of polymer contain more than one mer macromolecule. Peruccini et al. [42] present the 
opinion that α-relaxation is an isotropic process and occurs in amorphous areas.

The process of β-relaxation occurs under conditions of a limited mobility of the main chain of 
macromolecule as a result of the rotation movements of single groups of atoms ▬(CO▬O)▬ 
[6, 13, 43] with a stable dipole moment around the axis consistent with the axis of polymer 
orientation. Because of a considerable intermolecular interaction of the group of atoms, the 
process of β-relaxation shows an anisotropic nature [6, 13, 44, 45] and occurs in both amor-
phous and crystalline areas. Time changes leading to the stabilization of electret caused by 
relaxation processes and also by the effect of environmental conditions are known as aging 
[46, 47]. The study [16] describes the formation of thermo-electret from the PLA film precur-
sor by isothermal polarization and demonstrates a stabilized density of surface charge and 
the dependence of charge level on the polarization intensity of filed Epolar. and charging time. 
In the case of field intensity Epolar. < 20 MV/m, the heterocharge is observed that is stabilized 
in the processes of dipole relaxation and volume charge within 30 days. The use of higher 
field intensities Epolar. > 20 MV/m results in the transition of homocharge into heterocharge, 
which can be caused by the process of an additional injection of charge from electrodes or 
a change in the direction of dipole moment of molecular dipoles [48]. The prolongation of 
the PLA isothermal charging results in an increased charge density on the surface, which is 
consistent with the theory of isothermal dipole polarization, according to which the charge 
density exponentially depends on the charging time and relaxation time.

In the method of electret formation by irradiation with UV, VIS or ionizing β and γ, in the 
precursor electrons are excited from the basic state and the deep traps to the conduction band. 
The precursor in that time is in electric field, where a directed transport of charge carriers and 
trapping in new positions take place. Once the field and irradiation are turned off, the precur-
sor shows a stable heterocharge. Zllangr et al. [23] analyzed the state of energetic traps the 
PET radio-electret made during the exposure to γ irradiation. The authors quantitatively char-
acterized the average depth of trap level, density and distribution of traps by the technique 
of thermally stimulated currents (TSC). As precursor they used PET from various stages of 
production: an amorphous film, oriented in two directions and film crystallized in the process 
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of heating. The processes of molecular orientation, increasing the content of crystalline phase 
and irradiation caused an increase in the depth of localized states from 1.36 to 2.15 eV linearly 
with increasing the molecular orientation, from 1.20 to 1.40 eV with increasing the content 
of the PET crystalline phase and from 1.30 to 1.70 eV with increasing the dose of γ radia-
tion. In the interpretation of authors [23], the processes of polymer crystallization, orientation 
of macromolecules and ionizing radiation cause new structural defects: on the crystallites-
noncrystalline border, along the border of oriented and nonoriented areas as well as cracked 
polymer macromolecules due to radiation, confirmed by a decrease in the molecular weight. 
An increase in defects generates new types of localized energetic levels, an increase in their 
number, decomposition, and depth. In the study [23] three models of traps are proposed, in 
relation to three methods of the PET treatment on the basis of quantitative data of TSC.

Currently, a great importance is ascribed to electrets in which a permanent charge is incor-
porated by the injection from external sources by means of corona or glow discharge [22, 49]. 
A charge is incorporated into polymer located in the zone of the electrode of crow discharge. 
Blade electrodes with a high potential generate in space electrons and various types of ions 
[50, 51] that recombine on the polymer surface, causing chemical changes and the residue 
diffuses into the polymer top layer and is trapped. During corona discharge, double bonds 
C〓C and carbonyl groups are formed that can constitute additional traps for current carriers. 
Charges are accumulated near the polymer surface. The relative depth of charge localization 
related to the film thickness is assessed to 5%. Charging at increased temperature increases 
the stability of electret, which is exploited in the formation of pneumo-thermal nonwovens. 
The process effects are closely dependent on the gas composition and air humidity, if it pro-
ceeds under atmospheric conditions [52]. The mechanism of a permanent charge in material 
proceeds as in glow discharge. A decrease in the process pressure makes it possible to per-
form the synthesis of polymer and the simultaneous charging of the polymer that shows the 
features of electret [53].

5. Imparting electro-conductive and antistatic properties to 
polyesters

Polyesters (PET) have found their use as antistatic and electro-conductive materials. An 
increase in electric conductance of polyesters has been obtained to provide an effective dis-
sipation of electrostatic charges and reduce electrostatic discharges. Owing to that, the use 
of polyester materials/fabrics has become safe, particularly in areas endangered with explo-
sion and for workers using protective clothing. A high level of polyester conductance can 
be obtained by making polymeric composites. Composites are made according to two con-
ceptions. The first one consists in combining at least two components, where the polymeric 
matrix is formed by polyester in which a conducting phase is scattered. The conducting phase 
can consist of: metal particle, carbon black, carbon fibers or nano-tubes, graphene, metal-
lized fibers, conducting salts, and organic conductors, for example, conjugated polymers. The 
type of the scattered phase determines the electric conduction of composite. The scattered 
phase should be used in a quantity not lower than the percolation threshold. The value of 
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percolation threshold depends on the coefficient of the shape of conducting particles, their 
dimensions and arrangement in the matrix [54–56]. Particularly beneficial is the use of nano-
phase scattered in PET and PLA [57–64]. The lower the value of percolation threshold, the 
more beneficial are the mechanic properties of composite.

The other conception of making composites consists in coating the polyester surface (sub-
strate) with the conducting phase. The examples of conducting phase include: metals con-
densed on polyester surfaces by the PVD technique [65], conjugated synthetic polymers such 
as polyaniline and polypyrrole [62–64] deposited by the “in situ” technique or CVD, carbon 
nano-tube, and graphenes deposited by the printing technique [61, 66–70].

Table 3 presents the results of our own studies obtained for conducting composites such as 
PET-PPy, PLA-PPy, PC-PPy with polypyrrole coating (PPy) deposited by the CVD method. 
Surface resistance measurements were carried out according to standard PN-EN ISO 3915. 
The specific resistance related to the fabric square, expressed as, R [Ω/cm2], was the quanti-
tative parameter of resistance properties. The polypyrrole coating imparts antistatic proper-
ties to polyesters. The combination of PPy with PET substrates is stable and resistant to the 
mechanical wear conditions.

Antistatic polyester composites find many applications as conducting elements of electronic 
circuits, sensors, semi-transparent, and elastic electrodes in electronic-organic elements, opto-
electronic and e-textiles, active layers, and transporting charge carriers in organic electrolumi-
nescent diodes and elements of organic solar cells.

6. Conclusions

The presentation of electric properties of polyesters including conventional and biodegrad-
able polymers indicates that these polymers are continually an attractive group of materials. 
In polyesters, many problems concerning their behavior in electric DC field are still open as a 
subject of fundamental research. This type of thermoplastic polymers is continually subjected 
to various chemical and physical transformations, owing to which polyesters offer newer and 
newer solutions for the market and economy needs.

Table 3. Test results of different kinds of antistatic polyester films coated with polypyrrole (test conditions t = 23°C, 
RH = 25%).
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nescent diodes and elements of organic solar cells.
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able polymers indicates that these polymers are continually an attractive group of materials. 
In polyesters, many problems concerning their behavior in electric DC field are still open as a 
subject of fundamental research. This type of thermoplastic polymers is continually subjected 
to various chemical and physical transformations, owing to which polyesters offer newer and 
newer solutions for the market and economy needs.
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Abstract

Breakdown characteristics are of great importance for varistor ceramics, which largely
depend on Schottky barriers at grain boundaries. In order to enhance breakdown perfor-
mance for meeting the requirement of device miniaturization, different doping methods are
introduced to not only restrict grain size from additional phase but also manipulate defect
structure of Schottky barrier at grain boundaries from substitution. Distribution of barriers
is another key point affecting breakdown characteristics in varistor ceramics. Dimensional
effect, which is detected in not only ZnO ceramics but also CaCu3Ti4O12 ceramics, is
practically and theoretically found to be closely correlated with uniformity of grains. As a
result, breakdown characteristics of varistors are dominated by combination effect of single
barrier performance and spatial barrier distribution. In this chapter, enhanced breakdown
field in CaxSr1�xCu3Ti4O12 ceramics, in situ synthesized CaCu3Ti4O12-CuAl2O4 ceramics,
and CaCu3Ti4O12-Y2/3Cu3Ti4O12 composite ceramics are investigated from the aspect of
Schottky barriers at grain boundaries. In addition, dimensional effect is found in both ZnO
and CaCu3Ti4O12 ceramics, which are investigated from grain size distribution through
theoretical and experimental analysis.

Keywords: breakdown characteristics, varistor ceramics, Schottky barrier, CaCu3Ti4O12

ceramics, ZnO ceramics

1. Introduction

Varistor ceramics exhibit excellent nonlinear current-voltage (I-V) characteristics that they are
widely employed for overvoltage protection in power system and electronic circuits. Zinc
oxide (ZnO) varistor ceramics is one typical varistor ceramics, which has been for decades
widely employed in arrestors [1]. The breakdown field of commercial ZnO varistor ceramics is
commonly 200–300 V/mm and the nonlinear coefficient is �50. Besides, perovskite
CaCu3Ti4O12 (CCTO) ceramics exhibit giant permittivity and nonlinear characteristics that
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Abstract

Breakdown characteristics are of great importance for varistor ceramics, which largely
depend on Schottky barriers at grain boundaries. In order to enhance breakdown perfor-
mance for meeting the requirement of device miniaturization, different doping methods are
introduced to not only restrict grain size from additional phase but also manipulate defect
structure of Schottky barrier at grain boundaries from substitution. Distribution of barriers
is another key point affecting breakdown characteristics in varistor ceramics. Dimensional
effect, which is detected in not only ZnO ceramics but also CaCu3Ti4O12 ceramics, is
practically and theoretically found to be closely correlated with uniformity of grains. As a
result, breakdown characteristics of varistors are dominated by combination effect of single
barrier performance and spatial barrier distribution. In this chapter, enhanced breakdown
field in CaxSr1�xCu3Ti4O12 ceramics, in situ synthesized CaCu3Ti4O12-CuAl2O4 ceramics,
and CaCu3Ti4O12-Y2/3Cu3Ti4O12 composite ceramics are investigated from the aspect of
Schottky barriers at grain boundaries. In addition, dimensional effect is found in both ZnO
and CaCu3Ti4O12 ceramics, which are investigated from grain size distribution through
theoretical and experimental analysis.

Keywords: breakdown characteristics, varistor ceramics, Schottky barrier, CaCu3Ti4O12

ceramics, ZnO ceramics

1. Introduction

Varistor ceramics exhibit excellent nonlinear current-voltage (I-V) characteristics that they are
widely employed for overvoltage protection in power system and electronic circuits. Zinc
oxide (ZnO) varistor ceramics is one typical varistor ceramics, which has been for decades
widely employed in arrestors [1]. The breakdown field of commercial ZnO varistor ceramics is
commonly 200–300 V/mm and the nonlinear coefficient is �50. Besides, perovskite
CaCu3Ti4O12 (CCTO) ceramics exhibit giant permittivity and nonlinear characteristics that
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made them potential candidates for application in surge absorption [2, 3]. Varistor ceramics
consist of grains and grain boundaries, and it is grain boundary which manipulates the
breakdown field. Breakdown field is commonly suggested to be dominated by single grain
boundary and the amount of grain boundaries along electric field direction. The single grain
boundary electrical performance is determined by Schottky barriers which are primarily com-
prised of positively charged depletion layers and negatively charged interface states [4].
Meanwhile, the amount of grain boundaries is decided by grain size. With the progress of
device miniaturization, the demand for varistor ceramics with high breakdown field and high-
energy absorption capability needs to be fulfilled. In order to enhance breakdown characteris-
tics, microstructure of varistor ceramics should be improved which can be summarized into
decreasing grain sizes on one hand and enhancing single barrier performance on the other
hand. Two major ways of achieving greater breakdown characteristics are (1) improving
preparation method and (2) finding a better recipe which might contain additives [5–10]. For
improved preparation process, lots of methods like nano-sized particles and spark plasma
sintering (SPS) techniques are induced to reduce the grain sizes [11, 12]. Doping is another
typical topic in enhancing breakdown performance in varistor ceramics. As is known in ZnO
varistor ceramics, nonlinear properties do not exist until Bi2O3 is added which forms an
intergranular layer and manipulates defect structure to form better Schottky barriers at grain
boundaries. Later on, Sb2O3, Co2O3, Mn2O3, etc. are added to further enhance breakdown field
and improve nonlinear performance. As for CCTO varistor ceramics, several doping methods
were introduced which have different effects on microstructure. Firstly, the doping ions are
able to substitute ions in CCTO lattice (Ca2+, Cu2+) and form a relatively homogeneous struc-
ture [5]. This method dominantly manipulates Schottky barrier structure at grain boundaries.
Secondly, another phase is formed besides CCTO phase resulting in heterogeneous structure,
like SrTiO3, TiO2, CuAl2O4, etc. [6–8]. The additional phases mainly restrict the growth of
grains and control the grain size to produce more grain boundaries. Thirdly, to form another
CCTO-like phase with CCTO phase, like Y2/3Cu3Ti4O12 [9], is also suggested. This method not
only introduces heterogeneous structure which restricts grain growth but also induces more
defects at grain boundaries to enhance Schottky barriers. In summary, these three methods of
doping result in diverse improvement of electrical characteristics due to various effects on
microstructure of varistor ceramics. In the main text, these three kinds of doping methods are,
respectively, introduced in detail.

Besides methods of enhancing breakdown characteristics, a non-negligible phenomenon that
electrical performance is not uniform in the bulk of the ceramics should be taken into consid-
eration for design and practical application. The inhomogeneous electrical properties at the
cross section have been widely reported. About 5–11% of cross-section region in varistor
ceramics was found to exhibit lower breakdown voltage than the rest of the regions [13]. This
further results in current localization, which causes electrical puncture, thermal cracking, or
even thermal runaway [14]. In addition, dimensional effect, which exhibits as the thickness
dependence of breakdown field, is found in not only ZnO ceramics but also CCTO ceramics
[15–17]. It is found that breakdown field and nonlinear coefficient are significantly decreased
below a critical thickness, which brings much trouble in designing. The spatial electrical
nonuniformity was widely attributed to inhomogeneous grain size distribution and grain
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boundary characteristics. Electrical measurements using microcontact on single grain bound-
ary suggested that 50% grain boundaries can be defined as “good,” 30% are “bad,” and the
rest are ineffective [18]. At the same time, reports from luminescence created by electrical
breakdown also provide support for uneven grain boundaries [19]. In this work, the structural
origin of dimensional effect in varistor ceramics is investigated through experiment and simu-
lation, which suggested that wide grain size distribution should be responsible. After careful
processing of controlling grain sizes into narrower distribution, dimensional effect is dimin-
ished, which, to some extent, proves the responsibility of grain size distribution.

2. Enhancement of electrical breakdown field in varistor ceramics

2.1. Enhanced breakdown field in Ca1�xSrxCu3Ti4O12 ceramics via tailoring donor density

2.1.1. Phase composition and surface morphology

X-ray diffraction (XRD) patterns of Ca1�xSrxCu3Ti4O12 ceramics are presented in Figure 1.
Main perovskite phase of CCTO is detected with small amount of impurity phase of CuO and
SrTiO3 in Figure 1(a). In the enlarged view of (220) peak in Figure 1(b), the peak gradually
moves to a lower angle with the increase of Sr/Ca ratio, indicating increased lattice constant as
a result of Ca2+ (0.99 Å) with smaller radius being substituted by Sr2+ (1.26 Å).

SEM images and corresponding grain size distribution are shown in Figure 2. Grain size of the
samples is smaller than that in CCTO ceramics (>8 μm), while it changes little on the ratio of Sr/
Ca (2.4–2.8 μm). Energy dispersive X-ray spectroscopy (EDS) is further measured at the
marked regions in Figure 2 with the results listed in Table 1. No pure CaCu3Ti4O12 or
SrCu3Ti4O12 is detected, indicating solid solution systems. Major discrepancy for those large

Figure 1. XRD patterns of Ca1�xSrxCu3Ti4O12 varistor ceramics.
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grains (A1, B2, C2, D1) and small grains (A2, B3, C3, D2) is found to be Sr/Ca ratio. The higher
Sr/Ca ratio in larger grains indicates Sr2+ might have benefit for grain growth in relatively low
temperatures.

2.1.2. Enhanced breakdown field and complex impedance spectra

Figure 3 is current density-electric field (J-E) curves of Ca1�xSrxCu3Ti4O12 ceramics. The break-
down field E1mA and nonlinear coefficient α are calculated:

Figure 2. Backscattering SEM pictures of Ca1�xSrxCu3Ti4O12 ceramic samples. (a) Sr0.2-Ca0.8, (b) Sr0.4-Ca0.6, (c) Sr0.6-
Ca0.4 and (d) Sr0.8-Ca0.2. (usage permitted by Elsevier).

Atom (%) Sr0.2-Ca0.8 Sr0.4-Ca0.6 Sr0.6-Ca0.4 Sr0.8-Ca0.2

A1 A2 B1 B2 B3 C1 C2 C3 D1 D2

O K 66.68 70.31 62.31 68.99 72.75 59.20 65.93 63.45 67.67 73.60

Ti K 17.14 15.49 0.86 16.20 14.22 6.70 17.11 18.65 16.66 13.73

Cu K 11.94 10.64 36.82 10.74 9.44 32.87 12.70 13.80 11.51 9.50

Sr L 0.85 0.28 1.69 1.14 0.88 3.33 3.15 3.26 2.40

Ca K 3.39 3.27 0.71 0.46 3.54 3.31 3.66 3.08

Table 1. EDS results for marked points in Figure 2 (usage permitted by Elsevier).

Figure 3. Current-voltage (J-E) characteristics (a) and impedance spectra (b) of Ca1�xSrxCu3Ti4O12 ceramics at room
temperature.
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E1mA ¼ U1mA=d, (1)

α ¼ 1
log U1mA=U0:1mAð Þ , (2)

where U1mA and U0.1mA are the voltage under current density of 1 and 0.1 mA/cm2, respec-
tively, and d is the sample thickness. The corresponding α and E1mA are listed in Table 2.
Enhanced E1mA are observed in Ca1�xSrxCu3Ti4O12 especially for samples with Sr/Ca ratio of
0.4/0.6. It increased remarkably to 24.52 kV/cm, which is as twice as that of CCTO. Elevated
E1mA can be partially ascribed to decreased grain size. However, greatly varied E1mA are found
in samples with similar grain size of �2.5 μm in Figure 2, indicating grain size is not decisive.
Series connected RC units are widely employed for characterizing properties of grains and
grain boundaries based on the fact that CCTO ceramics consist semiconducting grains and
insulating grain boundaries [2, 20]. The complex impedance Z* can be expressed as:

Z∗ ¼ Z0 � iZ00 ¼ Rgb

1þ iωRgbCgb
þ Rg

1þ iωRgCg
, (3)

where Rgb and Cgb are resistance and capacitance of grain boundaries while Rg and Cg are
resistance and capacitance of grains. Rg and Rgb can be thus obtained as intercepts in complex
impedance spectra in Figure 4. In addition, resistance activation energies of grain (Eg) and
grain boundary (Egb) are calculated via the Arrhenius equation. As shown in Table 2, Rg and
Eg remain constant to �225 Ω and �0.13 eV, while Rgb and Egb vary significantly. Highest Rgb

and Egb of 9900 MΩ and 1.03 eV are obtained for samples with Sr/Ca ratio of 0.4/4.6, which is
in accordance with breakdown field in Figure 3(a). Consequently, it is reasonable to deduce
that modified grain boundary characteristics that are crucial for the improved breakdown
field.

2.1.3. Tailoring of donor density

Back-to-back Schottky barrier at grain boundary is crucial for the nonlinearity of varistors.
Generally, the barrier height ϕ0 depends on the depletion layer width xd, interface state density
Ns, and donor concentration Nd:

Samples Sr0.2-Ca0.8 Sr0.4-Ca0.6 Sr0.6-Ca0.4 Sr0.8-Ca0.2

α 6.83 8.11 8.24 8.32

E1mA (kV/cm) 15.88 24.52 7.28 6.15

Rg (Ω) 221 221 234 233

Rgb (MΩ) 640 9900 270 12

Eg (eV) 0.14 0.13 0.14 0.13

Egb (eV) 1.01 1.03 0.86 0.71

Table 2. Parameters for electrical nonlinearity and inhomogeneity of grain and grain boundary of Ca1�xSrxCu3Ti4O12

varistor ceramics.
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ϕ0 ¼
eN2

s

8ε0εrNd
: (4)

For single grain boundary, the grain boundary capacitance of unit area C0 under zero biased
voltage is C0 = [eεrNd/(8ϕ0)]

1/2, while the capacitance C under a bias voltageU is as follows [21]:

1
C
� 1
2C0

� �2

¼ 2 ϕ0 þU
� �
eεrNd

: (5)

Dependence of (C�1 � 1/2C0
�1) on U is plotted in Figure 4, showing good nonlinearity. Barrier

parameter is calculated and listed in Table 3.Nd for all the samples is almost constant, whileNs

varies remarkably from 3.3 � 1013 cm�3 for Sr0.4-Ca0.6 to 15.6 � 1013 cm�3 for Sr0.8-Ca0.2.
Consequently, the highest barrier height is obtained in Sr0.4-Ca0.6 and lowest in Sr0.8-Ca0.2,
which matches the results of Egb from impedance spectra.

Oxygen vacancy is considered as origin of electron formation due to weak cation▬O bonds.
Space of A site in CCTO is rather rigid as the observed Ca▬O distance is 2.61 Å, while the

Figure 4. C-V characteristics of Ca1�xSrxCu3Ti4O12 varistor ceramics.

Samples Sr0.2-Ca0.8 Sr0.4-Ca0.6 Sr0.6-Ca0.4 Sr0.8-Ca0.2

ϕ0 (eV) 1.11 1.17 0.96 0.40

xd (nm) 630 880 460 240

Ns (10
9 cm�2) 7.73 5.90 9.20 7.53

Nd (10
13 cm�3) 6.11 3.34 9.99 15.67

Table 3. Parameters of Schottky barrier of Ca1�xSrxCu3Ti4O12 varistor ceramics (usage permitted by Elsevier).
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expected value is 2.72 Å [22]. Radius of Sr is much larger than that of Ca so that Sr▬O bonds
are extremely over bonded. In increasing the ratio of Sr/Ca, larger Sr stretches the Ti▬O bonds,
leading to enhanced polarizability of the tilted TiO6 octahedra and possible breaking of the
balance of Cu▬O plane. Therefore, oxygen vacancy is much easier to be produced as well as
segregated Cu-rich secondary phase, shown in Figure 1 [23].

On the contrary, oxygen vacancy may be inhibited due to solid solution effect between SCTO
and CCTO. Taking Sr2+ in CCTO as an example, besides SrCa, Sr exists as SrCu and Sri

∙∙ as Cu2+

is easily loss in CCTO. Sr-Cu distortion is likely formed due to the same valence of Sr, Ca, and
Cu ions. Increased A site ions can coordinate with the O2� in TiO6 octahedron. Moreover, Sri

∙∙

can compensate the electrons generated by oxygen vacancies. As a result, declined donor
density is thus formed, which can result from Ca in SCTO as well. Maximum integrated action
of strong solid solution effect and weak Sr stretching effect is achieved when Sr/Ca ratio is 40/
60, which leads to greatly elevated potential barrier height more than 1.0 eV and enhanced
breakdown field consequently.

2.2. In situ synthesized CCTO-xCuAl2O4 varistor ceramics

2.2.1. Preparation and characterization of in situ synthesized CCTO-xCuAl2O4 samples

CCTO powders are prepared via traditional solid-state reaction method and suspended in
Al(NO3)3 aqueous solution. Subsequently, the suspension was quantitatively titrated with
NH4OH to make Al(OH)3 precipitate on the surface of CCTO particles. After drying, the
powders are calcined at 950�C for 4 h to dehydrate Al(OH)3 into Al2O3. Finally, they were
pressed into pellets and sintered in air at 1100�C for 4 h.

XRD patterns are presented in Figure 5(a). Only single phase of CCTO can be detected when
x = 0.With increased precipitation of Al3+, another spinel phase CuAl2O4 is found. Backscattering

Figure 5. XRD patterns (a) and SEM picture (b) of in situ synthesized CCTO-xCuAl2O4 ceramics (usage permitted by IOP
Publishing).
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leading to enhanced polarizability of the tilted TiO6 octahedra and possible breaking of the
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Al(NO3)3 aqueous solution. Subsequently, the suspension was quantitatively titrated with
NH4OH to make Al(OH)3 precipitate on the surface of CCTO particles. After drying, the
powders are calcined at 950�C for 4 h to dehydrate Al(OH)3 into Al2O3. Finally, they were
pressed into pellets and sintered in air at 1100�C for 4 h.

XRD patterns are presented in Figure 5(a). Only single phase of CCTO can be detected when
x = 0.With increased precipitation of Al3+, another spinel phase CuAl2O4 is found. Backscattering

Figure 5. XRD patterns (a) and SEM picture (b) of in situ synthesized CCTO-xCuAl2O4 ceramics (usage permitted by IOP
Publishing).
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SEM picture of CCTO-0.4CuAl2O4 sample is further taken as shown in Figure 5(b), in which
three typical regions, A, B, and C, can be observed. According to EDS results presented in
Table 4, element distribution of the gray grains (A, 15–20 μm in size) is similar to CCTO with a
little Al. The black grains (B1, B2, and B3, 1–4 μm in size) are found to be the secondary phase,
while the bright region of C is Cu-rich intergranular phase. It is proposed that Cu2O and CuO are
easily precipitated over 1000�C as Cu-rich phase, which is the main source for CuAl2O4. The
involved chemical reactions can be expressed as:

2Al OHð Þ3 ¼ Al2O3 þ 3H2O↑

CuOþAl2O3 ¼ CuAl2O4

Cu2Oþ 2Al2O3 þ 1
2
O2 ¼ 2CuAl2O4:

(6)

Surface morphology of the samples is characterized by SEM as shown in Figure 6. For CCTO
ceramics, little secondary phase is found, and the average grain size is 19.1 μm as shown in
Figure 6(a). As to samples with x = 0.4 found in Figure 6(b), numbers of small particles appear
in interior and intergranular region of CCTO grains, and the average grain size is 18.8 μm.
When x increases to 0.5 and 0.65, average grain sizes decrease notably to about 1.6 μm. It is
proposed that reduction of grain size may arise from the depleted Cu-rich phases, which
assists grain growth in forming CuAl2O4 according to Eq. (4). Pinning effect of CuAl2O4 phase
could further inhibit the grain growth, which generally obeys the Zener model:

Atom (%) A B1 B2 B3 C

O K 41.97 39.6 44.64 50.37 37.81

Al K 1.42 41.55 28.38 19.70 0.79

Ca K 6.56 0.61 2.26 3.12 1.10

Ti K 28.81 2.60 9.35 12.44 5.17

Cu K 21.25 15.63 15.37 14.37 55.13

Table 4. EDS results of in situ synthesized CCTO-0.4CuAl2O4 sample in Figure 5(b) (usage permitted by IOP
Publishing).

Figure 6. SEM images of CCTO-xCuAl2O4 ceramic samples: (a) x = 0, (b) x = 0.4, (c) x = 0.5, and (d) x = 0.65 (usage
permitted by Elsevier).
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where G is the limit size of the matrix grain and r and f are particle diameter and volume
fraction of the secondary phase, respectively. The grain size of the secondary phase decreases,
and the volume fraction of the secondary phase increases; the matrix grain size apparently
declines. Therefore, the best pining effect is achieved in the sample with x = 0.5 for relatively
small grain size and high volume fraction of the spinel phase.

2.2.2. Enhanced breakdown field in CCTO-xCuAl2O4 ceramic samples

J-E characteristics of in situ synthesized CCTO-xCuAl2O4 ceramics are plotted in Figure 7, and
the corresponding E1mA and α are plotted in the inset. It is clear that E1mA of samples with x = 0.5
increased sharply to about 21 kV/cm with reduced grain size. On this basis, it is proposed that
aggregation of CuAl2O4 and the inhibiting of grain growth should take responsibility for the
greatly enhanced E1mA. Although E1mA = 4.3 kV/cm is found in x = 0.65 samples with similar
grain size of �1.6 μm, it can be ascribed to abnormally large grains as presented in Figure 6(d).

For comparison, CuAl2O4 is directly introduced into CCTO by solid-state reaction method
following the same sintering condition. Dependence of α and E1mA on addition of the second-
ary phase is plotted in Figure 7(b). Similar to the in situ synthesized samples, the highest E1mA

is achieved when x = 0.5. However, its highest E1mA is only about 15 kV/cm. This suggests that
enhanced E1mA in directly induced samples mainly arise from pinning effect while additional
depletion of Cu-rich phase should be also considered for in situ synthesized samples.

2.2.3. Complex impedance analysis for CCTO-xCuAl2O4 samples

Figure 8(a) is complex impedance spectra of CCTO-xCuAl2O4 samples at 393 K. Rgb increases
greatly from 0.37 to 13.55 MΩ with increased Al. Based on the dominant effect of Rgb to the
overall resistance, DC conductivity can approximate to conductivity of grain boundary. Acti-
vation energy of DC conductivity can be thus calculated via the Arrhenius equation, as shown

Figure 7. J-E characteristics of in situ synthesized (a) and directly induced (b) CCTO-xCuAl2O4 samples.
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SEM picture of CCTO-0.4CuAl2O4 sample is further taken as shown in Figure 5(b), in which
three typical regions, A, B, and C, can be observed. According to EDS results presented in
Table 4, element distribution of the gray grains (A, 15–20 μm in size) is similar to CCTO with a
little Al. The black grains (B1, B2, and B3, 1–4 μm in size) are found to be the secondary phase,
while the bright region of C is Cu-rich intergranular phase. It is proposed that Cu2O and CuO are
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CuOþAl2O3 ¼ CuAl2O4

Cu2Oþ 2Al2O3 þ 1
2
O2 ¼ 2CuAl2O4:

(6)

Surface morphology of the samples is characterized by SEM as shown in Figure 6. For CCTO
ceramics, little secondary phase is found, and the average grain size is 19.1 μm as shown in
Figure 6(a). As to samples with x = 0.4 found in Figure 6(b), numbers of small particles appear
in interior and intergranular region of CCTO grains, and the average grain size is 18.8 μm.
When x increases to 0.5 and 0.65, average grain sizes decrease notably to about 1.6 μm. It is
proposed that reduction of grain size may arise from the depleted Cu-rich phases, which
assists grain growth in forming CuAl2O4 according to Eq. (4). Pinning effect of CuAl2O4 phase
could further inhibit the grain growth, which generally obeys the Zener model:
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Figure 6. SEM images of CCTO-xCuAl2O4 ceramic samples: (a) x = 0, (b) x = 0.4, (c) x = 0.5, and (d) x = 0.65 (usage
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J-E characteristics of in situ synthesized CCTO-xCuAl2O4 ceramics are plotted in Figure 7, and
the corresponding E1mA and α are plotted in the inset. It is clear that E1mA of samples with x = 0.5
increased sharply to about 21 kV/cm with reduced grain size. On this basis, it is proposed that
aggregation of CuAl2O4 and the inhibiting of grain growth should take responsibility for the
greatly enhanced E1mA. Although E1mA = 4.3 kV/cm is found in x = 0.65 samples with similar
grain size of �1.6 μm, it can be ascribed to abnormally large grains as presented in Figure 6(d).

For comparison, CuAl2O4 is directly introduced into CCTO by solid-state reaction method
following the same sintering condition. Dependence of α and E1mA on addition of the second-
ary phase is plotted in Figure 7(b). Similar to the in situ synthesized samples, the highest E1mA

is achieved when x = 0.5. However, its highest E1mA is only about 15 kV/cm. This suggests that
enhanced E1mA in directly induced samples mainly arise from pinning effect while additional
depletion of Cu-rich phase should be also considered for in situ synthesized samples.

2.2.3. Complex impedance analysis for CCTO-xCuAl2O4 samples

Figure 8(a) is complex impedance spectra of CCTO-xCuAl2O4 samples at 393 K. Rgb increases
greatly from 0.37 to 13.55 MΩ with increased Al. Based on the dominant effect of Rgb to the
overall resistance, DC conductivity can approximate to conductivity of grain boundary. Acti-
vation energy of DC conductivity can be thus calculated via the Arrhenius equation, as shown
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in Figure 8(b). Highest energy of 0.81 eV is found for samples with x = 0.5, indicating inhibited
hopping conduction process in them. Thus, it is suggested that the new formation of insulating
phase CuAl2O4 may modify the electronic structure of grain boundaries and improve the
electrical properties of CCTO ceramics. The enhanced Rgb can be attributed to higher activa-
tion energy required for hopping conduction at grain boundary.

2.3. CCTO-YCTO composite ceramics with enhanced nonlinearity

2.3.1. Phase composition and surface morphology

(1 � x)CaCu3T4O12-xY2/3Cu3T4O12 [(1 � x)CCTO-xYCTO] ceramics were prepared via solid-
state reaction method. They were sintered in air at 1100�C for 10 h. XRD patterns are shown in
Figure 9(a), in which the main phase of perovskite phase and small amount of CuO, TiO2, and
Y2Ti2O7 are detected. With increased Y3+, (200) peak moves to lower angle. However, it is hard
to identify CCTO with YCTO phase due to similar lattice structure. Therefore, EDS is
conducted (Figure 9(b) and Table 5). Element distribution of the large gains (4–6 μm) is close
to YCTO, while small grains (1–2 μm) are close to CCTO although solid solution is found.

Figure 8. Impedance spectra (a) and temperature dependence of DC conductivity (b) of CCTO-xCuAl2O4.

Figure 9. XRD patterns (a) and SEM picture (b) of 0.2CCTO-0.8YCTO ceramics (usage permitted by Elsevier).
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SEM pictures were taken, as shown in Figure 9. Large grains are formed in pure CCTO and
YCTO ceramics with Cu-rich phase segregated in the intergranular region marked by red
circles as shown in Figure 10(a) and (d). Discontinuous distribution of grain size is finally
formed in CCTO samples. Stripy grains in pure YCTO ceramics suggest that sintering temper-
ature is so high that grains could not hold the hexagonal shape. Meanwhile, two kinds of
grains, with grain sizes of 4–6 μm and 1–2 μm, respectively, were found uniformly distributed
in composite ceramics. Average grain size is reduced, which indicates that grain growth of
CCTO and YCTO was suppressed by each other in the form of pinning effect.

2.3.2. Enhanced electrical nonlinearity

J-E characteristics at room temperature are presented in Figure 11. E1mA of 0.5CCTO-0.5YCTO
and 0.2CCTO-0.8YCTO are enhanced to 10.17 and 11.24 kV/cm, respectively, which are
approximately 10 times of that 1.24 kV/cm of CCTO sample. α is improved to 9.57 and 9.88,
respectively, as well. Although extremely high α is reported in some reports, they are hard to
be repeated. α largely depends on the current range used for calculation in Eq. (2) and the
measuring method. As shown in Figure 11(b), some reports of high α are actually �5 in the
current range 0.1–1 mA/cm in lnJ–lnE plots [24–26]. The reported high α might also originate
from positive feedback of heat generated from thermal emission process at grain boundary.

Complex impendence spectroscopy at room temperature is plotted in Figure 12. Rg is close to
20–40Ω, and Rgb varies significantly up to 1200 MΩ in samples with x = 0.8, while it is 55.5 MΩ
in pure CCTO. To further explore the carriers’ migration across barrier, Eg and Egb are calcu-
lated in Table 6. Similar to other reports, Eg is constant while Egb differs significantly, inferring
crucial role of grain boundary on carrier transport. Egb gradually increases with increased x,
suggesting gradually developed Schottky barrier with the addition of YCTO. The barrier

Atom (%) A1 A2 A3 B1 B2

Y K 4.00 4.6 4.56 0.89 0.85

Ca K 0.87 0.61 0.94 4.90 4.76

Cu K 9.08 8.29 7.98 9.15 10.34

Ti K 20.49 19.41 19.89 20.77 21.77

O K 64.86 66.09 65.62 64.29 61.89

Table 5. EDS results of 0.2CCTO-0.8YCTO sample in Figure 9(b) (usage permitted by Elsevier).

Figure 10. Surface morphology of (1 � x)CCTO-xYCTO ceramics: (a) x = 0, (b) x = 0.5, (c) x = 0.8, and (d) x = 1.0.
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in Figure 8(b). Highest energy of 0.81 eV is found for samples with x = 0.5, indicating inhibited
hopping conduction process in them. Thus, it is suggested that the new formation of insulating
phase CuAl2O4 may modify the electronic structure of grain boundaries and improve the
electrical properties of CCTO ceramics. The enhanced Rgb can be attributed to higher activa-
tion energy required for hopping conduction at grain boundary.

2.3. CCTO-YCTO composite ceramics with enhanced nonlinearity

2.3.1. Phase composition and surface morphology

(1 � x)CaCu3T4O12-xY2/3Cu3T4O12 [(1 � x)CCTO-xYCTO] ceramics were prepared via solid-
state reaction method. They were sintered in air at 1100�C for 10 h. XRD patterns are shown in
Figure 9(a), in which the main phase of perovskite phase and small amount of CuO, TiO2, and
Y2Ti2O7 are detected. With increased Y3+, (200) peak moves to lower angle. However, it is hard
to identify CCTO with YCTO phase due to similar lattice structure. Therefore, EDS is
conducted (Figure 9(b) and Table 5). Element distribution of the large gains (4–6 μm) is close
to YCTO, while small grains (1–2 μm) are close to CCTO although solid solution is found.

Figure 8. Impedance spectra (a) and temperature dependence of DC conductivity (b) of CCTO-xCuAl2O4.

Figure 9. XRD patterns (a) and SEM picture (b) of 0.2CCTO-0.8YCTO ceramics (usage permitted by Elsevier).
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SEM pictures were taken, as shown in Figure 9. Large grains are formed in pure CCTO and
YCTO ceramics with Cu-rich phase segregated in the intergranular region marked by red
circles as shown in Figure 10(a) and (d). Discontinuous distribution of grain size is finally
formed in CCTO samples. Stripy grains in pure YCTO ceramics suggest that sintering temper-
ature is so high that grains could not hold the hexagonal shape. Meanwhile, two kinds of
grains, with grain sizes of 4–6 μm and 1–2 μm, respectively, were found uniformly distributed
in composite ceramics. Average grain size is reduced, which indicates that grain growth of
CCTO and YCTO was suppressed by each other in the form of pinning effect.

2.3.2. Enhanced electrical nonlinearity

J-E characteristics at room temperature are presented in Figure 11. E1mA of 0.5CCTO-0.5YCTO
and 0.2CCTO-0.8YCTO are enhanced to 10.17 and 11.24 kV/cm, respectively, which are
approximately 10 times of that 1.24 kV/cm of CCTO sample. α is improved to 9.57 and 9.88,
respectively, as well. Although extremely high α is reported in some reports, they are hard to
be repeated. α largely depends on the current range used for calculation in Eq. (2) and the
measuring method. As shown in Figure 11(b), some reports of high α are actually �5 in the
current range 0.1–1 mA/cm in lnJ–lnE plots [24–26]. The reported high α might also originate
from positive feedback of heat generated from thermal emission process at grain boundary.

Complex impendence spectroscopy at room temperature is plotted in Figure 12. Rg is close to
20–40Ω, and Rgb varies significantly up to 1200 MΩ in samples with x = 0.8, while it is 55.5 MΩ
in pure CCTO. To further explore the carriers’ migration across barrier, Eg and Egb are calcu-
lated in Table 6. Similar to other reports, Eg is constant while Egb differs significantly, inferring
crucial role of grain boundary on carrier transport. Egb gradually increases with increased x,
suggesting gradually developed Schottky barrier with the addition of YCTO. The barrier
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height of sample with x = 0.8 reaches a maximum of 1.50 eV, which is twice higher than 0.69 eV
of CCTO. The high barrier height leads to high nonlinear coefficient, which is consistent with
results of J-E performance shown in Figure 11(a).

Figure 12. Complex impedance spectra of (1 � x)CCTO-xYCTO ceramics.

Energies CCTO 0.5CCTO-0.5YCTO 0.8CCTO-0.2YCTO YCTO

Eg (eV) 0.10 0.09 0.09 0.08

Egb (eV) 0.69 1.11 1.50 031

Table 6. Activation energies of grain and grain boundary resistance of (1 � x)CCTO-xYCTO samples.

Figure 11. J-E characteristics of (1� x)CCTO-xYCTO ceramics (a) and some reported CCTO ceramics with high nonlinear
coefficient (b).
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Grain boundary resistance dominates the conduction process. So the hopping conduction is
deduced, inhibiting improved grain boundary resistance and activation energy in composite
ceramics. This inhibition may arise from increased number of grain boundaries or enhanced
blocking effect of single barrier. There are three types of grain boundaries: CCTO/YCTO,
CCTO/CCTO, and YCTO/YCTO. Egb of 0.2CCTO-0.8YCTO samples (1.43 eV) is higher than
that 1.11 eV of 0.5CCTO-0.5YCTO samples, indicating effect of grain boundary type is more
important. Assuming both CCTO and YCTO grains are cubic, its surface area ratio can be
simply written as:

ACCTO

AYCTO
¼ r2CCTO � Vol%CCTO=VolCCTOð Þ

r2YCTO � Vol%YCTO=VolYCTOð Þ ¼
rYCTO � Vol%CCTO

rCCTO � Vol%YCTO
, (8)

where A is surface area of grains, r is grain size, Vol is single grain volume, and Vol% is volume
fraction. Densities of CCTO and YCTO are 5.05 and 5.20 g/cm3, respectively. The average grain
sizes for CCTO and YCTO are 1.24 and 4.57 μm according to results found in Figure 10(b and c).
On this basis, it can be obtained that ACCTO/AYCTO for 0.5CCTO-0.5YCTO is 0.38, while it is 0.95
for 0.2CCTO-0.8YCTO. In other words, the number of CCTO/YCTO interfaces reaches maxi-
mum in 0.2CCTO-0.8YCTO sample. On one hand, solid solution between Y3+ and Ca2+ could
inhibit generation of donors, leading to thicker depletion layers. On the other hand, more
interface states are produced at the YCTO/CCTO heterojunction. As a result, barrier height is
improved so that more energy is needed for carriers to migrate across barriers.

3. Dimensional effect of varistor ceramics

3.1. Phenomenon of dimensional effect

Thickness dependence of E1mA and α of ZnO ceramics with low, medium, and high potential
gradients is plotted in Figure 13(a). Similar phenomenon is also found in CCTO ceramics in
Figure 13(b). Every curve exhibits a turning point corresponding to sample thickness d.
Critical thickness dc, critical breakdown field Ec, and critical nonlinear coefficient αc are deter-
mined by each curve. Such behavior can be empirically represented as:

E1mA ∝ ebd, (9)

where the exponent b represents the transitional behavior for the entire curve. Let this expo-
nent in d < dc domain be denoted as b1 while it is denoted as b2 in the d > dc domain, i.e.:

lnE1mA ¼ a1 þ b1d d < dcð Þ, (10)

lnE1mA ¼ a2 þ b2d d > dcð Þ: (11)

The summary of the parameters b1, b2, dc, and Ec in Figure 13 is listed in Table 7. dc signifi-
cantly decreases with increased E1mA and Ec, which indicate that those who exhibit higher
E1mA exhibit less severe dimensional effect. At the same time, b2 slightly decreases with
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height of sample with x = 0.8 reaches a maximum of 1.50 eV, which is twice higher than 0.69 eV
of CCTO. The high barrier height leads to high nonlinear coefficient, which is consistent with
results of J-E performance shown in Figure 11(a).

Figure 12. Complex impedance spectra of (1 � x)CCTO-xYCTO ceramics.
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Egb (eV) 0.69 1.11 1.50 031

Table 6. Activation energies of grain and grain boundary resistance of (1 � x)CCTO-xYCTO samples.

Figure 11. J-E characteristics of (1� x)CCTO-xYCTO ceramics (a) and some reported CCTO ceramics with high nonlinear
coefficient (b).
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deduced, inhibiting improved grain boundary resistance and activation energy in composite
ceramics. This inhibition may arise from increased number of grain boundaries or enhanced
blocking effect of single barrier. There are three types of grain boundaries: CCTO/YCTO,
CCTO/CCTO, and YCTO/YCTO. Egb of 0.2CCTO-0.8YCTO samples (1.43 eV) is higher than
that 1.11 eV of 0.5CCTO-0.5YCTO samples, indicating effect of grain boundary type is more
important. Assuming both CCTO and YCTO grains are cubic, its surface area ratio can be
simply written as:

ACCTO

AYCTO
¼ r2CCTO � Vol%CCTO=VolCCTOð Þ

r2YCTO � Vol%YCTO=VolYCTOð Þ ¼
rYCTO � Vol%CCTO

rCCTO � Vol%YCTO
, (8)

where A is surface area of grains, r is grain size, Vol is single grain volume, and Vol% is volume
fraction. Densities of CCTO and YCTO are 5.05 and 5.20 g/cm3, respectively. The average grain
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for 0.2CCTO-0.8YCTO. In other words, the number of CCTO/YCTO interfaces reaches maxi-
mum in 0.2CCTO-0.8YCTO sample. On one hand, solid solution between Y3+ and Ca2+ could
inhibit generation of donors, leading to thicker depletion layers. On the other hand, more
interface states are produced at the YCTO/CCTO heterojunction. As a result, barrier height is
improved so that more energy is needed for carriers to migrate across barriers.
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gradients is plotted in Figure 13(a). Similar phenomenon is also found in CCTO ceramics in
Figure 13(b). Every curve exhibits a turning point corresponding to sample thickness d.
Critical thickness dc, critical breakdown field Ec, and critical nonlinear coefficient αc are deter-
mined by each curve. Such behavior can be empirically represented as:

E1mA ∝ ebd, (9)

where the exponent b represents the transitional behavior for the entire curve. Let this expo-
nent in d < dc domain be denoted as b1 while it is denoted as b2 in the d > dc domain, i.e.:

lnE1mA ¼ a1 þ b1d d < dcð Þ, (10)

lnE1mA ¼ a2 þ b2d d > dcð Þ: (11)

The summary of the parameters b1, b2, dc, and Ec in Figure 13 is listed in Table 7. dc signifi-
cantly decreases with increased E1mA and Ec, which indicate that those who exhibit higher
E1mA exhibit less severe dimensional effect. At the same time, b2 slightly decreases with
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increased E1mA, suggesting more stable E1mA with variation of thickness. However, no matter
what varistors are used in high-voltage or low-voltage situations, dimensional effect undoubt-
edly exists, which brings much trouble for practical application and design. Therefore, further
investigation of dimensional effect is needed for stable electrical performance.

3.2. Simulation of dimensional effect

Breakdown voltage of single grain boundary is acknowledged to be nearly constant (�3 V),
indicating other factors should be responsible for dimensional effect. To understand the struc-
tural origin of dimensional effect, a model based on the network of grains and grain bound-
aries is proposed. Grain sizes in varistor ceramics fit the normal distribution, in which the
probability density f(l) can be expressed as:

f lð Þ ¼ 1ffiffiffiffiffiffiffiffiffi
2πσ

p exp � l� μ
� �2
2σ2

" #
, (12)

where l is the average grain size, σ is the standard deviation, and μ is the mathematical
expectation. For ceramics with diameter of D and thickness of d, it is assumed that all grains
are cubic with length of m; the number of grains on the cross-section N is thus calculated as:

Figure 13. Thickness dependence of E1mA and α of (a) ZnO ceramics and (b) CCTO ceramics.

Samples b1 b2 dc (mm) Ec (V/mm)

ZnO ceramics High 9.4 0.21 0.19 185

Medium 18.6 0.31 0.28 110

Low 6.0 0.36 0.98 33

CaCu3Ti4O12 ceramics 0.278 0.087 0.90 53

Table 7. The exponents b1 and b2, critical thickness dc, and the transitional breakdown field Ec of ZnO ceramics and
CCTO ceramics in Figure 12.
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N ¼ πD2

4μ2 : (13)

It is assumed that these N grains on the cross section lead to N grain chains along thickness
direction. Since l also fits normal distribution, the average grain number should be d/m, and the
variance of the average grain size should be σ2/(d/m); therefore:

f l
� � ¼ 1ffiffiffiffiffiffi

2π
p

σffiffiffiffiffiffi
d=μ

p exp � l� μ
� �2
2 σ2
d=μ

" #
: (14)

The amount of chains with grain sizes from l to l + Δl fits:

Δn l
� � ¼ Nf l

� �
Δl, (15)

Another assumption is that the current that went through one grain chain is independent on
other chains. On this basis, the relationship between the voltage and the current in one grain
chain can be expressed as:

V ¼ d
l
VB þ Ii l

� � d
Δn l

� �
μ2

rg, (16)

where VB is the breakdown voltage of single grain boundary and rg is the electrical resistivity
of grain. Consequently, the total current in this piece of ceramics should be the sum of current
flowing in N grain chains:

I ¼
X

Ii l
� �

: (17)

Based on the model above, J-E characteristic under a fixed thickness can be acquired with
increased applied voltage V, and the E1mA is able to be calculated. With variance of d in
Eq. (12), a series of J-E curves are acquired, and E1mA corresponding to different thicknesses
are therefore known. According to grain size distribution of the measured ZnO varistor
samples with high and medium E1mA found in Figure 13(a), average grain size m and variance
σ2 are calculated and taken into the model. Hence, the thickness dependences of E1mA are
plotted in Figure 14. The dc of high-voltage varistors is �0.2 mm, whereas it is �0.3 mm for
medium-voltage varistors. Both dc and Ec from simulation fit the experimental results in
Figure 13(a) well, proving the effectiveness of the proposed model.

In addition, if the average grain size is fixed, sample thickness d is reversely proportional to the
variance of the average grain size. The maximum of the probability density f(μ) fits:

f μ
� � ¼ 1ffiffiffiffiffiffi

2π
p

σffiffiffiffiffiffi
d=μ

p : (18)

With increased d, f(m) increases, indicating a narrower grain size distribution. Therefore, dimen-
sional effect of varistor ceramics originated from the thickness dependence of grain size variance.
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increased E1mA, suggesting more stable E1mA with variation of thickness. However, no matter
what varistors are used in high-voltage or low-voltage situations, dimensional effect undoubt-
edly exists, which brings much trouble for practical application and design. Therefore, further
investigation of dimensional effect is needed for stable electrical performance.
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f lð Þ ¼ 1ffiffiffiffiffiffiffiffiffi
2πσ

p exp � l� μ
� �2
2σ2

" #
, (12)

where l is the average grain size, σ is the standard deviation, and μ is the mathematical
expectation. For ceramics with diameter of D and thickness of d, it is assumed that all grains
are cubic with length of m; the number of grains on the cross-section N is thus calculated as:

Figure 13. Thickness dependence of E1mA and α of (a) ZnO ceramics and (b) CCTO ceramics.

Samples b1 b2 dc (mm) Ec (V/mm)

ZnO ceramics High 9.4 0.21 0.19 185

Medium 18.6 0.31 0.28 110

Low 6.0 0.36 0.98 33

CaCu3Ti4O12 ceramics 0.278 0.087 0.90 53

Table 7. The exponents b1 and b2, critical thickness dc, and the transitional breakdown field Ec of ZnO ceramics and
CCTO ceramics in Figure 12.
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With increased d, f(m) increases, indicating a narrower grain size distribution. Therefore, dimen-
sional effect of varistor ceramics originated from the thickness dependence of grain size variance.
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As for CCTO ceramics which also exhibits dimensional effect shown in Figure 13(b), SEM
images and grain size distribution on longitudinal section morphologies are investigated, as
shown in Figure 15. Grains are smaller near the surface, whereas they are larger and denser in
the interior. Quantitative analysis shows that grain sizes are more uniform near the surface
while the size distribution is wider in the interior. The average grain size increased from
20.23 μm near the surface to 23.94 μm in the interior, while the porosity decreased from
4.95% near the surface to 0.33% in the interior. Although the grains with size below 30 μm are
dominant in number, they contribute less to the section area. It can be seen in Figure 15(b), (d),
and (f) that although grains with size below 15 μm contribute to more than 50% of grains, the
sum of their occupied area is less than 10%. Despite small increase of average grain size from
the surface to interior part, the major grain size that contributed to section areas is significantly
different. On the surface, amount of the grains between 20 and 40 μm is most, while grains
between 40 and 60 μm dominate the section area. Especially, the grain size range extends to
50–90 μm in the interior. From this point, it can be deduced that nonuniform distribution of
grain size indeed contributed to dimensional effect in varistor ceramics, which is in accordance
with simulation discussed above.

3.3. Elimination of dimensional effect

In not only ZnO varistor ceramics but also CCTO ceramics, dimensional effect exists because of
nonuniform grain size distribution, which restricts its practical application. Therefore, in order
to diminish or to attenuate dimensional effect, it is important to make grain size distribution
more uniform. Despite the traditional processed ZnO varistor ceramics (Tr), another amine
processed (Am) samples are prepared. At first, ZnO is dissolved in NH4(OH) and NH4(HCO3)

Figure 14. The thickness dependence of breakdown field via simulation (usage permitted by Elsevier).
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solution with other additives in solutions, which is consequently heated to 110�C. After careful
monitoring and controlling the pH of this mixed solution to 8–9, the precipitations are sepa-
rated from the solution by filtration and washed with diethylamine solution to remove all
chloride ions. When the solution is dried, the remained powders are calcined at 500�C, and
then traditional processes are followed.

Figure 15. SEM of cross-section morphologies, grain area, and grain size distribution at the surface (a and b), near the
surface (c and d), and in the interior (e and f) of CCTO ceramics (usage permitted by Elsevier).
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SEM photos of traditional processed (Tr) and amine processed (Am) ZnO samples are shown
in Figure 16(a) and (b), respectively. Lots of small grains are scattered between compactly
aligned big grains in Tr samples, as shown in Figure 16(a). However, no such small grains are
seen in Am samples. The grains in Am samples are more uniform than those in Tr samples.
Lots of grains with size below 3 μm exist in Tr samples, while the grains are compact with
almost no grains with size below 3 μm.

Thickness dependence of E1mA of Tr and Am samples are depicted in Figure 17. Tr samples
exhibit distinct dimensional effect with dc of 0.28 mm. Notably, the Am samples show lower

Figure 16. SEM pictures for (a) traditional processed and (b) amine processed ZnO varistors (usage permitted by
Elsevier).

Figure 17. Thickness dependence of E1mA for traditional processed (Tr) ZnO varistors and amine processed (Am) ZnO
varistors with identical recipe and processing variables (usage permitted by Elsevier).
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E1mA but exhibit no distinct dimensional effect. The decreased E1mA might be attributed to
larger average grain size in Am samples than that in Tr samples. What is evident is that
uniform grain sizes are obtained, which could effectively eliminate dimensional effect.

4. Conclusion

Breakdown characteristics in varistor ceramics are investigated from grain boundary charac-
teristics based on single barrier performance and barrier distribution. On one hand, different
methods of doping including substitution and additional phase result in not only restriction on
grain sizes but also manipulation of defects in Schottky barriers of varistor ceramics to enhance
breakdown field to meet the requirement of device miniaturization. In addition, restriction on
further decreased thickness of varistor ceramics is found as dimensional effect in not only ZnO
ceramics but also CaCu3Ti4O12 ceramics. From theoretical analysis and experimental results,
the dimensional effect is found closely related with the uniformity of grain sizes, which
influence the distribution of grain boundaries quite well. Consequently, the breakdown char-
acteristics in varistor ceramics are understood from the aspect of single barrier performance
and spatial distribution of barriers.
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Abstract

Material characterization plays an important role in many applications that are called as
security, military, communication, bioengineering, medical treatment, food industry, and
material processing, since it is useful to identify other properties such as stress-strain
relation, bio content, moisture content, materials density, etc. Therefore, the dielectric
properties of materials should be achieved with high accuracy using appropriate mea-
surement techniques and extraction techniques. There are many measurement methods to
obtain the dielectric properties of materials, which can be divided into two categories: up
conversion and down conversion methods. A microwave measurement method can be
called as frequency up conversion, while THz time-domain spectroscopy (THz-TDS)
system is a frequency down conversion method. The selection of more convenient mea-
surement method depends on some parameters such as frequency range, material phase,
and temperature. In this chapter, the measurement methods and extraction techniques
will be discussed, and alternative ways will be presented with experimental and simula-
tion results.

Keywords: complex permittivity, dielectric materials, free space measurement, material
characterization, Newton-Raphson, terahertz radiation, THz, time-domain spectroscopy

1. Introduction

The complex permittivity of materials is independent of available measurement methods. This
parameter has an important place for material characterization in electrical and electronics
engineering. It can be used to recognize the interaction between a material and an electromag-
netic radiation. In many applications, knowing of some parameters of the material, which is
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cheaper than trial-error method, facilitates the work of engineers. Therefore, materials charac-
terization and measurement methods are increasingly gaining importance at mm waves and
THz frequency ranges. For instance, the knowledge of behavior of materials in these frequency
ranges is essential to design and produce new equipment for astronomy or remote sensing
applications.

It is possible to divide the measurement methods into two categories as up and down fre-
quency conversion methods. In this context, the optical measurement methods can be called as
a down-conversion method, and its aim is to decrease the frequency from 1014 Hz to 1012 or
1011 Hz. The well-known down conversion (optical) measurement method is Terahertz time-
domain spectroscopy (THz-TDS). Usually, a femtosecond laser source is used to excite receiver
and transmitter photoconductive antennas. Millimeter wave or microwave measurement
methods can be called as an up-conversion method because of using frequency extenders to
obtain the hundreds of GHz, and the purpose of it is to increase the frequency from 1010 Hz to
1011 Hz. The most preferred method is free space measurement (FSM) method in this category.
Generally, a sample is placed between two horn antennas, and the measurement process is
controlled by a Vector Network Analyzer (VNA).

Many different extraction techniques were investigated to obtain the high accuracy for the
dielectric parameters, and they are usually divided into two groups as analytical (Nicolson-
Ross-Weir [NRW] or NIST Iterative) and numerical (Newton-Raphson or Genetic Algorithm)
techniques. In addition, the artificial intelligence (AI) methods are used to extract the dielectric
properties to provide support the numerical techniques. To obtain the dielectric constant,
numerical techniques are preferred to eliminate the associated error between sample thickness
and frequency. However, there is an initial value problem in this approach. Therefore, both
analytical and numerical techniques should be tried to achieve the most accurate result.

2. Dielectric properties of materials for material characterization

The dielectric properties of a material are related to other properties of that material. Humidity
and temperature in the environment, the density of the material, its structure, the amount of
water in it, and the porosity can change the dielectric properties of the material for the
frequencies of microwave, millimeter wave, and THz [1, 2]. Besides, the thickness of the
material, the chemical composition, and especially, the permanent dipole moment also affect
the dielectric properties of a material. In addition, the effects of electromagnetic interference
are needed to take in the account considering the environmental conditions [3].

The complex permittivity, which is an internal characteristic of material independent of the
measurement technique, is accepted an important value of material characterization for elec-
trical engineering [4]. Dielectric constant and loss tangent, which are electrical characteristics of
material, play an important role in the propagation of the electromagnetic energy in the
insulating medium. Therefore, the permittivity determines the propagation speed of the elec-
tromagnetic wave and the amount of stored energy on the material.

Electrical and Electronic Properties of Materials84

The dielectric properties of a material consist of relative dielectric constant εrð Þ and magnetic
permeability constant μr

� �
, which are represented by the equations ε ¼ ε0εr and μ ¼ μ0μr.

ε0 ¼ 8:52x10�12 F=mð Þ and μ0 ¼ 4πx10�7 H=mð Þ are the values of permittivity and permeabil-
ity of the cavity, respectively [5]. When an electromagnetic wave is applied to a material, the
interaction of the material is expressed by two basic functions: permittivity and permeability.
The complex permittivity consists of real and imaginary parts as seen on Eq. 1 [6]:

ε ¼ εr � jεi (1)

where εr is real, which represents stored electric field energy on the material, and εi is imagi-
nary, which is amount of electric field loss. In case j ¼ �1 on Eq. 1, the rate of imaginary εi=ε

0 0� �
over real εr=ε0ð Þ is called as loss tangent seen on Eq. 2.

tan δð Þ ¼ εi=εr (2)

The imaginary part is also correlated with electrical conductivity (σ) as seen on εi ¼ σ=ε0ω,
where ω is angular frequency. Orthogonal axis representation of real and imaginary parts of
complex permittivity is seen in Figure 1.

The propagation of the electromagnetic wave in a material depends on its permittivity and
permeability. When the impedance of the waveguide in the material Zð Þ is lower than free
space impedance Z0ð Þ, impedance mismatch occurs. During the propagation through the
material, some of the energy are transmitted, and some are also reflected. In other words,
material and electromagnetic wave interaction occur in three ways: reflection, absorption, and
transmission [5].

Propagation speed of the waveguide through the material vmð Þ is lower than speed of light cð Þ.
Since the frequency fð Þ is constant, the wavelength λmð Þ is seen shorter than free space

Figure 1. Representation of complex permittivity.
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wavelength λ0ð Þ. Transition and propagation of a waveguide to a single layer material are seen
in Figure 2 [7].

In an electromagnetic field, propagation paisley expression of a transverse electromagnetic
(TEM) plane wave on þz direction is displayed as E z;ωð Þ ¼ E0e�γz , where the angular fre-
quency is calculated as ω ¼ 2πf and γ represents the propagation of the waveguide [8].

3. Measurement methods

Two different measurements, which are optic and microwave methods, are used in material
characterization processes of THz frequency range. THz waves have unique properties such as
being able to pass through some materials, which are not so permeable for other parts of the
electromagnetic spectrum, or reflecting from some materials close to 100%, being harmless
compared to X-rays, and having the ability to distinguish between different materials. The
change of wavelength and frequency related to the THz gap is shown in Figure 3.

The time-domain spectroscopy (TDS) system, which is created in parallel with technological
developments, is still expensive due to its most important component femtosecond lasers, and

Figure 2. Interaction of electromagnetic wave with material.

Figure 3. Showing a part of electromagnetic spectrum.
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it is generally not reliable and stable enough for long-term industrial use. To solve the prob-
lems of laser source in TDS system, Multimode Laser Diode (MLD), which is smaller, simpler,
cheaper, stable, and commercially available, is used alternatively. Although MLD-TDS is
weaker than traditional THz-TDS in terms of radiant power, radiation efficiency, and spectrum
width, it has been shown in some studies that these points can be improved [9–11].

The microwave measurement systems including frequency up conversion methods are actively
used in material characterization processes in THz frequency domain as an alternative to
conventional TDS systems. However, only one of these methods cannot be used effectively on
whole frequency band to measure the dielectric properties of the material. Moreover, several
difficulties were seen in measuring lossy and low-loss materials with high accuracy. Therefore,
different methods are needed for each band and material loss [6, 12]. The factors, such as
measured frequency range, the expected value of the permittivity, required measurement
accuracy, properties of the material (homogeneous, isotropic), and form of the material (solid,
liquid, and gas), must be taken into consideration during the method determination. In addi-
tion, conditions such as sample size constraints, temperature, contact/noncontact measure-
ment, and destructive/nondestructive measurement must be considered [12, 13].

Although the analyzed material differs according to where they are applied, the basic process
is to completely determine the dielectric properties. In this framework, researches have been
carried out on the analysis of many kinds of materials, and the results are shared. Some
researches attempted to determine the effects of ambient conditions, which are created for the
preservation of foods and preservation of freshness for a long time in food industry, on the
material by the change in the permittivity [14, 15]. Successful studies have been conducted to
examine the effect of changes in humidity on the freshness of the food [16, 17].

There is no single measurement technique for all conditions in the direction of these items. For
this reason, a more precise measurement can be performed after determining which measure-
ment method is suitable. If desired frequency range is high, free space measurement (FSM)
method is the most suitable one by considering current technology.

3.1. Free space measurement method

Since the fact that it is aimed to work in THz frequency range, free space measurement method
that is one of microwave measurement methods is at the foreground due to many advantages.
FSM method especially offers the possibility of especially nondestructive and noncontact
measurements, characterization of solid-liquid-powder materials, and measuring solid mate-
rials except very small ones.

Generally, measurement techniques, which are used in microwave and millimeter wave
frequency regions, can be classified into two groups as resonant and nonresonant methods.
Materials can be analyzed at single or discrete frequencies with resonant method. But with
the nonresonant method, the analysis of materials can be pursued over a wide frequency
band [6]. Recently, the most preferred methods of analysis for frequency bands above 1 GHz
are listed as waveguide, coaxial probe, resonant cavity, and free-ambient measurement
method [5, 18].
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Nonresonant methods are used to determine electrical and magnetic properties over a wide
frequency range, but resonant methods are better suited for calculating only single frequency
[19]. Commonly used methods, which are including basic functions that must be included in a
measurement method, are compared in Table 1, where ND is Nondestructive, S is Solid, L is
Liquid, and G is Gas [5, 6]. Some of these techniques are more suitable for solid materials and
others for liquids. It is also important that the analysis method is simple, as well as cheap [20].

FSM method has better dynamic capacity and spectral resolution than other methods [21].
However, FSM method could not be widening unless development of measuring devices for
last decade [22]. Thus, measurement of the complex permittivity is possible over a wide
frequency range by means of advanced measuring equipment and the FSM method accurately
[23]. The FSM method consists of two antennas connected to a Vector Network Analyzer
(VNA), and between the two antennas a sample holder in which the material to be measured
is placed as shown in Figure 4 [9, 24].

The quartz plates are not required in measurement setup if measurements are taken for solids
like Teflon or glass. Because sagging of solid materials can be neglected when the sample

FSM Waveguide Coaxial probe

Dielectric features ɛr-μr ɛr-μr ɛr

S-parameter S11-S21 S11-S21 S11

Frequency band Wide Discrete Wide

Dimension Large Medium Little

Testing procedure ND Destructive ND

Sample preparation Easy Hard Easy

Form of material S-L-G S S-L

Monitoring Very easy Hard Easy

Table 1. Comparison of commonly used microwave measurement methods.

Figure 4. Schematic representation of FSM method.
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holder is properly placed [7]. VNA is standard equipment of microwave and millimeter wave
measurement systems for simultaneous measurement of S-parameters, which are used for
calculating dielectric features of materials [22].

3.1.1. Features of FSM method

The accuracy of the measurements is increased by a high time domain solution with FSM
method, even requiring a simple test setup for installation [25]. FSM method provides to mea-
sure S parameters under the conditions as contactless, nondestructive, and high temperature
with wide frequency range and different substance forms and especially for nonhomogeneous
materials. It is preferred to coaxial and waveguide measurement methods, since it does not need
sample preparation [18, 26]. Another disadvantage of waveguide method is seen as leakage
around the sample and limitation of sizing sample [27]. Moreover, waveguide and coaxial
measurement methods both need for proper preparation of the sample. This requirement causes
limitation of measurement accuracy for nonprocessable substances [28].

Spot focus can be achieved using lenses that will minimize the diffraction effect for high
accuracy measurements [23, 26]. The antenna gain can also be increased, thanks to lenses that
align the beam and reduce the diameter [29]. Additionally, the measurement errors can be
reduced by TRL calibrations and VNA gating techniques [27]. Selecting the size of the sample
larger also provides reduction of the diffraction effect. But larger specimens cause sagging
problem especially nonrigids [7]. Even when the optimum thickness is achieved at the sample,
another measurement error can be seen because the phase that is on the sample may not be
planar. To prevent this, the effect of thickness must be taken into account in order to match the
center of the sample with the point of the thinnest beam, which is aligned through the lens [30].

3.1.2. Measurement with FSM method

A software was developed for analysis and defining the material. Therefore, firstly, the mate-
rials, which had been analyzed in microwave and millimeter wave frequency bands, were
measured and compared with other studies in the literature to confirm and ensure the accu-
racy of the developed software. The calculation techniques were optimized for the analysis of
the data obtained by the FSM method, which constitutes a significant part of the study. Most
appropriate algorithm was determined to use the output of characterizations for recognition of
materials, and the results were proved.

Several experiment setups of FSM method were used to show the interaction of the electro-
magnetic waveguide with the material at different angles for determination of the dielectric
properties of a material. In this system, the signals, which are reflected and transmitted from
the sample surface, are collected as shown in Figure 4. FSM method is preferred for all
measurements over than 75 GHz. At other frequencies, the antennas and distances between
them were changed to keep the system as reliable. In order to be able to measure in the
frequency range of 75–325 GHz by FSM method, four different experimental setups were
required. For this reason, antenna structures (WR10, WR8.0, WR5.1, andWR3.4) were changed,
and measurements were taken in four different stages up to 325 GHz. To be able to measure
up to 500 GHz (between 325 and 500 GHz), WR2.2 antenna structure must be used in the
fifth stage.
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them were changed to keep the system as reliable. In order to be able to measure in the
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Measurementsweremade in the75–325GHz frequency rangewithoutusingaparabolicmirror. The
results of analyzedmaterials (Paper, Ultralam, PVC, Glass, Teflon, L1000HF, Rexolite, and RO3003)
are seen in Figure 5. Newton-Raphson technique was used in the calculations. Lowest and highest
values were entered for prediction of the algorithm instead of classic initial value assignment. Only
specified S21ð Þ parameter of thematerials is used for determining the complex permittivity.

For the first time, an analysis of the materials given in Figure 5 has been made and shared in
this frequency range. Due to the different measurement methods and using of different calcu-
lation techniques, little negligible differences can be obtained in the results. As the frequency
band expands, the change in the dielectric constant values is not constant. For this reason, the
thickness and dielectric constant values of each material are shown in Table 2. Ultralam,
L1000HF, RO3003, and Rexolite materials measured different thicknesses as they are supplied
from the manufacturer with different dimensions.

Figure 5. The dielectric constants of materials obtained by FSM method.

Material Thickness (mm) Dielectric constant

Paper 0.15 2.10–2.14

Ultralam 0.17 2.95–3.10

PVC 0.25 2.90–3.05

Glass 3 4.12–4.16

Teflon 4 1.98–2.05

L1000HF 3.20 9.95–10.05

Rexolite 12.85 2.52–2.55

RO3003 1.53 2.99–3.05

Table 2. Measurement of materials in W-band (75–110 GHz).
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3.2. Multimode laser diode: time-domain spectroscopy (MLD-TDS) system

Various methods such as poorman’s THz-TDS, Quasi-TDS (QTDS), and MLD-TDS are
invented to obtain THz signal. In last two decades, the studies about multimode laser diode
(MLD) that one of them can be grouped in three as THz pulse generation, sample analysis, and
2D imaging [10, 31–33]. Photoconductive antennas provide THz radiation by generating cur-
rent ripple at pico-second time interval. To do this, a sudden fluctuation of the beam from the
MLD is used [34, 35]. The idea of generating THz pulses from an MLD with this feature has
been proposed by Hangyo. In his study, MLD-induced Photo-Conductive Antenna (PCA) is
shown to be capable of producing THz pulses, and the THz pulse was measured with a
bolometer that was sensitive to temperature change instead of antenna [33, 36]. In this first
study, Hyodo and his colleagues used an experimental setup and added MLD instead of a
dual-chip microchip laser as a beam source [36, 37]. In later researches, similar systems have
been established, and obtaining THz pulses are aimed with different antenna structures. In
addition, the dielectric constant and refractive index of the sample were measured to define the
material [11, 34, 38].

3.2.1. Features of MLD for TDS system

Spectroscopy systems determine the response of the material to electromagnetic fields. THz-
TDS system can be simply expressed in terms of production and detection of THz radiation in
time domain. Two optical arms are seen in such systems in the same experimental setup as one
for production and the other for detection. Ultra-fast lasers (UFL) are used as a beam source in
this system. THz radiation is produced by one of the two branches of the incoming beam. THz
waveform is obtained as a function of time, while the detection beam is scanned by interfero-
metric steps. The first measurement of THz waveform is used as reference information. Spectro-
scopic information about the sample is obtained by examining the measurements of THz-TDS
under the Fourier Transform (FD). In general, the time shift in main THz peak, the change on
refractive index, and amplitude are related with power absorption of the sample [39].

MLD is proposed as an alternative cheaper and smaller beam source to design TDS systems,
which are frequently used in material characterization and imaging processes [36]. The
researches show that the signals obtained via MLD are like those obtained via the TDS one.
THz pulse can be generated between the frequencies of 0.1–1 THz [10, 36].

PCAs are electrical components of MLD-THz spectroscopy system, and others are passive
components. When the system is installed, first the passive components, then the electrical
components are placed. The test setup consists of the generation and detection paths. The
beam paths and system components of MLD-TDS are shown in Figure 6.

The working principle of the developed MLD measurement system is like the THz-TDS
system. The light beam, from the MLD, is divided into two by the beam splitter. The beam,
which follows the two paths known as generation and detection arms, is focused on the
antennas by the objective lens. The signals emitted by the antennas are directed by parabolic
mirrors. PCA, a device made of a semiconductor material, known changed the electrical
conductivity when interacting with light, can convert infrared rays to THz. By exciting with
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laser beams focusing on the photoconductive antenna, the carriers are accelerated. Thus, the
conductivity is increased and the photoaxis is created by a voltage signal from the function
generator THz signal, radiating from the silicon lens face of the antenna, producing THz
electric field. The relationship between the light intensity induced by the lock-in amplifier and
the THz electric field is obtained as a function of the delay time. The delay time generated for
the THz pulse is mechanically designed. Voltage/current values obtained from the locked
amplifier are stored by LabVIEW software and plotted THz wave profile by time.

When previous researches are analyzed, only very low energy THz signals could be obtained.
If the energy goes up, the nonlinear effect will decrease. However, this is an undesirable
situation in MLD-TDS systems. Obtained signal should be at least 25 times of the noise. But
the magnitude of obtained THz pulse by MLD is one hundredth or millionth of the magnitude
of the pulsed system [15]. Therefore, the diameters of the parabolic mirrors should be large and
positioned as close to the antenna as possible. The focal length of the parabolic mirror should
be small, and the solid angle should be large to obtain higher signal. And of course, used
antenna should be compatible with MLD-TDS systems.

3.2.2. Measurement with MLD-TDS system

The parabolic mirrors are used in the system for better collecting and aligning of generated
THz signals, and the ambient conditions are most effective factors in weakening THz signal. If
the focal points of the parabolic mirrors are less than 10 cm, the power of THz signal can be
maintained. Since THz signals produced by MLD-TDS have very low amplitude values (Volt

Figure 6. Schematic representation of MLD-TDS system.
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or Ampere) than THz-TDS systems, the signal should align meticulously and the distance of
the catheter should be short.

In the material characterization process with TDS systems, firstly, the refractive index should be
calculated to determine the dielectric constant. Refractive index is given by amplitude difference
between sampled and unsampled measurements in pico-seconds the shift of the THz signal. The
waveform of obtained data, from w/o sample measurements of PVC sample, is seen in Figure 7.
This spectroscopy system consists of MLD, driver, and cooler. Mostly, the softwares called Origin
and Pkgraph are used for analysis. Origin was preferred for this study because of visual advan-
tages of its interface.

Two different equations are used to calculate the refractive index depending on time and
frequency. The refractive index can be obtained via Eq. 3, where Δt (s) is the shift of THz signal
that is interacted with the sample. c and d represent speed of light (mm/s) and thickness of the
material (mm), respectively.

n ¼ cΔt
2d

(3)

n ¼ ffiffiffiffiffiffiffiffiffi
εrμr

p
(4)

The complex permittivity εð Þ of PVC was calculated by using Eq. 4 and expressed as shown in
Figure 8. Signal degradation occurs after frequency of 0.6 THz on the measurements results
obtained with MLD spectroscopy system. But signal quality is observed promising up to 0.8
THz for some material measurements. The measurement capability of the system is suitable up
to about 1.2 THz, but the diagram of the signal is limited to 0.8 THz for more accurate material
characterization.

Quality of THz signal obtained via MLD-TDS is not as good as ultra-short femtosecond laser
source using TDS systems, but the measurement results of MLD-TDS are at least as successful

Figure 7. The measuring of PVC material by MLD-TDS system.
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as them. Researches on MLD-TDS systems are increasing because of being cheaper and more
compact than THz-TDS. In this study, cheaper laser driver and cooler were used instead of
conventional ones. Cooling is very important subject for MLD not to shift on mode spacing,
which prevents THz signal generation, and if the limit current value to be applied to MLD is
exceeded while supplying laser driver circuit, MLD will run like a standard LED emitting
808-nm laser beam.

3.3. Quasi-optical FSM method

The distance between the antennas should be kept within a certain range for generating planar
wave while using FSM method. The distance between the antennas can be reduced by forming
the planar waveguide at a shorter distance using the lens and parabolic mirrors. When parabolic
mirrors are used to generate better THz signals and send aligning the center of the sample, the
name of the system is revised as Quasi-Optical. Parabolic mirrors ensure more accurate data by
focusing THz signal on the sample, and it enables to measure little-sized samples by FSMmethod
[12]. Thus, sizing limitation problem of FSM method is already solved as seen in Figure 9.

Very precise adjustment is required to put parabolic mirrors since they align incoming beam.
Normally, incoming beam is aligned by using infrared camera before PCA. Generated THz
signal is directed to parabolic mirror, where it is aligned circular before sending next parabolic
mirror. Aligning THz signal with the infrared camera is not so complicated since the wave-
length of the beam is around 800 nm, but this is not so easy for FSMmethod. Repeat and repeat
measurement may be needed while determining the position of the parabolic mirrors.

Before interpreting the results of measurements made with quasi-optical FSMmethod, some of
mathematical approaches are needed to be clarified. When there is difficulty of generating THz
signal with FSM method, highly likely expected error signals and unwanted situations should
be eliminated. Some of signal correction techniques should be applied to correct the measured
signals as seen below.

Figure 8. The complex permittivity of PVC sample.

Electrical and Electronic Properties of Materials94

Two different measurements are taken as with and without sample to perform the signal
correction process, and the transmission S21ð Þ and the reflection S11ð Þ parameters are revised
by considering these measurements as seen in Eq. 5 and 6, where m, c, a, and l represent
material, correction, air (empty), thickness of the material, respectively, and β can be obtained
via Eq. 7.

S21_c ¼ S21_m

S21_ae jβlð Þ (5)

S11_c ¼ S11_m � S11_a

S21_ae jβlð Þ (6)

β ¼ 2πf
ffiffiffiffiffiffiffiffiffiffi
ε0μ0

p
(7)

However, some filtering methods may be needed if noise and error signals still exist. In this
study, measurements were made at a frequency band of 140–500 GHz. Measurements of the
material up to 325 GHz can be performed by using Quasi-optical FSM correctly even repeated
a few times, when the calibration is done in a proper method. But for measurement at the band
of 325–500 GHz, some of noise and error signals may still exist, even though signal correction

Figure 9. Schematic representation of quasi-optical FSM method.
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steps have been made. The Singular Spectrum Analysis (SSA) method should be applied to
remove them after using Eq. 5 and 7 as seen in Figure 10.

Obtained revised transmission parameter S21ð Þ is used to calculate dielectric constant of the
materials as shown in Figure 11. The high transmission amplitude parameter of the measured
materials plays a facilitating role in the measurement. The dielectric constant of PMMA is seen
about 2.6 (F/m) up to frequency of 325 GHz, but it decreases to 2.55 (F/m) for higher frequen-
cies. For PVC, it is similar with about 2.9 (F/m) up to 325 GHz and 2.87 (F/m) at the band of
325–500 GHz.

Figure 10. Corrected signal of PVC sample.

Figure 11. The results of complex permittivity obtained via quasi-optical TDS.
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4. Extraction techniques

Before measurements, the study includes the calibration, which is performed to collect the
correct data, and the extraction, where the dielectric properties are determined after measure-
ments. Different calibrating techniques were applied and compared in the studies [40–42]. The
most basic extraction technique Nicolson-Ross-Weir (NRW) is widely used for extracting the
dielectric properties [43, 44]. Numerical methods, such as Newton-Raphson (N-R), Genetic
Algorithm (GA), and Root Finding Algorithm (RFA), are used as well beside of this analytical
method. Artificial neural networks (ANN) algorithms, which can be learned by analysis of
obtained data from calculation, are also used in estimating the complex permittivity [45–47].

The results, obtained from analyzed data by these extraction techniques, give an approximate
value to the results of the mathematical theory. By optimizing these analytical and numerical
techniques, the complex permittivity and refractive index of materials can be extracted with a
smaller error rate and higher accuracy. To obtain more accurate results, the extraction tech-
niques should be compared according to the above criteria and the most suitable one should be
determined. Collected data by VNA are needed to purify from errors and noise. Indeed, the
accuracy of the calibration is deteriorated especially while long-term measurements. Because
of the difficulties of recalibration, filtering process is preferred.

4.1. Analytical and numerical extraction techniques

Basically, the complex permittivity and permeability of the materials are extracted by reflection
(S21) and/or transmission (S11) parameters, which are called as scattering parameters [48]. In
these processes, many techniques such as Nicholson-Ross-Weir (NRW), NIST, Root Find Algo-
rithm (RFA), and Genetic Algorithm (GA) are used [45, 49]. The techniques used in the
extraction process can be divided into two main categories as analytical and numerical. Details
of most preferred NRW (analytical) and Newton-Raphson (numerical) extraction techniques
are given in this study.

Analytical techniques generally require precise and explicit expression. For this reason, expres-
sions are understandable and easy to use. However, in the NRW extraction technique, the
equations become unstable and erroneous at a certain interval of the sample thickness. Therefore,
analytical techniques are unstable for universal computational solutions [29, 50]. An iterative
extraction method is proposed for dielectric materials to come from above resonances (to remove
instantaneous peaks), when the sample thickness is greater than half the wavelength [51]. Unlike
analytical techniques, numerical solution techniques, which are iterative methods, cover a wide
range of algorithms. The biggest disadvantage of numerical extraction techniques is that it is
necessary to estimate the value to be extracted before starting the extraction methods [29, 50].

4.2. Nicolson-Ross-Weir technique

The complex permittivity extraction technique, called NRW, was developed by Nicolson, Ross,
and Weir [43, 44]. In this technique, transmission Tð Þ and reflection Γð Þ coefficients are
extracted by using S-parameters. The NRW extraction technique is also the basis of other
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analytical techniques are unstable for universal computational solutions [29, 50]. An iterative
extraction method is proposed for dielectric materials to come from above resonances (to remove
instantaneous peaks), when the sample thickness is greater than half the wavelength [51]. Unlike
analytical techniques, numerical solution techniques, which are iterative methods, cover a wide
range of algorithms. The biggest disadvantage of numerical extraction techniques is that it is
necessary to estimate the value to be extracted before starting the extraction methods [29, 50].

4.2. Nicolson-Ross-Weir technique

The complex permittivity extraction technique, called NRW, was developed by Nicolson, Ross,
and Weir [43, 44]. In this technique, transmission Tð Þ and reflection Γð Þ coefficients are
extracted by using S-parameters. The NRW extraction technique is also the basis of other
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techniques as it is relatively simple among other techniques [4]. In calculations, in FSM
method, the cut-off wavelength (λcÞ is expressed as infinite, and the cut-off frequency fcð Þ is
expressed as a value very close to zero [5].

The dielectric constant of the material (εr) is calculated with the NRW technique by using S-
parameters measured by the Vector Network Analyzer (VNA) and following the process steps
[52]. Reflection coefficient Γð Þ is expressed with Eq. 8, where Γj j < 1 is required to find correct
root. Unknown X is expressed by placing S-parameters as seen on Eq. 9, and transmission
coefficient Tð Þ can be calculated by Eq. 10. Also, the expression of a special equation of the
inverse triangle (capital lambda) is calculated as seen on Eq. 11.

Γ ¼ X∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 � 1

p
(8)

X ¼ S211 � S221 þ 1
2S11

(9)

T ¼ S11 þ S21 � Γ
1� Γ S11 þ S21ð Þ (10)

1
Λ2 ¼

j
2πd

ln Tð Þ
� �2

(11)

λog can be calculated by using cut-off wavelength λc and free space wavelength λo as seen on
Eq. 12, and the complex permittivity and permeability are calculated by Eq. 13 and 14,
respectively. Eq. 8 and 9 are the basis for many analytical and numerical solutions.

λog ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
λ2
0
� 1

λ2
c

q (12)

μ∗ ¼ λog

Λ
1þ Γ
1� Γ

� �
(13)

ε∗ ¼
λ2
o

1
Λ2 þ 1

λ2
c

� �

μ∗ (14)

4.3. Newton-Raphson technique

Thanks to the iterative structure of the Newton-Raphson (N-R) technique, the best solution can
be found. Only the transmission S11ð Þ or the reflection S21ð Þ parameter is enough to extract the
complex permittivity. Normally, NRW technique requires these two parameters both for the
extraction. If one of the reflection or transmission parameter is weak on measurement of
the sample, N-R extraction technique should be selected [45, 49]. The transmission parameter
S21 needs to be redefined for N-R technique as seen on Eq. 15 [21].

S21 ¼
T 1� Γ2
� �

1� T2Γ2 (15)
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Transmission Tð Þ and Reflection Γð Þ coefficients are expressing interaction between material
and electromagnetic wave. If the transmission S21ð Þ parameter seen on Eq. 15 is revised for the
N-R technique, real ið Þ and imaginary rð Þ parts of complex permittivity are obtained as seen on
Eq. 16 and 17, respectively. Measured parameter is indexed by mð Þ. Tolerance value is obtained
by taking the derivatives of Eq. 16 and 17 as seen on Eq. 18.

φ εr; εið Þ ¼ S21_r εr; εið Þ � S21m_r (16)

ϕ εr; εið Þ ¼ S21_i εr; εið Þ � S21m_i (17)

D ¼
dS21_r
dεr

� �
dS21_r
dεi

� �

dS21_i
dεr

� �
dS21_i
dεi

� �

��������

��������
(18)

And next unknown values of εr and εi can be calculated by Eq. 19 and 20, where h and k are
correction for the results, and o is initial value. The iteration is repeated until the desired value
is obtained in this technique.

εr ¼ εr_0 þ h (19)

εi ¼ εi_0 þ k (20)

4.4. Comparison of analytical and numerical techniques

It is observed that the studies using NRW technique have different algorithms. Therefore,
before the comparison, it is needed to have a decision which NRWalgorithm will be compared
with N-R. In this study, five different NRW algorithms, which are named as NRW1, NRW2,
NRW3, NRW4 and NRW5, were evaluated.

According to NRW1, cut-off wavelength (λcÞ and the cut-off frequency fcð Þ are used to obtain
the complex permittivity εð ) by using Eq. 21. According to NRW2, the V1 and V2 values are
represented sum and gap of S parameters as seen on Eq. 22 and 23, and impedance Zð Þ can be
calculated by these values as seen on Eq. 24.

λog ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1
λ2
0
� 1

λ2
c

q (21)

V1 ¼ S21 þ S11 (22)

V2 ¼ S21 � S11 (23)

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V1

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V1

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V2

p (24)

The use of S-parameters in terms of voltage sum and difference is also seen in the NRW3
algorithm. X and transmission coefficient T are calculated as seen on Eq. 25 and 26, respec-
tively, instead of calculating impedance Zð Þ value.
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before the comparison, it is needed to have a decision which NRWalgorithm will be compared
with N-R. In this study, five different NRW algorithms, which are named as NRW1, NRW2,
NRW3, NRW4 and NRW5, were evaluated.

According to NRW1, cut-off wavelength (λcÞ and the cut-off frequency fcð Þ are used to obtain
the complex permittivity εð ) by using Eq. 21. According to NRW2, the V1 and V2 values are
represented sum and gap of S parameters as seen on Eq. 22 and 23, and impedance Zð Þ can be
calculated by these values as seen on Eq. 24.
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The use of S-parameters in terms of voltage sum and difference is also seen in the NRW3
algorithm. X and transmission coefficient T are calculated as seen on Eq. 25 and 26, respec-
tively, instead of calculating impedance Zð Þ value.
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X ¼ 1� V1V2

V1 � V2
(25)

T ¼ V1 � Γ
1� V1Γ

(26)

As seen in Eq. 26, transmission coefficient T is calculated, which is different to Eq. 10. In NRW4
algorithm, impedance Zð Þ value is calculated by using transmission S11ð Þ and reflection S21ð Þ
parameters directly as seen on Eq. 27.

Z ¼ S11 þ 1ð Þ2 � S212

S11 � 1ð Þ2 � S212
(27)

In NRW5, impedance Zð Þ value that had been calculated by a different method is used to find
the transmission coefficient T as seen on Eq. 28, which is not equal to Eq. 10 and 26.

T ¼ S21 Zþ 1ð Þ
1� S11ð Þ Z� 1ð Þ (28)

As seen on these comparisons between NRW algorithms, it can be modeled with different
approaches and used in material characterization. Although NRW cannot be used in the
analysis of very thick materials, it is needed to demonstrate the accuracy of another technique
incase used for analysis. Therefore, many studies have been compared with NRW in the
literature.

The differences in NRW extraction technique (such as NRW1, NRW2, and NRW5) may also be
applied to other extraction techniques. To prove this, the NRW algorithms were compared with
the Newton-Raphson (N-R) results in the same way as seen above. The real and imaginary parts

Figure 12. Comparison of Newton-Raphson and NRW techniques.
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of the complex permittivity were examined. The results of the best performing algorithms
(NRWs andN-R) are shown at the frequency band of 20–26.5 GHz on a thickness of 2 mmTeflon
sample as seen in Figure 12 [53]. According to results, the approaches of NRW3 and NRW5 are
one-to-one overlap, and therefore, the results of NRW3 were removed from the Figure 12.

5. Comparison of FSM and MLD-TDS measurement methods

When the literature is reviewed, generally the dielectric properties of materials are analyzed
with TDS in THz frequency region above 100 GHz. In recent years, using frequencies with
FSM method are increased up to 500 GHz. Obtained results by the FSM method are compared
to THz-TDS in the frequency down conversion methods by some researches. In this study, the
results of FSM were compared with MLD-TDS system, which is cheaper than THz-TDS
method. Two different measurement methods (FSM and MLD-TDS) were compared for differ-
ent materials of various thicknesses, and necessary calculations were analyzed.

The results of complex permittivity of four samples are seen in Figure 13. As seen on the results,
the values are close to each other except for a little gap. Although the systems are different,
produced THz pulses will have same frequency. But it is noticed that not only operating in
different medium but also the differences of extraction techniques affect the results.

These methods are preferred by various applications because of noncontact and nondestruc-
tive measurement possibilities, even they have different working principles. Before having a
decision, which method is better, the subjects mentioned in Table 3 and the measurement
results should be considered as well.

The FSM method is disadvantageous to TDS because it requires a very expensive device such
as the Vector Network Analyzer (VNA). In TDS method, cheaper laser diodes are used instead
of expensive laser sources. FSM setup is simpler, because of having fewer components, and
installation and testing measurement accuracy of TDS system take longer time. But performing
broadband measurement with TDS is possible at one time contrary to FSM.

Due to antenna designs and productions are classified according to specific wave lengths,
more than one antenna set is needed for wide band measurement or the measurement must
be limited in a certain frequency band. For this reason, the discrete measurement is a limitation
for FSM method.

FSM is advantageous when measuring length is concerned. Once the calibration process has
been completed, the transmitted and reflected signals can be measured within seconds. But it
is not possible for TDS. Only one w/o sample measurement takes 15 minutes. Though some
displacement slider designs, which can measure 60 times per second, is pushed on the market
to recover this, the price is needed to consider.

The stability of TDS method is adversely affected by the large number of components in the
system. In addition, even if the system is protected in a housing, micron size displacement over
time can cause to change laser beam path. In this case, the accuracy of measurement cannot be
survived. From time to time, calibration or re-installation of measurement system may be
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of the complex permittivity were examined. The results of the best performing algorithms
(NRWs andN-R) are shown at the frequency band of 20–26.5 GHz on a thickness of 2 mmTeflon
sample as seen in Figure 12 [53]. According to results, the approaches of NRW3 and NRW5 are
one-to-one overlap, and therefore, the results of NRW3 were removed from the Figure 12.

5. Comparison of FSM and MLD-TDS measurement methods

When the literature is reviewed, generally the dielectric properties of materials are analyzed
with TDS in THz frequency region above 100 GHz. In recent years, using frequencies with
FSM method are increased up to 500 GHz. Obtained results by the FSM method are compared
to THz-TDS in the frequency down conversion methods by some researches. In this study, the
results of FSM were compared with MLD-TDS system, which is cheaper than THz-TDS
method. Two different measurement methods (FSM and MLD-TDS) were compared for differ-
ent materials of various thicknesses, and necessary calculations were analyzed.

The results of complex permittivity of four samples are seen in Figure 13. As seen on the results,
the values are close to each other except for a little gap. Although the systems are different,
produced THz pulses will have same frequency. But it is noticed that not only operating in
different medium but also the differences of extraction techniques affect the results.

These methods are preferred by various applications because of noncontact and nondestruc-
tive measurement possibilities, even they have different working principles. Before having a
decision, which method is better, the subjects mentioned in Table 3 and the measurement
results should be considered as well.

The FSM method is disadvantageous to TDS because it requires a very expensive device such
as the Vector Network Analyzer (VNA). In TDS method, cheaper laser diodes are used instead
of expensive laser sources. FSM setup is simpler, because of having fewer components, and
installation and testing measurement accuracy of TDS system take longer time. But performing
broadband measurement with TDS is possible at one time contrary to FSM.

Due to antenna designs and productions are classified according to specific wave lengths,
more than one antenna set is needed for wide band measurement or the measurement must
be limited in a certain frequency band. For this reason, the discrete measurement is a limitation
for FSM method.

FSM is advantageous when measuring length is concerned. Once the calibration process has
been completed, the transmitted and reflected signals can be measured within seconds. But it
is not possible for TDS. Only one w/o sample measurement takes 15 minutes. Though some
displacement slider designs, which can measure 60 times per second, is pushed on the market
to recover this, the price is needed to consider.

The stability of TDS method is adversely affected by the large number of components in the
system. In addition, even if the system is protected in a housing, micron size displacement over
time can cause to change laser beam path. In this case, the accuracy of measurement cannot be
survived. From time to time, calibration or re-installation of measurement system may be
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needed. In FSM method, even if there is any adjustment malfunction, the measurement can be
continued by performing the calibration in a short time.

Comparisons made in this study are important in confirming that the results are obtained by
using FSM method recently in THz frequency domain measurements. Although the

Figure 13. Comparison of complex permittivity with two different systems.

FSM MLD-TDS

Measurement frequency Discrete Wide

Installation length Short Long

Measurement length Short Long

Calculation length Long Long

System devices Few Many

Stability Good Not bad

Sensitivity Good Medium

Cost Expensive Cheap

Table 3. Comparison of FSM and MLD-TDS methods.
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bandwidth is narrow, FSM has a good spectral resolution and dynamic range around 0.3 THz.
The real parts of the complex permittivity values obtained by both methods are overlapped,
but the results of the TDS system are better for the imaginary parts, probably because of
multiple reflections effect in FSM. In TDS, measurements below 100 GHz, which are already
outside the THz frequency domain, are not within the desired range due to the poor signal-to-
noise ratio, and they are generally not shared. The measurement methods both have advan-
tages in certain directions, and so they may be selected to use up to needs and priorities of the
measurement will be done. FSM can provide more accurate results for the measurements in a
certain frequency range, but TDS system can be offered for a wider frequency range as most
efficient solution. These methods of measurement, thanks to developing technology, are being
optimized for medical, biology, food, security, military, and other subjects to offer solutions to
the problems.

6. Conclusion

In this chapter, measurement methods and extraction techniques used in material characteri-
zation are examined, and newmaterials were measured to show the accuracy and contribution
of the proposed extraction techniques. The results of two different measurement methods with
advantages relative to each other were compared, and approximate values were obtained as
well as previously published studies. Thus, the usability of the FSM method in the THz
frequency range has been shown using the results. Despite some disadvantages, TDS system,
which uses the MLD as a light source, is more preferable than the FSM because it has a
broadband spectrum measurement capability.

S-parameters collected during material measurement process were used to extract the dielec-
tric properties with various extraction techniques, and successful results were obtained. By
using Nicolson-Ross-Weir (NRW) method, which is the most basic calculation technique,
various algorithms are compared and the Newton-Raphson approach which is the numerical
analysis method is verified.

It must be provided that the generated THz signal is collimated to interact well with the material.
In this context, the parabolic mirror, which is an optical component, can be preferred in order to
efficiently use the FSM method in the THz frequency range. Due to the optical component used
in the measurement method, the new system is called optical-like FSM. Due to the advantage of
this system, hybrid systems consisting of optical and microwave measurement methods in the
frequency range of 0.5–1 THz are predicted to be used more widely in the future.
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