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ABSTRACT 

This thesis studies the effect of high aspect ratio fillers on the dielectric and electrical 

properties of polymer composites, such as dielectric spectroscopy, dielectric breakdown 

strength and electrical conductivity. Those properties are required for field grading 

applications in high voltage electrical apparatus and various energy storage applications. 

Fillers with both high aspect ratio and controlled properties are able to meet those 

requirements at a lower filler volume fraction than that of spherical particle filled 

composites.  

In the thesis, the geometric factors of the composite microstructure, such as the filler 

shape and aspect ratio, were studied in combination with the filler property and 

composition. The effect of those geometric factors was examined by comparisons 

between the experimental data, analytical models and numerical simulation. BaTiO3 

fibers, graphene platelets and graphene oxide were studied as fillers and silicone rubber 

was used as the polymer matrix. Higher aspect ratio BaTiO3 fibers were found to 

increase the composite dielectric constant compared to their low aspect ratio 

counterparts. Finite element analysis was performed to investigate how the composite 

dielectric constant was affected by the composite microstructure, such as filler shape, 

filler aspect ratio distribution, filler curvature, grain boundary and filler alignment. 

Studies on graphene platelets and graphene oxide showed the impact of filler property 

and composition on the dielectric properties of composites. The geometric parameters of 

composites, such as filler aspect ratio and loading were also found to have an influence 

on the dielectric breakdown strength of polymer composites. A model was proposed to 

correlate the electric field distribution in the polymer matrix and the dielectric 

breakdown strength of composites. In addition, by tailoring the oxidation state of 

graphene oxide filler, the composites were found to possess unique field dependent 

conductivity and excellent dielectric constant/loss for field grading applications. The 

mechanisms that lead to those interesting properties were analyzed and discussed. 
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1. Introduction  

1.1 Background ï field grading materials 

Field grading materials are used to reduce the stress concentration at critical regions of 

medium and high voltage electrical apparatus, such as cable accessories, generators or 

motor end windings [1]. The critical region usually involves a sharp interface between 

the conductive phase and the insulating phase. Figure 1.1 shows an illustration of a cable 

structure. Figure 1.2a shows a longitudinal cross section of a cable termination. As 

shown in the axisymmetric illustration, the electric field is concentrated at the edge of 

the screen. That local "hotspot" can cause breakdown or flashover, resulting in failure of 

the insulation if left without any protection. A solution called geometric stress control is 

illustrated in Figure 1.2b. The screen is bent with extra insulation material between the 

screen and the conductor, which reduces the local field strength. The major disadvantage 

is the enlarged size and extra cost of material. Alternatively, a field grading material can 

be applied as shown in Figure 1.2c to redistribute the field around the critical region. 

Two types of field grading materials are generally used, namely capacitive and 

resistive field grading materials. Capacitive field grading materials, alternatively called 

refractive field grading materials, are designed to have a relatively high dielectric 

constant and a low dielectric loss. A sufficient permittivity contrast between the field 

grading material and the insulation can fulfill the field grading purpose, while a low loss 

factor is required to avoid thermal problems such as overheating especially when high 

frequency harmonics are involved in the power system. Resistive field grading materials 

usually possess a field dependent conductivity, meaning that the normally insulating 

material becomes more conductive at elevated field. Although linear materials with 

higher conductivity than that of the insulation can be used to control the field, they are 

less efficient [2ï4] and exhibit higher losses under normal field conditions. Due to the 

different mechanism, capacitive field grading materials are generally found in ac 

applications while resistive field grading materials are usually used in dc applications. 

However, a resistive field grading material can also be used under ac fields if its high-

field conductivity is large enough to become the dominant factor for field distribution 

compared to the permittivity contrast [5]. Meanwhile the capacitive field grading effect 
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is also needed in dc applications given the occasional time-varying voltage conditions 

[1]. So in reality, a combination of capacitive and resistive effects exists in the 

application and the field grading materials sometimes possess both increased 

permittivity and nonlinear conductivity [6], [7]. 

In addition to the field grading properties, sufficient electrical breakdown strength is 

needed as in all insulation applications. Mechanical elasticity and ductility are required 

for the installation of field grading tubes at the termination or joint, because the tubes are 

produced by injection molding and installed on the cable with a constant elastic stress.  

To meet this requirement, polymer-based composites are widely used as field 

grading materials [5], [8ï14] due to the high ductility and insulating nature of the 

polymer. Polymer composites are mixtures of polymers and fillers. The size of the fillers 

can range from a few nanometers to hundreds of micrometers. The polymer component 

provides the required mechanical integrity and the fillers provide the desired electrical 

functionality. The key challenge, therefore, is to create composites with high dielectric 

constant, low dielectric loss, nonlinear conductivity, high ductility and high breakdown 

strength. While high dielectric constant and nonlinear conductivity can be achieved with 

a large loading of fillers, the ductility [15], [16] and breakdown strength [17], [18] 

generally decrease for the heavily filled composites. A material with both suitable 

electrical properties and a low filler loading is desired. 

 

 

Figure 1.1 Illustration of a cable prepared for termination [19]. 
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Figure 1.2 A schematic showing the field distribution at a cable termination; a) 

field is concentrated at the edge of the screen without any field grading protection; 

b) geometric field control reduces the otherwise concentrated field strength; c) 

application of a field grading material results in a redistribution of electric field; 

solid lines are equal potential lines [20]. 

 

1.2 Dielectric constant and loss 

1.2.1 Concept 

Capacitance (C) affects the charge storage in a capacitor. In a classical capacitor that 

consists of a planar dielectric material and two parallel electrodes, the relationship of the 

capacitance C and the dielectric constant ‐ is described as in Equation 1.1, where ‐ is 
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the vacuum permittivity, A is the area of the electrodes and d is the thickness of the 

material between the electrodes. The dielectric constant ‐ is also called the relative 

permittivity. 

 ὅ
‐‐ὃ

Ὠ
 1.1 

 

The total polarization density of a material, P, is proportional to the field strength, 

E, and the susceptibility of material, ɢ, as shown in Equation 1.2 and Equation 1.3. 

 ὖ ‐ʔὉ 1.2 

 ʔ ‐ ρ 1.3 

 

Under an alternating electric field, the dielectric constant of materials can be 

expressed in its complex form as shown in Equation 1.4, where the ‐ is the real 

permittivity and ‐ is the imaginary permittivity. 

 ‐ᶻ ‐ Ὦ‐ 1.4 

 

The dielectric constant of materials is directly related to the polarizability, which 

characterizes the total amount and magnitude of dipoles that can be induced by a unit 

electric field. There are several mechanisms that are associated with the polarization of a 

material, including electronic polarization, ionic polarization, orientation polarization 

and interfacial polarization. The total polarization density is the sum of all contributions. 

Each mechanism possesses a characteristic relaxation frequency, which results in a 

frequency dependent polarizability as shown in Figure 1.3. At low frequencies, the 

polarizability of material has the contribution from all the high frequency mechanisms, 

which results in a larger dielectric constant.  
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Figure 1.3 Frequency dependency of polarizability [21] . 

 

The dielectric loss measures the energy loss in the material under ac field. The loss 

factor (tan ŭ), or equivalently the dissipation factor, can be expressed as in Equation 1.5, 

where ů is the dc conductivity and f is the frequency of the applied field. The assumption 

of this equation is that the material can be simplified as a capacitor and a resistor in 

series. In a real material where the charge behavior is more complex and cannot be 

represented by a simple RC circuit. Thus the loss factor might not follow such a simple 

equation, and a network of series/parallel elements needs to be used.  

 ÔÁÎ‏
‐

‐

„

ς“Ὢ‐
  1.5 

 

There are two components that contribute to the loss factor. The first part of the loss 

factor results from distortional, dipolar and interfacial loss [22]. The distortional and 

dipolar loss originates from the electronic, ionic and orientation polarizations. The 

interfacial loss is related to the polarized interface from either the addition of fillers or 
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the electrode contacts. The second part of the equation is the conduction loss, which is 

attributed to the dc conductivity of the material. It corresponds to the actual flow of 

charges through the material. Due to the frequency dependence of the second part, a 

large loss factor can usually be observed at low frequencies for a non-ideal insulator.  

The energy loss, W, which refers to the dissipated energy in a dielectric material 

when subjected to an ac field, is shown in Equation 1.6, where ɝ is the electric field 

strength. The energy loss is proportional to the loss factor, tan ŭ. A large loss factor 

results in an excessive amount of energy dissipation and heat generation, which leads to 

thermal breakdown in the dielectric application. 

 ὡ “‐‚Ὢ ÔÁÎ1.6 ‏ 

1.2.2 Rule of mixtures 

A common set of formulas that calculate the effective dielectric constant of a composite 

from the dielectric constants of components, volume fractions, and other parameters 

related to phase geometry is the rule of mixtures. In this way, the heterogeneous 

composite can be viewed as a homogeneous medium which possesses an effective 

dielectric constant. This homogenization is limited to composites exposed to a low 

frequency electric field, since high frequency electromagnetic waves can "probe" the 

detailed composite structure [23]. The size of the inclusions should be smaller than the 

wavelength of the ac field. For polymer composites with micron-size or smaller fillers, 

electric fields with a frequency lower than the radio frequency range would satisfy the 

above requirement. Under this prerequisite, it can be assumed that the momentary 

internal field in the inclusion under a dynamic field is the same as that under a ñquasi-

staticò field, when considering pure dielectric materials [24]. A general rule of mixtures 

can be derived by calculating the internal field of inclusions under a "quasi-static" field. 

The Maxwell Garnett (MG) rule of mixtures describes the effective dielectric 

constant of a composite filled with randomly distributed fillers. Considering a spherical 

inclusion placed in a uniform static electric field, Ee, the excited internal field, Ei, is 

expressed in Equation 1.7 to satisfy the Maxwell equations, where ‐ and ‐ are the 

permittivity of the environment and the inclusion respectively. 
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Ὁ

σ‐

‐ ς‐
Ὁ 1.7 

 

The Maxwell Garnett rule of mixtures is based on the effective medium theory, 

which considers an inclusion surrounded by an "effective medium", the sum of the 

properties of the matrix material and the other inclusions. All the other inclusions are 

replaced by average polarizations uniformly distributed in the surrounding material. An 

explicit form of the effective permittivity of composites can be written as shown in 

Equation 1.8, where Ὢ is the volume fraction of fillers. 

 
‐ ‐ σὪ‐

‐ ‐

‐ ς‐ Ὢ‐ ‐
 1.8 

  

High aspect ratio inclusions can also be described by the Maxwell Garnett mixing 

rule, but only the solution for ellipsoidal inclusions can be given mathematically. The 

effective dielectric constant of composites filled with randomly oriented ellipsoids can 

be described by Equation 1.9 and Equation 1.10. ὔ is the depolarization factor in the j 

direction which can be calculated from the three semi-axes of the ellipsoid, ὥ, ὥ, and 

ὥ. 

 

‐ ‐ ‐
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σ
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‐ ‐
‐ ὔ ‐ ‐ȟȟ
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В
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 1.10 

 

For needle shaped ellipsoidal fillers, where the radii ὥ ὥ ὥ, a simplified 

expression of ὔ is written in Equation 1.11 and Equation 1.12. 
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 ὔ ÌÎρ Ὡ ρ Ὡϳ ςὩ ρ Ὡ ςὩϳ  1.11 

 Ὡ ρ ὥ ὥϳ  1.12 

 

In the cases for which the fillers are aligned in one direction, Equation 1.9 reduces 

to Equation 1.13, where Nj is the depolarization factor in the direction of the electric 

field. 

 ‐ ‐ Ὢ‐
‐ ‐

‐ ρ Ὢὔ ‐ ‐
 1.13 

 

The effective dielectric constant of composites with spherical fillers is plotted with 

respect to the filler volume faction according to Equation 1.8 in Figure 1.4. The 

permittivity of the polymer matrix is ‐=3 and the results for fillers with different 

permittivity are shown. When high dielectric constant fillers are mixed into a low 

dielectric constant polymer matrix, the effective dielectric constant is much closer to that 

of the polymer, especially at low filler volume fraction. 

 

Figure 1.4 Maxwell Garnett rule of mixtures for spherical fillers; k is the 

permittivity of the filler . 

 

1

10

100

1000

10000

0 0.5 1

C
o

m
p

o
s
ite

 d
ie

le
ct

ri
c 

co
n

st
a

n
t 

Filler volume fraction 

k=20
k=100
k=1000
k=10000



 

     9 

On the other hand, high aspect ratio fillers can increase the dielectric constant of 

composites more efficiently at a low filler volume fraction. A simple explanation is that 

high aspect ratio fillers cause a larger field variance in the polymer matrix, which leads 

to a larger polarization on average. Mathematically it can be characterized by a smaller 

depolarization factor in Equation 1.9 for the high aspect ratio fillers. An illustration is 

shown in Figure 1.5 according to Equation 1.9. For needle shape (ὥ ὥ Ḻὥ ) 

ellipsoidal fillers (‐=1000) randomly oriented in a polymer matrix (‐=3), high aspect 

ratio fillers increase the composite dielectric constant even at a relatively low filler 

content. 

 

Figure 1.5 Maxwell Garnett rule of mixtures for needle shaped ellipsoidal fillers; 

filler permittivity is 1000 and polymer permittivity is 3 . 

 

Note that there are several approximations in the derivation of the Maxwell Garnett 

formula. The local field induced by the dipolar inclusions is neglected considering a 

certain distance between any two particles. Neither the particle-particle interaction nor 

the effect of agglomeration is considered by the effective medium approach. Moreover, 

the formula was developed under static field conditions assuming all the materials to be 

perfect dielectrics (with zero conductivity). However, it is still useful in predicting 

dielectric constants of composites that consist of low conductivity materials under ac 
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conditions [25ï27]. When the conductivity of the material cannot be neglected, the 

Maxwell-Wagner-Sillars formula needs to be used to describe the interfacial 

polarization, which comes from the charge accumulation at the boundaries between the 

fillers and the matrix [28]. 

The Maxwell Garnett rule of mixtures was built on several approximations that 

homogenized the heterogeneous environment, which limited its applicability. Many 

other competitive mixing rules are used in the modeling of the composite dielectric 

constant. 

The Bruggeman formula, also known as the Polder-Van Santen formula, assumes an 

absolute equality between the fillers and the matrix material [29]. Since there is no 

difference between the inclusion and background material, the formula is symmetric to 

each phase as shown in Equation 1.14.  

 
ρ Ὢ

‐ ‐

‐ ς‐
Ὢ
‐ ‐

‐ ς‐
 1.14 

 

A series of ñpower-lawò approximations is used to describe the dielectric constant 

of a heterogeneous material. These models average the composite permittivity by a 

certain power ‍ as shown in Equation 1.15. 

 ‐ Ὢ‐ ρ Ὢ‐ 1.15 

 

Different ‍ values give different predictions, and a well known Lichtenecker 

formula can be written as Equation 1.16, where ‍ π. 

 ‐ ‐‐  1.16 

 

Many other models were derived based on the classical models, such as the 

modified Lichtenecker model [30] and the Yamada model [31], which are not described 

in detail here. In addition, a model developed by Vo et al. introduces an interphase 

between the particle and the polymer, which can be used to describe the situations in 

nanocomposites where the interfacial region cannot be ignored [32]. 
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1.2.3 High dielectric constant, low loss composites in the literature 

High dielectric constant, low loss composites are desired for capacitive field grading 

materials. Another application of this type of material is for high energy density 

capacitors. The energy stored in a capacitor is shown in Equation 1.17, where C is the 

capacitance, which is proportional to the dielectric constant Ů, and V is the voltage 

applied. Thus both high dielectric constant and high breakdown strength are required for 

larger electric energy storage. Both applications for capacitors and field grading 

materials require high dielectric constant, low loss factor and large breakdown strength.  

 Ὁ
ρ

ς
ὅὠ  1.17 

 

1.2.3.1 Composite with ferroelectric ceramic fillers 

Polymer composites with ferroelectric ceramic fillers have been actively explored as 

high dielectric constant materials [25], [26], [33ï38]. They combine the advantages of 

high dielectric constant ferroelectric ceramic fillers and the advantages of low cost and 

mechanically flexible polymers. An advantage of ferroelectric ceramic fillers is that they 

can go through high temperature processing and be produced as submicron powders, 

then mixed with polymers at large volume content. But there are some unsolved 

challenges for this type of material. Because a relatively large volume fraction of 

particles is needed to reach a high dielectric constant for this type of composite, one 

drawback is its low mechanical strength. In addition, the dielectric constant of the final 

composite is much closer to the low dielectric constant polymers, as predicted by the 

rule of mixtures for a two component system [39]. While the polymer used in the 

composites generally has a dielectric constant of about 2 to 5, the overall permittivity is 

often below 100 even with a large loading of particles. For the same reason, by using 

polar polymers as the matrix, the dielectric constant of composites can be effectively 

enhanced. For example, Rao et al. prepared a PMN-PT+BaTiO3/(high-k)epoxy 

composite with a dielectric constant of 150 [33]. Bai et al. prepared Pb(Mg1/3Nb2/3)O3-

PbTiO3/P(VDF-TrFE) composites with a dielectric constant of above 200 [38]. However, 
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those high permittivity polymers might not be suitable for the application of field 

grading materials in terms of processability and elasticity as discussed in Section 1.1.  

A summary of composite materials found in the literature is listed in Table 1.1. An 

increased dielectric constant can be reached with a small loss factor. But large volume 

fraction of fillers was needed to increase the composite dielectric constant. 

Table 1.1 Summary of ferroelectric ceramics/polymer composites. 

composites system permittivity  
dissipation 

factor 
filler size 

filler 

loading 
Ref. 

BaTiO3/ P(VDF-HFP) 37(1 kHz) < 0.07(1 MHz) 30-50 nm 50 vol% [35] 

PZT/PVDF 50 N/A 20 ɛm 50 vol% [36] 

BaTiO3/epoxy 40(1 Hz) 0.035 
100-

200nm 
60 vol% [34] 

bimodal 

BaTiO3/epoxy 
90(100 kHz) 0.03(100 kHz) 

916nm 

+60 nm 
75 vol% [26] 

Pb(Mg1/3Nb2/3)O3-

PbTiO3/P(VDF-TrFE) 

~200 

(10 kHz) 
0.1(10 kHz) 0.5 ɛm 50 vol% [38] 

PMN-PT+BaTiO3/ 

high-k epoxy 

36~150(10 

kHz) 
N/A 

900nm/ 

50 nm 
85 vol% [33] 

 

1.2.3.2 Composites with conductive fillers 

Composites with conductive fillers have also been widely studied as an alternative to 

achieving high dielectric constant insulating materials. When the concentration of 

conductive fillers approaches the percolation threshold, very high dielectric constant 

values are observed for the composites. This can be explained by percolation theory, 

which describes the overall electrical behavior of a conductive filler/insulator 

percolation system [40]. The effective electrical properties of composites when the filler 

loading approaches the percolation threshold are described by the scaling theory shown 

in Equation 1.18 through Equation 1.20. 
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 „ „ Ὢ Ὢ      Ὢ Ὢ 1.18 

 „ „ Ὢ Ὢ   Ὢ Ὢ 1.19 

 ‐ ‐ ȿὪ Ὢȿϳ   1.20 

 

Where „  and „ are the electrical conductivities of the metallic phase (conductive 

fillers) and the dielectric phase (polymer) respectively, Ὢ ÁÎÄ Ὢ are the volume 

concentration and percolation concentration of the fillers respectively, ‐ is the dielectric 

constant of the polymer, „ and ‐ are the effective conductivity and dielectric constant of 

the composite, ή and ὸ are scaling parameters, which are determined by material 

properties, filler parameters and the morphology of composites. According to this 

theory, the effective conductivity of a composite goes through a transition from the 

insulating regime to the conducting regime around the percolation threshold, while the 

dielectric constant reaches a peak at the filler volume fraction of percolation. 

One advantage of the conductive particle filled composites is that the effective 

dielectric constant of the composites can be several orders larger than either the metallic 

filler or the polymer. When the concentration of fillers approaches percolation, a large 

number of conductive fillers are close to each other with thin layers of dielectric material 

in between. This structure is like a network of ñnanocapacitorsò with a large area and a 

small thickness that leads to a high dielectric constant. The volume concentration of 

fillers required for this type of composite to reach the desired dielectric constant is much 

lower than that for high dielectric constant ceramic/polymer composites. For this reason, 

a better mechanical strength and flexibility can be achieved while achieving a high 

dielectric constant. Various types of materials, such as silver, nickel, aluminum, carbon 

black and carbon nanotubes, have been used as fillers and high dielectric constants have 

been obtained [41ï52]. One challenge of using conductive fillers is that under 

imperfective filler dispersion conditions, conductive fillers can easily form a conductive 

path in the polymer matrix, which leads to a large percolation current as well as high loss 

according to Equation 1.5. 

 Many studies have been done to solve this problem and one popular technique is to 

introduce an insulating layer around the conductive filler, which restrains the particle-
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particle contact and blocks the percolation current, thus achieving low loss [41], [43ï45]. 

Xu et al. prepared epoxy based composites with self-passive Al fillers, which are 100nm 

Al particles surrounded by a 2.8 nm insulating Al2O3 layer. A high dielectric constant of 

109 with a low loss factor of 0.02 was achieved [41]. Shen et al. reported that by using 

Ag particles with organic carbonaceous shells, a high permittivity of 300 was reached 

with a loss factor of 0.04, and the dielectric constant was related to the thickness of the 

insulating coating [43], [44]. Qi et al. used Ag particles with a thin layer of 

mercaptosuccinic acid coating, and reported a dielectric constant of 308 with a 

dissipation factor of 0.05 [45]. Wang et al. modified Copper Phthalocyanine (CuPc) 

fillers by bonding with P(VDF-TrFE) [53]. Uniformly sized CuPc particles were 

observed and the dielectric loss was reduced compared to that obtained with a simple 

blending method. 

A summary of recent work on conductive fillers/polymer composites to achieve 

high dielectric constant and low loss is listed in Table 1.2 

Table 1.2 Summary of conductive fillers/polymer composites. 

composites system permittivity  
dissipation 

factor 
filler size 

filler 

loading 
Ref. 

Al/epoxy 
109 

(10kHz) 

0.02 

(10kHz) 
3um 80wt% [41] 

Ni-BaTiO3/PVDF 
300 

(10kHz) 

0.5 

(10kHz) 

Ni:0.2um  

BT:1um 

Ni:23vol%  

BT:20vol% 
[49] 

Ni-BaTiO3/PMMA 
150 

(1MHz) 
N/A 

Ni:4um  

BT:1um 

Ni:12vol%  

BT:20vol% 
[51] 

Carbon black/Epoxy 
13000 

(10kHz) 

3.5 

(10kHz) 
30nm 15vol% [48] 

Ag@C/Epoxy 
300 

(1kHz) 

0.05 

(1kHz) 
80-90nm 25-30vol% 

[43], 

[44] 

Carbon fiber/(PVDF 

+ BaTiO3) 

120 

(100Hz) 

0.07 

(100Hz) 
CF:100um 15% [50] 

Ag/Carbon 

Black/epoxy 

2259 

(10kHz) 

0.45 

(10kHz) 
N/A 

Ag:3.7wt% 

CB:~20wt% 
[47] 

Ag/epoxy 
300 

(1kHz) 

0.03 

(1kHz) 
40nm 22wt% [45] 



 

     15 

1.3 Breakdown strength 

1.3.1 Concept and mechanism 

The dielectric breakdown strength, which characterizes the maximum electric field 

strength that a material can sustain before failure, limits the application of a dielectric 

material.  

Short term breakdown and long term breakdown can be associated with different 

mechanisms. Several short term breakdown mechanisms for dielectric insulations are 

shown below, categorized as electronic breakdown process and thermal breakdown 

process [54ï57]. 

Electronic breakdown process: A breakdown of an insulation material can result 

from the interaction between the material and the electrons accelerated by the applied 

electric field. A few mechanisms belong to this category. Intrinsic breakdown is the 

material's intrinsic property independent of the electrode material and configuration, 

sample size and shape, and thermal effect which considers the temperature profile in the 

material and the temperature dependent conductivity of material upon the application of 

high voltage. The value of the intrinsic breakdown strength estimated from theories is 

much larger than the experimental values, due to the lack of consideration of 

environmental effects and material defects [55]. Electron avalanche breakdown 

considers the multiplication of electrons via collision ionization. Under a sufficiently 

high electric field, each primary electron results in a secondary electron and the self-

sustaining discharge leads to the failure of insulation. Field emission from the electrode 

can act as an electron source for the excessive current. Another breakdown theory that is 

inherent to polymers is the free volume theory, which can be used, but not limited, to 

explain the breakdown behavior around the glass transition temperature [54]. 

Thermal breakdown process: This mechanism is a high temperature effect 

associated with the rate of heat generation and dissipation in the material. This effect can 

be further divided into a steady state process and an impulse process. The electrical 

conductivity of a material usually has a positive temperature coefficient. In a steady state 

process, a current density over the threshold value results in a rising temperature, which 

leads to a further increase in the current density. This regenerative feedback eventually 

results in a destructive current density. In an impulse process the electric field is applied 
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in a short time span, so the breakdown strength is insensitive to the heat flow but 

determined by the duration of the field application [55]. 

There are other mechanisms such as the electromechanical process, in which the 

mechanical deformation under the applied field dominates the breakdown process. In 

summary, the breakdown of an insulator is a complex process and it is difficult to predict 

the experimental value from theories [56]. The test result is also very sensitive to defects 

in the materials and the test set-up. For example, a volume effect can be observed in a 

breakdown test. For a given electrode area, the breakdown strength of material EB and 

the thickness of sample d empirically follow an inverse power law, Ὁ ᶿὨ , which can 

be explained by a higher probability of finding weak spots/defects in a thicker sample 

[55]. Multiple mechanisms can take place in the breakdown process at the same time and 

the one with the lowest value will be the determining factor. 

For long term breakdown characterized by lower field strength and extended time to 

failure, partial discharge (PD) initiated electrical trees are considered a major mechanism 

[58]. Partial discharge is a localized dielectric breakdown that usually takes place at the 

material interface or defects. It results in a partial bridge between the electrodes that 

possess a tree shape and eventually a complete breakdown of the material [58].  

1.3.2 Experimental theory 

Since the breakdown behavior of materials is influenced by many factors and some of 

them, such as the defects of materials and the precise arrangement of the electrode, 

change even in the same set of experiments, the breakdown test results are reported as a 

statistical phenomenon. The two-parameter Weibull probability of failure is used to 

describe the measured breakdown strength of materials as shown in Equation 1.21, 

where x is the random variable (Electric field strength at breakdown), Ŭ is the scale 

parameter, which represents the value of the breakdown field strength for a probability 

of ρ ρȾὩ = 0.63, and ɓ is the shape parameter giving the slope in the Weibull plot. 

Usually the value of Ŭ is used as an indicator of the material's characteristic breakdown 

strength, and ɓ is a measure of the scatter. 

 ὖὼ ρ ÅØÐ ὼȾ‌  1.21 
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At a constant applied electric field, the time to failure after the field application can 

be described by the two-parameter Weibull distribution as well. The relationship 

between the applied field and the time to breakdown can be illustrated in Figure 1.6. 

Larger field strength results in a shorter time to failure. Since the electric field strength 

and the time to failure are both variable, there are two types of measurements to evaluate 

the breakdown behavior of materials. One is to test with an increasing voltage with a 

constant voltage ramp rate. Since the ramp rate is relatively large, the test equivalently 

measures the strength of materials while limiting the failure time to a very small value. 

The other method is to carry out a constant stress test and measure the time to failure. It 

evaluates the voltage endurance capability of the material at a relatively lower field 

compared to the breakdown strength. When the time to failure is considered as the 

variable that follows Equation 1.21, the ɓ parameter is usually larger at a higher testing 

field strength, indicating smaller scatter [59]. As a result, the breakdown strength 

measurement with a ramp voltage has less scatter, and provides a quicker way of 

examining the strength of materials. However, the breakdown mechanisms are different 

for these two methods, corresponding to the short term and long term breakdown 

respectively. Thus the breakdown results from different methods can rank materials 

differently. 

 

Figure 1.6 Relationship between the applied field strength E and the time to failure 

tF [59]. 
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1.4 Conductivity  

For field grading applications, the conductivity of material dominated the distribution of 

electric field under a dc field or low frequency ac field. The conductivity of a 

heterogeneous composite depends strongly on the property of the fillers and their 

geometric arrangement in the insulating polymer matrix. 

1.4.1 Percolation 

When the conductivity of fillers is much higher than that of the polymer matrix, the 

electrical properties of composites depend strongly on the filler content. As the volume 

fraction of the fillers increases and approaches a critical concentration, the percolation 

threshold, a conductive path is formed through the sample. An illustration is shown in 

Figure 1.7. At the percolation threshold, the conductivity of the composites changes 

dramatically and the originally insulating composite becomes conductive. Percolation 

behavior can be described by Equation 1.18 through 1.20 as shown in Section 1.2.3.2. 

For a completely random dispersion of spherical particles in a polymer matrix, the 

percolation threshold is about 15 vol% [60]. The value can be affected by the particle 

dispersion and size distribution in real composites. Also it can be further influenced if 

the enhanced conductivity in the interfacial regions or different types of particle contacts 

is considered [20]. For high aspect ratio fillers, the percolation threshold can be greatly 

reduced. For example, a percolation filler volume fraction of below 0.1 vol% has been 

reported for carbon nanotube [61] or graphene [62] filled composites. 
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Figure 1.7 Schematic of the percolation of a composite material with spherical 

fillers [20]. 

 

1.4.2 Nonlinear conductivity 

The nonlinear dc conductivity of a dielectric polymer can be associated with three 

mechanisms: charge injection at the electrode, charge transport in the bulk, and the local 

Joule heating effect [63]. Charge injection involves either a field-assisted thermo-ionic 

emission over a Schottky barrier between the metal electrode and insulating polymer, or 

a tunneling (Fowler-Nordheim injection) or thermally-assisted tunneling through the 

Schottky barrier. Charge transport in a dielectric polymer acts through either the de-

trapping of charge carriers from local states (Poole-Frenkel emission) or hopping 

conduction through traps. Space charge limited current is another factor for the charge 

transport, which considers the charge accumulation in the material and its influence on 

the current. The Joule heating effect considers the material conductivity as a function of 

temperature and the interplay of this two. 

For heterogeneous materials, the nonlinear conductivity depends on the percolation 

behavior of the composite and the intrinsic properties of the fillers. If conductive or 

semi-conductive fillers, such as carbon black and SiC particles, are dispersed in a 

polymer matrix and the volume fraction approaches percolation, the nonlinear 
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characteristic is related to the tunneling or hopping of charge carriers through the thin 

insulating polymer layers separating the particles [7], [11]. Alternatively, a field 

dependent conductivity can be obtained from the inherent nonlinear characteristics of the 

fillers. For example, in ZnO microvaristor filled composites, the contact resistance 

between microvaristors is low. The nonlinearity of composites originates from the 

double Schottky barriers located at the doped grain boundaries inside the ZnO 

microvaristor [5], [64ï66]. The intrinsic nonlinearity of fillers is used to obtain the 

nonlinear conductivity of the composites. 

1.5 Finite element analysis (FEA) 

To predict the electrical properties of a heterogeneous material, analytical models such 

as various rules of mixtures can be used. However, they were generally based on 

effective medium theory, which uses the mean field in the composite material as an 

approximation of the electric field around an inclusion phase [24], [67]. This is a good 

approximation only when the volume fraction of the fillers is low and the distance 

between the inclusions (fillers) is large enough. As a result, it is not only inaccurate for 

heavily loaded composites but also problematic even at a lower filler volume fraction if 

the dispersion state of the fillers is such that the fillers in a cluster have interactions with 

each other. 

Another method to model the electrical behavior of composite materials is through 

numerical approaches such as finite element analysis and finite difference methods. 

Generally, Maxwell equations define the distribution of electric fields and magnetic 

fields at any space as shown in Equation 1.22 through Equation 1.25. 
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Also, the constitutive relations shown in Equation 1.26 through Equation 1.28 need 

to be obeyed. 

 * ʎὉ 1.26 

 $ ʀ% 1.27 

 " ʈ( 1.28 

 

It is typically extremely difficult to solve the above differential equations 

analytically even for a very simple geometry. Finite Element Analysis (FEA) can be 

applied to split the complex geometry into a large number of small regions, where 

simple solutions can be obtained for each region. After that, the real solution for the 

original problem can be approximated by the sum of all the separate solutions. Through 

FEA, a complex problem can be transferred into a large quantity of linear equations, 

which can be solved with the help of modern computers. 

Some early work was done using 2-dimensional periodic models to analyze the 

effective permittivity of composites, and compare the results with the prediction from 

the rule of mixtures [68ï70]. Following that, 3-dimendisonal finite element (FE) and 

finite difference (FD) simulations were performed to evaluate the effective permittivity 

of composites, and the results were compared to experimental data [17], [71ï73]. The 

numerical simulations showed advantages over the rule of mixtures in terms of fitting 

the experimental data because of the extra consideration of particle geometric details, 

dispersion and distribution. In those 3-dimensional simulations [17], [71ï73], the studied 

composite was divided into a certain number of cubic cells and each cell was assigned a 

material property according to the randomly generated particle coordinates. This 

approach leads to a simplification of the simulation and is required for the FD method. 

Nevertheless, it also results in "rough" interfaces in the model.  

Only a few numerical modeling studies have focused on high aspect ratio fillers 

[74ï76]. They either used a very simple geometry in the model [74], [75] due to 

computer limitation, or did not focus on the effect of filler aspect ratio on the dielectric 

properties of composites. 
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In a numerical model, a statistical analysis of the electric field in the composites can 

be obtained to understand the field enhancement effect from the permittivity or 

conductivity differences between the fillers and the polymer [71]. Calame et al. uses the 

statistical data to estimate the electrical breakdown strength of materials [17], [72] based 

on the mean field and the field fluctuation in the polymer matrix. 

1.6 Motivation  

Nanocomposites in general, or nanodielectrics used primarily in the electrical insulation 

community, are polymer composites filled with particles that are less than 100 nm in at 

least one dimension. Nanocomposites have gained a lot of attention in the past decade 

because of their distinct properties compared to composites with micron size fillers even 

for the same chemical composition. The interfacial region between the matrix polymer 

and fillers is believed to have a significant impact on properties, because of the large 

interfacial volume that scales up dramatically with the decreasing filler size assuming a 

constant thickness of the interfacial zone as shown in Figure 1.8 [77]. The dielectric and 

electrical behavior of the interfacial zone has been intensively studied and a series of 

theories have been developed [78ï83] led by a publication from Lewis in 1994 [84]. 

Experimental studies showed advantages in material properties that resulted from the 

interfacial region [81], [82], [85], [86]. 

 

Figure 1.8 Schematic illustrations showing the difference in the volume of 

interfacial polymer (blue) for composites with different size of fillers; the area of 

the red particles is about the same in the two images [77]. 
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However, this thesis does not pursue a further understanding of the interfacial 

properties in the composites, but aims to investigate the effect of filler geometry and 

composition. In this thesis, the control of the filler geometry and properties is found to 

be promising for engineering better field grading materials. 

Current commercial field grading materials usually consist of polymer, semi-

conducting ceramic fillers such as SiC, ZnO etc., and other additives such as carbon 

blacks. The nonlinear conductivity of those composites comes from the energy barrier at 

the particle-particle contact [11] or grain boundaries inside the particles [5]. Above a 

certain switching field, tunneling or hopping of charges is facilitated, which increases 

the composite conductivity. Since the nonlinear electrical conductivity is provided by the 

addition of ceramic particles, their volume fraction needs to be above the percolation 

threshold. To ensure percolation, the filler volume fraction can be up to 40% [5], with 

conductive additives such as carbon blacks. The large filler loading might lead to a 

decrease in the mechanical integrity, thermal stability, breakdown strength and an 

increase in cost. In addition, the high field current is usually very large because of the 

large filler loading, which causes instabilities and tendency of thermal breakdown [87]. 

Recently, development of carbon nanotubes and graphene related materials received 

intensive attention due to the unique properties that come from their nanoscale size and 

high aspect ratio in at least one dimension. Meanwhile, various traditional inorganic 

materials have become available in high aspect ratio forms by using various spinning 

technologies [88ï90] and wet chemistry methods [91], [92]. Those new materials can be 

used as fillers for polymer composites with controlled filler geometry and filler 

properties. In the field of polymer composites for electrical insulation, a few high aspect 

ratio fillers have been used for a long time, such as natural clay and glass fibers. The 

electrical properties of those fillers, however, are close to that of the matrix polymer, 

which is insulating with low permittivity. As a result, those fillers contribute to the 

composite dielectric property mostly due to their mechanical enhancement effect and 

geometric restriction of electrical tree propagation and charge transportation [93], [94]. 

The emerging technologies, on the other hand, can provide fillers with both high aspect 

ratio and unique electrical properties. For example, barium titanate fibers or platelets can 

be prepared through electrospinning [95ï97] or chemical methods [92], [98]. They can 
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potentially possess both high aspect ratio and high permittivity. Graphene and carbon 

nanotubes are well known for their high aspect ratio and high conductivity [99], [100].  

High aspect ratio fillers with controllable electrical properties render several 

advantages compared to the traditional spherical fillers for field grading applications. 

First, the composite dielectric constant is higher with high aspect ratio fillers compared 

to the spherical fillers at the same volume fraction, according to the prediction from the 

rule of mixtures. Second, high aspect ratio fillers have a much lower percolation 

threshold. As a result, the desired nonlinear conductivity of composites can be obtained 

at a very low filler volume fraction given a proper filler electrical property. Moreover, if 

the same electrical properties are reached at a lower filler volume fraction, better 

mechanical strength and thermal stability is expected as well as a potential reduction in 

cost. 

The combined effect of the unique filler geometry and filler property needs to be 

understood before those composite materials can be designed for specific electrical 

applications. Studies were conducted on composites with carbon fibers or carbon tubes 

as fillers, and the losses were high due to the easy percolation of high aspect ratio fillers 

[42], [101], [102]. A few studies reported the usage of both high permittivity and high 

aspect ratio fillers experimentally [103], [104], but no systematic comparison with 

theory was found. Analytical models are available to predict the composite permittivity, 

but their applicability and limitations have not been examined by experimental results or 

numerical models for high aspect ratio fillers. Electrical breakdown strength has been 

reported for many polymer composites, but only a few models are found to study the 

material breakdown behavior [17], [105]. A few questions were proposed to be answered 

by this thesis as the following. 

¶ How does the filler aspect ratio affect the composite permittivity and how is 

that compared to the rule of mixtures? What are the differences between the 

rule of mixtures model and the real composite geometry? How do those 

differences affect the prediction of composite permittivity? 

¶ How do the electrical properties of high aspect ratio fillers and the filler 

composition affect the composite dielectric constant? 
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¶ How does the filler aspect ratio influence the electrical breakdown strength 

of composites? What is the physical mechanism behind this geometric 

influence and is there a model to describe that behavior? 

¶ GO filled composites were found to provide field dependent conductivity to 

the composites. How does this high aspect ratio filler affect the composite 

conductivity both in low field and high field? What are the mechanisms that 

lead to those changes and the nonlinearity of conductivity? 

From the perspective of material engineering, the possibility of preparing high 

aspect ratio and high permittivity fillers needs to be explored. The prepared composites 

need to be examined for the dielectric properties desired in the field grading 

applications, both in low and high electric field. The capability of scaling up the material 

production also deserves an investigation. 

In this work, barium titanate fibers (high dielectric constant and high aspect ratio in 

1 dimension), graphene platelets (conductive and high aspect ratio in 2 dimensions) and 

graphene oxide (insulating and high aspect ratio in 2 dimensions) were studied as fillers 

and silicone rubber was used as the polymer matrix. The basic concepts of those 

materials and their preparation techniques are presented in Section 1.7. 

1.7 Concepts of materials and processing technique 

This section will present the important concepts of materials that are used in this thesis, 

including barium titanate, graphene and graphene oxide. The material processing 

technique used to produce BaTiO3 fibers in this work, electrospinning, will also be 

introduced. 

1.7.1 Barium titanate 

Barium titanate belongs to the perovskite crystal family. The crystal structure of BaTiO3 

in its cubic form is shown in Figure 1.9a. The barium ions are in the corners, the 

titanium ion is located at the body center and oxygen ions are in the face center of the 

unit cell. There are several allotropes of BaTiO3 but the most common two are the cubic 

phase and the tetragonal phase. The transition between these two phases happens at the 

Curie temperature, approximately 120 ºC, above which BaTiO3 exists in the cubic phase. 
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There are two other allotropes, BaTiO3 in orthorhombic and rhombohedral forms, exist 

below 0 ºC. BaTiO3 is well known for its ferroelectricity. Except for the cubic phase 

which is a paraelectric phase, the other three phases below the Curie temperature are 

ferroelectric. The transition to the ferroelectric phase can be described by the ion shift in 

the crystal structure as shown in Figure 1.9b and a change in the unit cell parameters as 

shown in Figure 1.10. The displacement of the oxygen and titanium ions results in a 

distortion in the lattice and a spontaneous electric polarization. Ferroelectric domains 

exist in the BaTiO3 crystal with dipoles in each domain aligned in the same direction. 

Under an applied electric field, global dielectric polarization is achieved by the motion 

of the domain walls and by nucleation and growth of new domains in the old domain 

matrix [106]. The large magnitude of those spontaneous electric polarizations in the 

ferroelectric crystals results in a large dielectric constant. Due to the complex process of 

the domain formation, the dielectric constant is nonlinearly dependent on electric field 

strength [107], [108] and other environmental parameters. 

 

 

Figure 1.9 Perovskite structure of BaTiO3 in a) its cubic form and b) tetragonal 

form showing the formation of electric dipole moment [106]. 
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Figure 1.10 Illustration of the temperature dependence of unit cell parameters; a, b 

and c are the unit cell parameters [109]. 

 

The permittivity of BaTiO3 at room temperature is influenced by the grain size in 

the polycrystalline bulk, and by the particle size in the case of dispersed particles. The 

ratio of the measured lattice constants in two axes, c/a, decreases as the particle size 

decreases [110]. The relationship of c/a ratio and the particle size is shown in Figure 

1.11. As the ratio of c/a decreases, the crystal structure gradually changes from 

tetragonal to cubic. It is generally believed that the BaTiO3 grain/particle consists of a 

tetragonal core and a cubic surface layer [111ï113]. When the size of the grain/particle 

decreases, the cubic phase becomes the dominant phase, which leads to the loss of 

ferroelectricity and a decrease in the permittivity. This size effect appears to be different 

for polycrystalline BaTiO3 and dispersed BaTiO3 particles. In a polycrystalline bulk, the 

cubic layer at the grain boundaries was reported to be around 5 nm by Takeuchi et al. 

[111]. Begg et al. showed that particles larger than 270 nm are in the tetragonal form and 

particles smaller than 190 nm are cubic [114]. Recently, Hoshina et al. suggested that the 

BaTiO3 particle consists of a tetragonal core, a cubic shell and a transition layer between 

them as shown in Figure 1.12a [115]. The transition layer was described to have a 

gradually changing c/a ratio, and the permittivity of that layer was suggested to be even 

larger than that of the tetragonal core in their following work [116]. The thickness of the 
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low permittivity cubic layer around a particle was reported to be about 15nm 

independent of particle size as shown in Figure 1.12b [115]. Despite the different values 

of the cubic region size reported in the literature, the size of the cubic region is 

considered to be larger at the particle surface than that at the grain boundaries [111], 

[114ï116]. This difference was attributed to the mechanical constraints imposed by the 

neighboring grains [113]. At the free surface of BaTiO3 particles, the cubic phase is 

favored. But at the grain boundaries of a polycrystalline bulk, the strong contact imposed 

by adjacent grains results in a smaller cubic region. The reported dielectric constant of 

the cubic phase around the particle surface was about 200, assuming a 20nm particle 

consisting of only the cubic phase. No direct report has been found regarding the 

dielectric constant of the BaTiO3 near the grain boundary. 

 

 

Figure 1.11 Effect of BaTiO3 particle size on the c/a ratio of lattice [113]. 
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a)  

b)  

Figure 1.12 a) three phase composite structure of BaTiO3 particle; b) the thickness 

of each layer as a function of particle size; the gradient lattice strain layer (GLSL) 

is a transition layer between the cubic surface and the tetragonal core [115]. 

 

1.7.2 Electrospinning 

Electrospinning is one of the top-down approaches for generating 1D nanostructures. An 

illustration of the electrospinning setup is shown in Figure 1.13. A viscous solution or 

melt of the target material is loaded into the container, usually a syringe, and a strong 

electric field is applied at the spinneret. In a simple experiment, a hypodermic needle is 

used as the spinneret and an aluminum foil is used as the collector. When high voltage is 

applied, the solution at the tip of the spinneret becomes highly charged and forms a 

conical shape, called a Taylor cone, due to the electrostatic repulsion as well as the 

attraction from the counter electrode [89]. Once the electric field strength passes a 



 

     30 

threshold that the electric repulsive force overcomes the surface tension at the spinneret, 

an ejection of solution forms. Subsequently, the jet is subjected to a uniaxial stretching 

process as it moves towards the counter electrode. The stretching of fibers is facilitated 

by the electrostatic repulsion of charges in the liquid, resulting in a thin uniform fiber 

after the rapid evaporation of solvent in air [117]. In the end, the fibers are deposited on 

to the collector electrode. The parameters to control the fiber morphology and diameter 

include precursor viscosity, precursor conductivity, applied voltage, surface tension, 

spinneret-to-collector distance, temperature and humidity [117]. Fundamentally, it is the 

interplay of the viscosity, surface tension and density of charges in the solution that 

determines the final morphology of the fibers. The diameter of the fibers can be 

controlled to be from several nanometers to micron scale [118]. 

 

Figure 1.13 Illustration of the electrospinning process [117]. 

 

The viscosity of the solution affects the electrospinning process. If the viscosity is 

too high, electrospinning is prohibited because of the instability of flow resulting from 

the cohesive force of the solution [119]. Too low a viscosity causes detachment of fibers 

and the formation of droplets [120]. The primary jet coming out of the spinneret may or 
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may not be split into multiple jets en route to the counter electrode. If no splitting is 

involved, the viscosity dominantly influences the diameter of the fibers [118]. Larger 

viscosity results in fibers with a larger diameter. The viscosity can be easily controlled 

by the concentration of polymer in the solution. Another influential factor of the fiber 

diameter is the applied voltage. A larger voltage ejects more liquid and leads to a larger 

fiber diameter [121]. Another problem encountered is the existence of defects such as 

pores and beads. It was suggested that higher polymer concentration resulted in fewer 

but larger beads and the shape of the beads changed from spherical to spindle-like with 

increasing polymer concentration [122]. 

Electrospinning has been widely used to fabricate polymer nanofibers since it is 

easy to prepare a polymer solution or melt with the required rheological properties [118]. 

Inorganic fibers can also be produced indirectly using appropriate precursors [88], [89]. 

A typical procedure to produce inorganic fibers involves three steps. First, an inorganic 

sol or solution precursor is mixed with a matrix polymer. The function of the matrix 

polymer is to provide the viscosity needed in the electrospinning process as well as to 

supply sufficient mechanical flexibility during the jetting process [89]. After that, the 

electrospinning is performed with the mixture, producing a composite fiber containing 

the polymer matrix and the inorganic precursor. Finally, a high temperature treatment is 

needed to remove the matrix polymer as it usually has a lower decomposition 

temperature than the ceramics. Meanwhile, the inorganic precursor is converted into the 

desired ceramic by a sol-gel reaction and sintered to develop a crystalline structure in the 

high temperature treatment. Although the method is straightforward and a wide range of 

inorganic fibers can be produced [88], [95], [96], [123], the control over the fiber 

diameter and morphology is limited compared to that of the electrospun polymer fibers 

[89]. A major difficulty lies in the precise control of the rheology of the thermostatically 

unstable inorganic sol. The viscosity of the solution changes with time because the sol-

gel reaction occurs during the time period of electrospinning, which results in a non-

uniform fiber diameter and an unstable electrospinning process. 

In this thesis, a recipe in the literature [95] is used to produce BaTiO3 fibers through 

electrospinning. The electrospinning process was stable during the lab scale production 
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of fibers. The stability issue due to the sol-gel reaction was encountered in the scale-up 

attempt of the BaTiO3 fibers production, which will be discussed in Chapter 5. 

1.7.3 Graphene and graphene oxide 

Graphene is the latest discovered allotrope of carbon after graphite, diamond, fullerenes 

and carbon nanotubes. It is a single atomic layer of carbon, forming a 2-dimensional 

hexagonal lattice. Graphene was discovered by A. K. Geim and K. S. Novoselov in 2004 

using a sticky tape to exfoliate a single layer of carbon atoms from graphite [124]. It can 

be viewed as the building block of graphite. Just like graphite, graphene consists of the 

sp
2
 hybridization of one s orbital and two p orbitals, which forms a ů bond between the 

carbon atoms. It also possesses a  ́ bond in p orbital state, which leads to the semi-

metallic band structure of graphene and its outstanding electric properties [125]. 

Graphene oxide (GO) shares the single atomic nature with graphene, but is 

characterized by its abundant surface groups on the carbon network. The structure of GO 

is described as nonstoichiometric and amorphous, with hydroxyl and epoxy groups on 

the basal plane and carboxylic acids on the periphery sites [126] as shown in Figure 

1.14. It is electrically insulating due to its disrupted sp2 bonding network [126]. 

Graphene or GO can be prepared through several available routes: it can be 

prepared using chemical vapor deposition (CVD) on metal substrates; graphene can be 

mechanically exfoliated from graphite; graphene can also be prepared by epitaxial 

growth on insulating substrates [99]. However, large scale preparation of graphene is 

usually from graphite oxide and graphite intercalation compounds [127]. Hummers and 

Offeman developed a method in 1958 to prepare graphite oxide by reaction with 

anhydrous sulfuric acid, sodium nitrate and potassium permanganate, which is widely 

used today [128]. The graphite oxide still maintains the layered structure of graphite, but 

has functional groups between the layers and an extended inter-layer space. The 

hydrophilic surface groups make graphite oxide water dispersible. Under sonication, the 

graphite oxide can be exfoliated into single layer GO suspended in an aqueous media. 

Then the GO can be chemically reduced to graphene to restore its electrical conductivity, 

using reducing agents such as hydrazine. It can also be thermally reduced to produce 

reduced graphene oxide (RGO). One notable effect of the thermal reduction of graphene 
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oxide or the thermal exfoliation of graphite oxide is that structural damage can be caused 

by the release of carbon dioxide [126]. An illustration of the defects on the thermally 

reduced GO is shown in Figure 1.15. The defects lead to a decrease in the electrical 

conductivity compared to that of pristine graphene or chemically reduced graphene. 

Nevertheless, the thermal reduction still leads to an effective partial restoration of the 

electronic structure from the complete disrupted sp2 structure in GO, and the measured 

conductivity is around 1000 S/m [129]. Depending on the heat treatment temperature, 

the degree of thermal reduction can be changed to control the electrical property of RGO 

[129]. In this thesis, this method will be used to tailor the nonlinear conductivity of RGO 

filled composites. 

 

Figure 1.14 Lerf -Klinowski model showing the structure of grapheme oxide [126]. 
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Figure 1.15 Atomic model of the carbon dioxide leaving the graphene oxide surface 

during the thermal reduction and the defects left on the carbon basal plane [130]. 

 

1.8 Scope of thesis 

This thesis focuses on the geometric factors that impact the electrical and dielectric 

properties of composite materials. As more types of high aspect ratio fillers are able to 

be produced with high permittivity or high conductivity, the potential of using them to 

enhance nanocomposites and the underlying mechanisms is worth exploring. The effect 

of filler geometry and electrical properties on the composite dielectric behavior needs to 

be understood. 

¶ Dielectric constant: The possibility of using high aspect ratio fillers to 

increase the composite dielectric constant is explored. BaTiO3 fibers, 

graphene platelets (GPL) and graphene oxide (GO) are used as fillers. The 

effect of filler aspect ratio and filler property on the dielectric response of 

composites is studied. The results are compared with predictions from the 

rule of mixtures and a deviation is found. Several differences between the 

rule of mixtures model and the real composites are proposed to be the 

potential reasons for the deviation. Each of those potential reasons is 

examined by finite element analysis. The effect of filler property and filler 

composition on the composite permittivity is studied with GPLs and GO 

filled composites. 

¶ Electrical breakdown strength: The effect of the filler aspect ratio and filler 

property on the composite breakdown strength is investigated experimentally 



 

     35 

with BaTiO3 fiber filled composites. The mechanism that leads to the 

observed phenomena is discussed and evaluated by finite element analysis 

from a perspective of composite geometric structure and electric field 

distribution. A theory is proposed to correlate the composite geometric 

structure to the electrical breakdown strength. The effect of filler property on 

the composite breakdown strength is also explored with GPLs and GO filled 

composites 

¶ Conductivity: A method using high aspect ratio graphene oxide to obtain 

nonlinear conductivity in composites and meanwhile keep a low filler 

volume fraction is presented. The method is efficient, controllable and 

advantageous in many aspects compared to current commercial approaches. 

The mechanisms that lead to the observed material properties, both at low 

field and high field, are discussed. 

From an engineering point of view, the materials presented in this thesis have been 

scaled up and examined in a commercial processing environment. The scale-up 

process and results are also presented. 
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2. Experimental Approach
 
 

This chapter describes the material, experimental methodology, and equipment that were 

used in this thesis.  

2.1 Materials 

Silicone rubber was chosen as the matrix polymer as it is widely used in industrial field 

grading materials for cable terminations. Sylgard 184 elastomer kits were purchased 

from Dow Corning, consisting of poly(dimethyl siloxane) (PDMS) and a reinforcing 

silica filler. Barium acetate, acetic acid, titanium isopropoxide and poly(vinyl 

pyrrolidone) (PVP) were purchased from Sigma Aldrich. Graphene oxide was purchased 

from Angstron Materials in the form of 0.5% aqueous suspension. Graphene platelets 

were provided by Prof. Koratkarôs group at Rensselaer Polytechnic Institute and the 

preparation method is briefly described in Section 2.3. 

2.2 Electrospinning and heat treatment of BaTiO3 fibers 

BaTiO3 fibers were prepared by electrospinning a mixture that consisted of BaTiO3 sol-

gel and poly(vinyl pyrrolidone) (PVP, Mw = 1,300,000 grams/mol) solution [1]. Barium 

acetate (BaC4H6O4, 5 mmol) was dissolved in acetic acid (3 ml). Then titanium 

isopropoxide (C12H28O4Ti, 5 mmol) was added into the solution under constant stirring. 

After that, a solution consisting of PVP (0.2g) and ethanol (3 ml) was added to the 

mixture. A clear pale yellow precursor was obtained by stirring the mixture. The 

precursor was loaded into a syringe for electrospinning. The electrospinning process is 

illustrated in Figure 2.1 [2]. A positive voltage (16 kV) was applied on the needle tip of a 

syringe, and an aluminum foil was grounded as the counter electrode. The distance 

                                                 

Portions of this chapter previously appeared as: Z. Wang, J. K. Nelson, H. Hillborg, S. Zhao, and 

L. S. Schadler, ñGraphene oxide filled nanocomposite with novel electrical and dielectric 

properties,ò Adv. Mater., vol. 24, no. 23, pp. 3134ï3137, 2012, and 

Z. Wang et al., ñEffect of high aspect ratio filler on dielectric properties of polymer composites: 

a study on barium titanate fibers and graphene platelets,ò IEEE Trans. Dielectr. Electr. Insul., 

vol. 19, no. 3, pp. 960 -967, Jun. 2012.  
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between the needle tip and the counter electrode was 25 cm, and the precursor was fed at 

a constant rate (31 µl/min) by a syringe pump. When a high voltage was applied, the 

liquid at the needle tip was charged and stretched by electrostatic repulsion to form a 

ñTaylor coneò. Because of the high viscosity, a fiber was ejected from the tip, elongated 

in the air and deposited on the grounded electrode. Synthesized BaTiO3/PVP fibers had a 

diameter less than 1 µm as shown in Figure 2.2. The surface of the fiber was smooth and 

the diameter was uniform along the fiber except for a few with smaller diameter. 

The fibers were annealed in an oven at 500 °C for 12 h to remove the residual 

solvent and most of the PVP. They were then calcinated at high temperature to 

crystallize. The high temperature treatment was optimized to develop large grains of 

tetragonal phase BaTiO3 which possess a high dielectric constant [3], while avoiding 

sintering of the fibers. In the heat treatment process, heating rates were varied from 10 

°C/min to larger than 2000 °C/min. The fastest heating rate of greater than 2000 °C/min 

was achieved by inserting the sample into a preheated oven. The calcination temperature 

was varied between 600 °C to 1200 °C. The fibers were then cooled to room temperature 

in air. During the above heat treatment, the PVP polymer was burned off, which caused 

a reduction in the fiber diameter from 900 nm to approximately 700 nm, and a 

polycrystalline fibrous structure was obtained. Then the morphology and crystal 

structure of the fibers were investigated. A scanning electron microscopy (SEM) picture 

of prepared BaTiO3 fibers is shown in Figure 2.3. 
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Figure 2.1 Illustration of electrospinning method. 

 

Figure 2.2 SEM pictures of electrospun BaTiO3/PVP fiber. 

 



 

     50 

 

Figure 2.3 SEM image of BaTiO3 fibers after heat treatment at 1200 °C for 5 

minutes. 

 

2.3 Graphene platelets (GPLs) 

GPLs were obtained with a one-step thermal exfoliation followed by reduction of 

graphite oxide. In this method, graphite oxide is subjected to a thermal shock (rapid 

heating at a rate of larger than 2000° C/min) which exfoliates and reduces the graphite 

oxide into GPL. The GPL are several micrometers in the in-plane dimension and are 

comprised of ~3-4 graphene sheets within each platelet. The total platelet thickness is 
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less than 2 nm. A transmission electron microscopy (TEM) picture of prepared GPL is 

shown in Figure 2.4. The size of the GPLs is about 1 µm. 

 

Figure 2.4 TEM image of graphene platelet showing the typical size of the filler. 

 

2.4 Graphene oxide (GO) and reduced graphene oxide (RGO) 

GO was purchased from Angstron Materials as a 0.5% aqueous suspension. The average 

lateral dimension of GO was about 500 nm and the average thickness was 1.1 nm as 

reported in the manufacturer datasheet, which indicates mostly monolayer GO. The as 

received suspension was freeze-dried for 2 days to remove most of the water, resulting in 

brown sponge-like foam. The GO was then thermally reduced at temperatures ranging 

from 70 °C to 160 °C for 12 hours. The temperature ramp rate was kept at 0.5 °C min
-1
 

to avoid violent reduction of GO. As shown in Figure 2.5, the weight loss before 100 °C 

was about 7%, which is attributed to the absorbed water due to the hydrophilic surface 

groups. After 100 °C, an additional weight loss of 26% was observed due to the removal 

of surface groups [4]. Heat treatment at higher temperature results in a more reduced GO 
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with fewer residual surface groups. The foam turned darker during the reduction 

reaction. 

 

Figure 2.5 TGA result showing the weight loss of GO upon thermal reduction; the 

temperature was ramped to and kept for 0.5 hours at every 10 ºC between 100 ºC to 

200 ºC . 

 

2.5 Preparation of composites 

Sylgard 184 (Dow Corning), consisting of poly(dimethyl siloxane) (PDMS) and a 

reinforcing silica filler was used as the polymer matrix. The calcinated BaTiO3 fibers 

were mixed into the precursor Sylgard 184A using a FlackTek Speed Mixer at 3000 rpm 

for 10 minutes. Long fiber (aspect ratio = 15) composites were obtained by direct mixing 

of the calcinated BaTiO3 fibers with the precursor resin. Medium length (aspect ratio = 

6) fiber composites were prepared by adding alumina balls during the mixing process to 

break the fibers into shorter pieces. Calcinated fibers were also crushed in a mortar and 

pestle to obtain low aspect ratio fibers (aspect ratio = 3). The mixture of fibers and resin 

was spin coated onto a glass slide to align the fiber in the plane of the glass. Then the 
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fiber length was measured by optical microscopy because the resin is transparent. The 

average diameter of the fibers was measured from SEM images. Finally the aspect ratio 

of the fibers was calculated from the average length and diameter. After that, composites 

were prepared by carefully mixing the precursors Sylgard 184A (containing the fibers) 

and Sylgard 184B (crosslinker) at a ratio of 10:1 by mass, followed by curing at 150 °C 

for 24 h in a mold placed in a hydraulic hot press under a pressure of about 200 psi. The 

composites filled with GPLs or GO were prepared through the same procedure, except 

that a 20 minute mixing time was used during the shear mixing process. Planar samples 

with a diameter of 3.175 cm and a thickness of approximately 300 µm were obtained. 

Prepared samples were dried in an oven at 120 °C for 12 h prior to dielectric testing to 

remove any trapped moisture. Optical microscopy images showing the dispersion of 

fillers in the composites are shown in Figure 2.6. For three phase composites containing 

both BaTiO3 fibers and GPLs, GPLs were mixed into the resin before adding BaTiO3 

fibers to prevent the reduction in BaTiO3 fibers' aspect ratio during the elongated mixing 

process.  

   

Figure 2.6 Optical microscope images showing dispersion of a) BaTiO3 fibers and 

b) GPLs in silicone rubber composites. 

 

2.6 Characterization of materials 

Thermogravimetric analysis (TGA) was carried out to determine the weight fraction of 

BaTiO3 fibers in the composites, using a TA Instruments Q50 thermogravimetric 

analyzer. Parameters from the literature and the manufacturer datasheet (BaTiO3 density 
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= 6.02 g/cm
3
, PDMS density = 1.03 g/cm

3
) were used to calculate the filler volume 

fraction.  

X-ray diffraction (XRD) 2ɗ scans were performed on a Bruker D8 Discover X-ray 

diffractometer to investigate the crystal structure of the BaTiO3 fibers.  

The morphology of the BaTiO3 fibers was investigated using a Carl Zeiss Supra 

scanning electron microscope. Uncured composite was spin coated on a glass slide to 

align the fiber or GPLs along the plane of the glass slide. Then a stereo optical 

microscope was used to check the dispersion of fillers in the composites as well as to 

measure the average fiber length.  

All the composite samples were tested in a Novocontrol alpha high resolution 

dielectric impedance analyzer for dielectric spectroscopy at room temperature. A 

frequency range from 10
ī1

 to 10
6
 Hz was utilized. The real and imagery permittivity was 

calculated by the software from the measured current response to an ac voltage signal. 

The electric flux density-electric field (D-E) measurement was taken in an ambient of 

dielectric mineral oil at 20 °C following the ASTM standard D3487. The D-E test result 

was used to determine the materialôs dielectric response at elevated field strength (larger 

than 1 kV/mm). 

AC breakdown tests were carried out at room temperature in dielectric oil (Dow 

Corning 561 silicone transformer fluid) at a frequency of 60 Hz. A voltage ramp rate of 

200 V/s was used during the breakdown test.  

For GO filled composites, absorption current and conductivity measurements were 

carried out in a guarded cell connected to a high voltage DC power supply and a Pico-

ammeter as shown in Figure 2.7. The absorption current measurement was performed at 

1 kV/mm for 6 days, and the absorption current plot was smoothed by averaging the 50 

adjacent points. In the conductivity measurement, the field strength was stepped up to 10 

kV/mm at an interval of 0.5 kV/mm. Conductivity data were taken as a function of field 

strength after holding the voltage constant for 30 minutes. 
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Figure 2.7 Schematic of the absorption current measurement set up. 
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3. Finite Element Analysis (FEA) Approach 

Part of this thesis investigates and evaluates the dielectric behavior of composites using a 

finite element approach. The general goal is to determine the impact of filler aspect ratio 

on the electrical field distribution, and eventually how it affects the dielectric properties 

of composites, such as the dielectric constant and dielectric breakdown strength. This 

chapter describes the methodology of FEA used in this thesis. 

The FEA was performed using commercial software, COMSOL Multiphysics, with 

the AC/DC module and Livelink for MATLAB. Generally the simulation involves 

several steps including geometric modeling, meshing, physical solution and post 

analysis. The geometric modeling step involves the modeling of the composite structure 

with different filler arrangements and size, and the material property assignment. 

Meshing is crucial to reach a balance between simulation accuracy and computational 

efficiency. The physical solution process includes defining the parameters, boundary 

conditions and physical principles of the model, as well as the actual calculation process 

to find a converged solution. Finally, the post analysis step involves the data analysis, 

extraction and graphic plotting. 

3.1 Geometric modeling 

High aspect ratio BaTiO3 fibers were represented by elongated capsules consisting of a 

cylinder in the middle and two semi-spheres at the ends. It is an approximation of the 

BaTiO3 fiber without considering the facet geometry and grain boundaries. The semi-

spheres in the end were used to avoid ñsharp edgesò in the FEA which lead to extreme 

local electric fields. The aspect ratio was calculated as the ratio of the end-to-end length 

and the diameter of the cylinder. In this way, an aspect ratio of one reduces the geometry 

to a spherical particle where the length of the cylinder is zero. Another type of filler 

geometry used was ellipsoidal. In the rule of mixtures, high aspect ratio fillers are 

usually represented by an ellipsoid because of its mathematical simplicity. So a 

comparison between the ellipsoidal fillers and elongated capsule shaped fillers was 

performed in this thesis by FEA to determine if the inconsistence observed in the 

experiments were due to differences in filler shape. The ellipsoidal filler also reduces to 
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a sphere when the filler aspect ratio is one. The two types of fillers are illustrated in 

Figure 3.1. 

a) b)  

Figure 3.1 Illustration of high aspect ratio filler geometry used in the FEA, a) 

elongated capsular shape; b) ellipsoidal shape. 

 

The composites studied were represented as cubes. The fillers were added into the 

cube using the Random Sequential Addition (RSA) method to avoid overlapping of 

fillers. Fillers were added one at a time and the newly added filler was discarded if it 

overlapped with any of the previous fillers. When new filler was added, the position of 

that filler was generated following a uniform distribution by the pseudorandom number 

generator in MATLAB. The orientation of fillers cannot be assigned by the same 

approach, because the orientation of the newly added filler might be affected by the 

geometric arrangement of the previously added fillers. To avoid this constraint, the 

orientation parameters of the fillers were pre-generated following a uniform distribution. 

In the trial addition of one filler particle, different position parameters were tried while 

the orientation of that filler was predefined and remained unchanged. 

While the position parameters of the fillers are straight forward and need no further 

explanation, the orientation parameters are shown in Figure 3.3. Since the goal is to 

define the orientation of the fillers, only two parameters, ű and ɗ, were used. To ensure a 

uniform distribution in all directions, or equivalently over the spherical surface, the 

following equations were used, where ű and t follows a uniform distribution over the 

designated range. 
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To ensure a continuous electrical field in the studied region and avoid edge effects 

at the boundary of the cube, periodic boundary conditions were applied to the six faces 

of the cube. This means the part of the filler that sticks out of one boundary ports in from 

the opposite boundary as shown in Figure 3.2. In this way, the cube being studied can be 

repeated in 3 directions to form an infinite material. Since the fillers were added without 

restrictions from the boundaries, the accuracy of the FEA was only affected by the 

number of fillers studied in the model and the mesh size. To evaluate the effective 

permittivity and field distribution of the composites, a large number of fillers were 

needed to create a representative volume that can be approximated as an electrically 

uniform material to the outside observer. Although the periodic boundary conditions 

ensure a continuous material, a certain number of fillers are needed to model the 

complexity and ensure that the dielectric response is not sensitive to the specific 

geometric arrangement of the fillers. Since the computational resource needed for the 

simulation scales with the number of fillers in the cube, a balanced filler number is 

chosen combined with averaging several studies at the same condition to give accurate 

results. Details will be discussed in Section 3.3. 

This work focuses on the study of high dielectric constant fillers. The material 

properties used are listed in Table 3.1. Although the actual dielectric constant of the 

BaTiO3 fiber is unknown, the field distribution and effective dielectric constant of 

composites is not sensitive to filler permittivity once the permittivity contrast between 

filler and polymer is large enough according to the Maxwell Garnett rule of mixtures. 

For example, when changing the filler dielectric constant from 500 to 5000, the 

composite dielectric constant increases from 5.28 to 5.47 in a 10 vol% composite with a 

filler AR of 5. For this reason, the permittivity of the filler was set to 1000 to represent 

the BaTiO3 fiber even though the exact permittivity of prepared BaTiO3 fibers is 
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unknown. Different permittivity values from 500 to 10000 have been reported in the 

literature [1ï3].  

The permittivity anisotropy of the BaTiO3 was not considered in the simulation. A 

BaTiO3 grain consists of ferroelectric domains with different dipole orientations. There 

are 6 possible domain directions for the tetragonal structure BaTiO3. At low field, the 

dielectric constant of BaTiO3 has intrinsic contribution from the ions (non-ferroelectric) 

and extrinsic contribution mainly from the 90º domain wall vibration [4]. The reported 

values of intrinsic and extrinsic contribution at low field were 500 and 600 respectively 

[4]. As a result, moderate anisotropy was observed with less than 50% variation in the 

dielectric constant along different crystal orientations [5], [6]. As stated before, the 

composite dielectric constant is not sensitive to this magnitude of variation for the high 

dielectric constant fillers. So an isotropic dielectric constant was assigned to the BaTiO3 

fibers for the simplicity of simulation. 

A loss factor of 0.01 was assigned to the filler according to the value reported in the 

literature [3]. Because the imaginary permittivity is 1/100 of the real permittivity for the 

filler, the effect of the imaginary permittivity on the electric field distribution and 

effective permittivity of composites is negligible and the real permittivity is the 

dominant factor. The effect of filler conductivity was not considered under the studied 

frequency of 100 Hz where the permittivity contrast dominates the field distribution. 

However, one can easily adapt the method provided here to study composites with lossy 

fillers under dc or low frequency ac field. The results are expected to follow similar 

patterns given the fact that the field exclusion effect of high permittivity fillers and 

conductive/lossy fillers are effectively the same at appropriate frequencies of electric 

field.  

Table 3.1 Material properties used in the FEA. 

 Permittivity  Loss factor Conductivity (S/m) 

Filler  1000 0.01 1E-16 

Polymer 3 0.001 1E-16 
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Figure 3.2 Illustration of model a) showing fillers porting in and out though 

opposite faces; b) a more complex geometry with 50 fillers. 

 

 

Figure 3.3 Spherical coordinate used to define the orientation of fillers. 

 

3.2 Meshing 

The finite element model was divided into nodes and tetrahedra for calculation. The 

built-in meshing tool of COMSOL Multiphysics was used. The six faces of the cube 

were meshed first through a mesh-copy process to ensure that the opposite faces had 
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exactly the same mesh structure. This was important to reach convergence with the 

periodic boundary condition. Then the domains were meshed. A representative final 

structure is shown in Figure 3.4. The number of mesh elements ranged from 2 million to 

10 million depending on the complexity of model. 

 

Figure 3.4 Illustration of a meshed model with three front faces of cube removed. 

3.3 Physics and solution process 

All domains in the model followed the principle of current conservation. The study was 

carried out in the frequency domain of the harmonic field condition. The frequency of 

applied ac field was set to 100 Hz. In correspondence with the periodic geometry created 

that can extend in 3 dimensions, periodic electric boundary conditions were used. For the 

boundaries of the cube in the x and y directions, the voltages of any two corresponding 

points on the opposite boundary were set to be the same, so the tangential electric field 

was continuous across the periodic boundary. For the two boundary faces in the z 

direction where an electrical potential drop was applied, a constant voltage difference 

was set to each of the corresponding points with the same x and y coordinates. In this 
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way, the potential drop along the z axis is continuous and constant across every repeating 

unit, which is essentially equivalent to the situation of an infinite size material immersed 

in an applied electric field. The advantage is that the electric field was not affected by 

the boundary of electrodes, which is very useful given the relatively large length of 

fillers. 

In this way, a geometric and electrical repeating model was built with a continuous 

potential drop in one direction. A 2D model filled with high permittivity particles is 

shown in Figure 3.5 for the simplicity of illustration. The center box is the modeled 

region and the field is in the vertical direction. Four identical results are plotted around 

the model to show the continuity. The default linear solver of the program was used to 

reach a converged solution. 

 

Figure 3.5 2D illustration of periodic box with particles showing the repeating 

geometry and continuous electrical field at boundaries; field is applied in the 

vertical direction; equipotential lines are plotted. 
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3.4 Post analysis 

3.4.1 Effective permittivity of composites 

The effective permittivity is the permittivity value used to represent the macroscopic 

property of a heterogeneous material. The classical way of calculating the effective 

permittivity of a mixture is to follow the constitutive relation of the electric flux density 

D and the electric field E [7], [8], which is shown in equation 3.4. 

 ộ╓Ớ ‐ ộ╔Ớ 3.4 

Here < f > represents the spatial average of a physical quantity over a certain 

volume, which can be expressed in equation 3.5. 

 ộ█Ớ
ρ

ὠ
█►Ὠὠ 3.5 

The effective permittivity of composites was evaluated according to the equations 

above after the simulation. The volume under evaluation should be large enough relative 

to the size of the inclusions to be considered as representative. Since the finite element 

model is geometrically scalable, the accuracy of the evaluation can be related to the 

number of fillers in the model. A larger filler number leads to a more accurate 

approximation of the real composites. This plays an especially important role when the 

high aspect ratio fillers are under consideration, since their size in a certain dimension is 

much larger than that of low aspect ratio fillers when the same amount of filler is used. 

However, the complexity and computational effort required in a 3D simulation increases 

dramatically with the number of fillers. A tentative study was performed to determine 

the adequate number of fillers to be used in the modeling. The same parameters were 

used in a series of modeling except for the numbers of fillers changing from 10 to 150. 

The effective permittivity of the composites was averaged from ten calculations and the 

results are shown in Figure 3.6. When the number of fillers in the model was larger than 

75, a stable relative standard deviation of about 0.04 was reached. Further increase in 

filler number did not significantly reduce the scattering caused by the randomness of 

filler orientation. The filler number was chosen to be 100 for the rest of the modeling 

work in this thesis. 
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Figure 3.6 Averaged effective permittivity of composite from ten calculations; error 

bar shows one standard deviation; filler aspect ratio of 10 and volume fraction of 

0.1 were used in the calculation. 

3.4.2 Electric field statistics in polymer matrix 

Finite element simulations can provide a statistical view of the electric field distributed 

in the polymer matrix. When high dielectric constant or high conductivity fillers are 

incorporated, the polymer matrix sustains most of the electric stress. The localized 

enhanced field can be linked to the electrical breakdown of the inhomogeneous 

composites in a short term breakdown process. Composites with high permittivity fillers 

were studied under ac fields, where the permittivity contrast of the materials dominated 

the field distribution. The results for the filler aspect ratio and filler volume fraction are, 

however, expected to be applicable to composites with conductive fillers under dc 

conditions, where the conductivity difference is the major influential factor. 

One million points uniformly distributed in the composites were sampled for the 

electric field strength. Only those points that fall in the polymer domain were used for 

the evaluation since the goal is to study the field statistics in polymers. Information on 
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the field distribution in the fillers is less useful since the field strength is quite small and 

irrelevant to the breakdown process. A histogram of electrical field strength was 

generated using an adequate bin size and converted into a probability distribution plot. 

The electric field strength was normalized with the applied field strength to illustrate the 

field enhancement effect in the polymer, which is independent of the value of applied 

field assuming a linear material. The probability distribution function of the normalized 

relative field strength was plotted as shown in Figure 3.7. The results from three 

simulations with the same parameters are shown to illustrate the repeatability. The 

integral of the plotted curve is one and the field intensification effect can be compared 

among samples. The breakdown behavior is closely related to the enhanced local stress 

in the polymer, so the high stress tail in the distribution plot needs more attention. For 

example, the probability of finding a polymer region under electrical stress that is 3 

times larger than the applied field was calculated. 

  

Figure 3.7 Probability distribution function of the normalized electric field (relative 

to applied field) in the polymer domain showing the stress enhancing effect by the 

high dielectric constant fillers; results from three simulation with same condition 

are shown to illustrate the repeatability. 
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4. Results and discussions 

In this chapter, the experimental results of composites filled with BaTiO3 fibers, 

graphene platelets (GPLs) and graphene oxide (GO) are presented. The results are 

analyzed, compared to theoretical models and discussed in order to determine the effect 

of filler aspect ratio and filler composition on the various dielectric and electrical 

properties of composites. The results from the Finite Element Analysis (FEA) are also 

presented. The FEA results provide insight into the fundamental mechanism behind the 

observed material properties and the differences between the experimental data and the 

theoretical models. This chapter is divided into 3 sections, focusing on one dielectric or 

electrical property in each section. Specifically, Section 4.1 discusses how the dielectric 

constant and dielectric loss of composites are affected by the filler aspect ratio and 

composition; Section 4.2 presents the effect of filler aspect ratio and conductivity on 

dielectric breakdown strength and Section 4.3 focuses on the electrical conductivity of 

composite materials. 
 
 

4.1 Dielectric constant and loss: effect of filler aspect ratio and 

composition 

This section focuses on the dielectric constant and dielectric loss of materials. To study 

the effect of filler aspect ratio on the composite dielectric constant, high dielectric 

constant BaTiO3 fibers with different aspect ratios were prepared. The sintering process 

of electrospun BaTiO3 fibers was studied for the purpose of obtaining high dielectric 

constant fibers. The effect of BaTiO3 fiber aspect ratio on the dielectric spectroscopy is 

presented followed by the FEA results to explain the observed dielectric response. The 

effect of filler composition on the dielectric response of materials is discussed by 
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comparing the fillers with different conductivity (GPLs and GO) and exploring the usage 

of both high dielectric constant and conductive fillers at the same time (GPLs and 

BaTiO3 fibers). In the end, the effect of applied field strength on the dielectric constant is 

presented for the application of the material at high voltage. 

4.1.1 Sintering effect on the crystal structure of BaTiO3 fibers 

BaTiO3 fibers were prepared by electrospinning a precursor and composite fibers of 

BaTiO3 and PVP were obtained. A two-step heat treatment was then performed. The first 

step was annealing at 500 °C to remove the PVP polymer and the second step was 

sintering the BaTiO3 at a temperature higher than 1000 °C. The goal of the sintering is to 

obtain tetragonal phase BaTiO3 because it has a higher dielectric constant than cubic 

phase BaTiO3. The grain size has a major influence on the BaTiO3 crystal structure and 

larger grains possess more tetragonal phase [1ï3]. The grain size of the BaTiO3 fibers 

was found to be affected by the heating rate. Figure 4.1a shows XRD patterns that 

illustrate the effect of calcination temperature on the crystal structure of the BaTiO3 

fibers. After calcination at a temperature above 800 °C, the XRD pattern is consistent 

with the XRD data of BaTiO3 in the literature [4]. Above 1000 °C, the impurity phase 

(mainly BaCO3) [5] was removed as indicated by the absence of peaks below 2ɗ = 30°. 

The influence of the heating rate on the BaTiO3 crystal structure is shown in Figure 4.1b. 

A low heating rate (10 °C/min) resulted in a symmetric (200) peak confirming cubic 

symmetry. The cubic crystal structure is facilitated by the smaller grain size (see Figure 

4.2b and Figure 4.2c) [6]. The low heating rate inhibited the diffusion process during 

crystal formation, resulting in small grains with pores between them (Figure 4.2c). At a 

heating rate of 200 °C/min the asymmetric peak shape indicates the appearance of the 

tetragonal crystal phase, as evidenced by a (002) peak, although the cubic phase is still 

dominant. A very fast heating rate (larger than 2000 °C/min) resulted in larger grains, as 

shown in Figure 4.2a, as a result of the fast crystal growth rate compared to the 

nucleation rate. It resulted in complete splitting of the (200) and (002) peaks, which 

indicates that most of the crystals are tetragonal phase as shown in Figure 4.1b. This 

increase in grain size was mitigated when an annealing temperature higher than 500 °C 
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was used in the first step of heat treatment due to the initiation of nucleation during the 

annealing process.  

The adhesion between the fibers and the silicone rubber matrix was good as shown 

in Figure 4.2d which is an SEM image from a fracture surface. The good adhesion is 

clear because of the lack of debonding between the fiber and matrix. 

To optimize the formation of the high dielectric constant tetragonal phase while 

maintaining the fiber morphology, a rapid heating rate (larger than 2000 °C/min) in 

combination with a short calcination step (5 min at 1200 °C) was required. After the heat 

treatment, a polycrystalline bamboo-like structure was obtained as shown in Figure 4.2a. 

BaTiO3 particles consist of a tetragonal phase core and a cubic phase surface or grain 

boundary [7], [8]. It is possible that some low dielectric constant cubic phase is present 

at the grain boundaries and surfaces of the fibers due to a lack of constraint compared to 

the ñferroelectric coreò in the bulk [6], [9], though the quantity is too small to be 

observed from the XRD data. The crystal orientation of the grains was not determined 

experimentally. The anisotropy in the dielectric constant due to the crystal orientation 

was not studied for the reasons stated in Section 3.1. 

 

Figure 4.1 X-ray diffraction patterns of calcinated BaTiO3 fibers a) influence of 

calcinations temperature (Standard pattern of BaTiO3 is shown at bottom); b) (200) 

and (002) peaks at 2ɗ ~ 45Á for fibers subjected to different heating rates. 
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Figure 4.2 SEM images of BaTiO3 fibers after different heat treatments: a) ramp 

rate: larger than 2000 °C/min, calcinated during 5 min at 1200 °C; b) ramp rate: 

200 °C/min, calcinated during 120 min at 1000 °C; c) ramp rate: 10 °C/min, 

calcinated during 120 min at 1000 °C; d) fractured surface of silicone rubber 

containing 1.6 vol. % BaTiO3 fibers (AR = 15). 

 

4.1.2 Effect of BaTiO3 fiber aspect ratio on dielectric response of composites 

Dielectric spectroscopy (Figure 4.3a) shows an increased dielectric constant for the 

composites. Both the dielectric constant and loss factor increase with fiber aspect ratio 

and filler volume fraction, which is consistent with the rule of mixtures. The dielectric 

constant increased from 3 to 6.5 for the composites filled with 20 vol% of the lowest 

aspect ratio fibers (AR=3). The relative dielectric constant increase over the neat 

polymer is comparable to that of composites filled with spherical or irregular BaTiO3 

particles reported in the literature [10ï12]. Meanwhile, the high aspect ratio fiber 

(AR=15) leads to a significant increase in the composite relative dielectric constant to 

12. The loss factor of all the tested composites is below 0.006, only an order of 

magnitude higher than that of the neat polymer. In the literature, 20 vol% of BaTiO3 

particles usually doubles the dielectric constant compared to the polymer matrix, which 

is similar to the effect of the lowest aspect ratio fiber in this work [10], [11], [13], [14]. 

Note that the commercial silicone elastomer kit used in this work does consist of cross-
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linked PDMS and fumed silica as reinforcement. The fumed silica comprises well 

dispersed fine particles with sizes ranging from 5 nm to 50 nm, and a permittivity close 

to the PDMS polymer [15ï17]. So in this study, the mixture of fumed silica and PDMS 

is regarded as a uniform polymer matrix to the BaTiO3 fibers, which have a much larger 

permittivity and size. 

The data is compared with the Maxwell-Garnett rule of mixtures for 1-dimensional 

high aspect ratio fillers. In the literature the reported dielectric constant of BaTiO3 

ranges from 1000 to 5000 [1], [3] when the grain size is larger than 200 nm. Although 

the actual dielectric constant of the BaTiO3 fiber is unknown, the change in composite 

dielectric constant is very small when the filler dielectric constant increases from 1000 to 

5000 according to the Maxwell Garnett rule of mixtures. For example, when changing 

the filler dielectric constant from 1000 to 5000, the composite dielectric constant 

increases from 5.39 to 5.47 in a 10 vol% composites with a filler AR of 5. A dielectric 

constant of 1000 is assumed for BaTiO3 fibers in the Maxwell Garnett rule of mixtures 

equations, and a comparison between the experimental data and fitting is shown in 

Figure 4.3b. The fitting gives effective ARs of 3, 5, and 8 for the fibers that have 

measured ARs of 3, 6, and 15, respectively. The difference between the fitting and the 

actual AR is larger as the filler AR increases. 

The Maxwell Garnett equation is usually accurate at low filler volume fraction. 

However, there are several differences between the model and the real composite as 

listed below. 

¶ In the rule of mixtures, ellipsoidal fillers are considered for their 

mathematical simplicity. The real fibers have a rod-like or capsule-like 

shape. This shape difference can lead to the deviation from prediction. 

¶ The distribution of the fiber aspect ratio may affect the dielectric constant. 

Although no literature was found to describe the effect of AR polydispersity 

on the rule of mixtures, it is possible that the higher AR fibers are affected 

more than their low AR counterparts 

¶ High AR fillers have more grain boundaries in their bamboo-like structure. 

These low dielectric constant grain boundaries separate the high dielectric 

constant fiber into many lower aspect ratio segments. The segment length is 
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the same for all the fibers, however, the stronger alignment of the segments 

in the high AR fibers can give an ñeffective aspect ratioò that is larger than 

that of the low AR ones, but smaller than the actual AR. 

¶ Real fibers have curvature. High AR fillers have a larger tendency to bend in 

the composite, which can lead to the drop of the effective AR.  

¶ Fiber alignment cannot be completely avoided in the compression molding 

process. An alignment in the sample plane decreases the measured dielectric 

constant compared to that of the composites with randomly orientated fibers. 

For the reasons stated above, the Maxwell-Garnett equation might not accurately 

predict the dielectric constant of composites with high aspect ratio fillers. However, the 

actual effect of each proposed mechanism is unknown. A further examination of those 

potential reasons by finite element analysis is presented in Section 4.1.3 
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Figure 4.3 a) Dielectric spectroscopy of BaTiO3 fiber/ silicone rubber composites 

and b) Experimental data compared to Maxwell-Garnett rule of mixtures for 

different aspect ratios. 
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4.1.3 Finite element modeling of composites dielectric constant 

Given the various potential reasons that can lead to the difference between the 

experimental data and the Maxwell-Garnett rule of mixtures, a further examination with 

finite element approach was performed. The goal is to investigate and differentiate the 

effect of the potential influence factors presented in the last section. 

4.1.3.1 FEA results compared with MG rule of mixtures 

The various rules of mixtures are generally based on the effective medium approach 

[18], [19]. The influence of other fillers on the field distribution around one particle filler 

was considered by averaging the field through the whole material. They were used to 

successfully predict the experimental data [20ï22] and modeling result [23] at low filler 

volume fraction for spherical fillers. Whether they predict the field distribution and filler 

interaction for the high aspect ratio fillers as well needs to be examined.  

Figure 4.4 shows the comparison between the FEA modeling result and the 

Maxwell Garnett rule of mixtures. Since the rule of mixtures uses ellipsoidal fillers in 

the derivation, a comparison of filler shape was performed to confirm whether the 

difference between experimental data and the rule of mixtures was from the particular 

shape of BaTiO3 fibers. At the studied filler volume fractions, the FEA results are 

slightly higher than the prediction from the rule of mixtures. This deviation increases 

with the filler volume fraction. The particular shape of the fillers is not an important 

factor given the same filler aspect ratio. 
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Figure 4.4 Comparison between modeling result and the Maxwell Garnett rule of 

mixtures; both results for elongated capsule shaped fillers and ellipsoidal fillers are 

plotted; error bars are one standard deviation derived from ten simulations. 

 

4.1.3.2 Effect of filler aspect ratio distribution  

The Maxwell Garnett rule of mixtures is based on the prerequisite that fillers have 

uniform aspect ratio. But in the preparation of composites, a precise control of filler 

aspect ratio is difficult. A distribution of filler aspect ratio usually exists and the effect 

on the composite dielectric constant is unknown. To investigate the effect of filler aspect 

ratio distribution, the aspect ratio of fibers was generated by the normal distribution 

pseudorandom generator in MATLAB. The relative standard deviation of the normal 

distribution was set from 0 to 1. Any negative filler aspect ratio generated was excluded 

from the list. Symmetrically, any filler aspect ratio generated which was larger than 

twice the average was also excluded to keep the average value as defined. Then models 

were built using the fiber aspect ratios generated to study the effect of aspect ratio 

distribution. The results are shown in Figure 4.5. The effective permittivity of 

composites increases with the relative standard deviation of filler aspect ratio. A larger 
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distribution of fiber aspect ratio increases the composite permittivity given a constant 

average aspect ratio. 

In this study, the average filler aspect ratio was set to 15 and the filler volume 

fraction of 0.1 was used. The filler volume fraction of 0.2 resulted in a very compact 

structure for the fillers with an aspect ratio of 15, so the filler position generation process 

took an extended amount of time. For this reason, similar studies were not conducted for 

the filler volume fraction of 0.2.  

 

Figure 4.5 Plot of effective permittivity of composites with respect to the relative 

standard deviation of filler aspect ratio; average filler aspect ratio was 15 and filler 

volume fraction was 0.1; the error bar shows one standard deviation derived from 

ten simulations. 

 

4.1.3.3 Effect of grain boundary in the ferroelectric fillers 

The surface and grain boundaries of BaTiO3 are in cubic phase and possess a lower 

dielectric constant. Schematics of BaTiO3 fibers with cubic phase at the fiber surface or 

grain boundaries are shown in Figure 4.6. The cubic phase at the BaTiO3 surface does 

not have a strong influence on the composite permittivity and the reason is the following. 

If the cubic surface region has a very low permittivity, it effectively reduces the total 

volume of the high permittivity region in the composites. The thickness of the cubic 

layer at the particle surface was reported to be around 15 nm [7]. The diameter of the 
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BaTiO3 fibers is around 800 nm in this study. This reduction in the high permittivity 

volume is only 0.14% of the filler volume. This should not cause a dramatic change in 

the composite permittivity. On the other hand, the cubic phase at the grain boundary can 

possibly lead to a change in the composite permittivity since it separates the fiber into 

several sections with lower aspect ratios. 

 

a)         b)         c)          d)  

Figure 4.6 Schematics of BaTiO3 fibers a) without considering the low permittivity 

cubic phase region; b) with cubic phase region at fiber surface; c) with cubic phase 

at the grain boundary; d) SEM picture of BaTiO3 fibers. 

 

The effect of grain boundaries in the BaTiO3 fibers was studied by FEA. Although a 

complete 3D model of the composite effective permittivity is desired, the geometry with 

grain boundaries in the fillers is too complex for the computer used in this work. Instead, 

a simple 2D study is performed to understand the effect of the low permittivity grain 

boundaries on the field distribution around several fillers. Since changing the composite 

effective permittivity fundamentally comes from a change in the field distribution 

resulting from the fillers, this study can provide certain insight into the effect of grain 

boundary on the composite properties. 

Figure 4.7a-b shows the geometric arrangement of several fibers without or with 

grain boundaries placed in an external electric field of 1 kV/mm. The fiber length was 12 

µm and the diameter was 0.8 µm according to the experimental measurement. The size 

of the low permittivity region around the grain boundary of BaTiO3 was set to 100 nm 
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and the dielectric constant of that region was set to 100. Those values were chosen 

conservatively according to the values reported in literatures as they differ from each 

other [1], [3], [6ï8], [24ï27]. So the results represent the largest possible influence from 

the grain boundary. 

Figure 4.7c-d shows the equipotential lines and field strength in color. The area near 

the tip of the fiber is under higher stress characterized by the red color, while the 

polymer along the fiber sustains reduced stress characterized by the darker blue color. 

The electric field strength amplitude is also plotted in Figure 4.7e-f. The field 

distribution was very similar for the two conditions studied and the effect of the grain 

boundaries on the field distribution was minimal. Consequently, the presence of grain 

boundaries should not affect the effective permittivity of composites significantly. The 

detailed grain boundary structure was not studied but can result in a different dielectric 

constant. Among all the microstructures of BaTiO3, the amorphous form possesses the 

lowest dielectric constant of between 10 and 20 [28], [29]. For the purpose of study, 

different permittivity for the grain boundary region ranging from 10 to 500 was tried in 

the study. The impact of grain boundary is very small because no difference in the field 

distribution was observed due to the difference in the grain boundary permittivity. 
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a)   b)  

c)   d)  

e)   f)  

Figure 4.7 Comparison of field distribution to study the effect of low permittivity 

grain boundary; a-b) FEA geometry of composites, without or with grain 

boundaries respectively; c-d) Equipotential line distribution (contour) and electric 

field strength (color) in the composites with high dielectric constant fibers; e-f) 

amplitude of the electric field strength distribution; the external electric field is 

1×10
6
 V/m; the permittivit y of the filler, grain boundary and the polymer is 1000, 

100 and 3 respectively; the thickness of the low permittivity grain boundary is 

100nm; the size of the fillers is 12µm×0.8 µm. 
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4.1.3.4 Filler curvature  

BaTiO3 fibers have certain degree of curvature in the composites. An optical microscopy 

image of the BaTiO3 fiber composite is shown in Figure 4.8. Fibers with both large and 

small curvatures can be identified. The effect of the filler curvature on the composite 

permittivity is not described by the rule of mixtures.  

 

Figure 4.8 Optical microscopy image of BaTiO3 fibers dispersed in PDMS. 

 

A simple 2D FEA was conducted to analyze the effect of filler curvature on the 

permittivity of composites. Several capsule-shaped fillers with an aspect ratio of 15 were 

dispersed in the polymer as shown in Figure 4.9a. Periodic boundary conditions were 

applied and the effective permittivity of the composites was calculated. The filler 

volume fraction was 0.1 and the material properties were the same as that in the previous 

3D studies. To study the effect of filler curvature, the fillers were bent into arcs and the 

filler curvature is defined as the reciprocal of the arc radius. The arc length and width 

remained unchanged, as well as the position of the fillers. The geometry of the fillers 

with small and large curvature is illustrated in Figure 4.9b-c. 

The simulation result is shown in Figure 4.10. There is no change in the composite 

permittivity as the filler curvature increases. Although the result is based on a simple 2D 

simulation, the conclusion should be applicable to real composites. A qualitative 

explanation of this result is provided as the following without a rigorous derivation. In 
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the derivation of the rule of mixtures, the effect of the high aspect ratio fillers is based on 

the reduction of the depolarization factor in the "high aspect ratio direction" [19]. When 

the fillers are aligned in the direction of the field, the composite permittivity receives the 

largest benefits from the filler aspect ratio. On the other hand, no benefit is gained if the 

high aspect ratio fillers are aligned perpendicular to the field direction. The existence of 

the filler curvature increases the depolarization factor in the filler direction (average 

vector direction along the curved filler), but reduces the depolarization factor in the other 

direction. The average contribution of these two effects to the composites might be 

independent of filler curvature if the fillers are randomly orientated in the composites. 

As a result, the effective permittivity is independent of filler curvature for the 

composites with randomly orientated fillers. 

The curvature of the BaTiO3 fibers, as shown in Figure 4.8, is smaller than the 

largest curvature used in the FEA. Thus the difference between the rule of mixtures 

prediction and the dielectric constant data does not come from the filler curvature.  
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a)     b)   

c)  

Figure 4.9 2D finite element analysis of composites with different values of filler 

curvature; a) filler curvature of 0; b) filler curvature of 0.1 (1/µm); c) filler 

curvature of 0.2 (1/µm); filler aspect ratio is 15 and filler volume fraction is 0.1. 

 

Figure 4.10 Effect of filler curvature on the composite dielectric constant from 2D 

FEA. 
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4.1.3.5 Filler alignment 

The filler alignment can result in an anisotropic dielectric constant of composites. The 

alignment along the field direction increases the measured composite permittivity, while 

the alignment perpendicular to the field direction reduces the permittivity results. A 

comparison between the Maxwell-Garnett rule of mixtures prediction and the 

experimental data is shown in Figure 4.11. The experimental data lies between the 

random orientation condition and the condition that the fibers are perfectly aligned 

perpendicular to the field direction. The comparison suggests that the fibers have a 

certain degree of alignment in the composites, if only the influence of filler alignment is 

considered. 

 

Figure 4.11 Comparison between the Maxwell-Garnett rule of mixtures prediction 

with different alignment conditions and the experimental data for a fiber aspect 

ratio of 15. 

 

To study the effect of fiber alignment in the compression molding process to the 

composite dielectric constant, the fiber orientation was set to have a distribution. Two 
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parameters in the spherical coordinate, ű and ɗ, were used to define the orientation of 

fibers as introduced in Equation 3.1 through Equation 3.3 and Figure 3.3.  

The applied electric field is along the z-axis and the fibers are aligned in the xy-

plane in FEA. The orientation parameter t was randomly generated following a normal 

distribution with a mean value of 0 and a standard deviation ranging from 0 to infinity. 

Any value of t that was out of the range, [-1, 1], was discarded. A standard deviation of 0 

corresponds to a perfect alignment in the xy-plane, while a standard deviation of infinity 

corresponds to a completely random orientation. The composite dielectric constant is 

plotted as a function of the standard deviation of t ranging from 0 to 1.4 as shown in 

Figure 4.12. A further increase in the standard deviation does not result in any 

significant increase in the composite dielectric constant. As shown in the plot, a standard 

deviation of 0.45 matches the experimental data. The specific fiber arrangement with a 

standard deviation of 0.45 in the finite element model is shown in Figure 4.13. This 

partial alignment in the sample plane from the compression molding process can explain 

the experimental results. 

 

Figure 4.12 Effect of filler alignment on the composite dielectric constant; a larger 

value of t corresponds to a more random distribution; the filler volume fraction is 

0.1 and the filler aspect ratio is 15. 
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Figure 4.13 Finite element model showing the degree of fiber alignment that leads 

to the experimental value of composite dielectric constant; the alignment plane is 

perpendicular to the field direction. 

 

4.1.3.6 Summary 

By FEA, the different potential influence factors of the composite permittivity were 

analyzed individually and differentiated by the results. The geometric structure of 

composites was studied without introducing other influential factors such as the 

interfacial region between the filler and polymer matrix, and the defects introduced in 

the composite preparation process. 

As shown in the FEA results, the difference in filler shape, the grain boundary and 

the filler curvature were not responsible for the difference observed between the 

experimental data and rule of mixtures prediction. The distribution of fiber aspect ratio 

increases the composite permittivity, which did not lead to the smaller permittivity value 

observed in the experiment. The filler alignment in the compression molding process 

was determined to be the reason. The degree of filler alignment was investigated and a 

standard deviation of 0.45 for the orientation parameter can lead to the observed 

composite dielectric constant.  
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4.1.4 Effect of filler composition on dielectric spectroscopy of composites 

There are generally two methods to obtain high dielectric constant composites. One is to 

use high dielectric constant fillers and the other is to use conductive fillers. This section 

will study both the conductive graphene platelets (GPLs) and nonconductive graphene 

oxide as fillers separately, as well as a combination of BaTiO3 fiber and graphene filled 

three-phase composites. 

4.1.4.1 High aspect ratio conductive filler ï graphene platelets (GPLs) 

The dielectric constant and dissipation factor of composites filled with GPLs are shown 

in Figure 4.14. Both the dielectric constant and dissipation factor exhibit a large increase 

at a small volume fraction of GPLs. The sheet morphology and high aspect ratio of 

GPLs lead to a low percolation threshold of less than 0.01 in volume fraction. The large 

dissipation factor above the percolation threshold is caused by the leakage current. The 

high dielectric constant can be explained by percolation theory [30], which describes the 

critical behavior of composites when the volume fraction of conductive fillers 

approaches the percolation threshold. However, a large dissipation factor is usually not 

desired in electrical applications.  

High aspect ratio conductive fillers such as carbon nanotubes [31] and carbon fibers 

[32] have been used to prepare high dielectric constant composites. The rule of mixtures 

predicts that 2-dimensional GPLs will increase the dielectric constant at even a lower 

volume fraction, because the plate shaped fillers increase the composite permittivity 

more than fiber shaped fillers at the same filler aspect ratio and filler volume fraction 

[19]. The dielectric properties of graphene-filled composites were not reported until 

recently [33]. In our work, percolation was reached at a lower volume fraction than that 

in the literature (1 wt% vs. 5 wt%) [33], indicating the GPLs prepared by the thermal 

shock method have a higher aspect ratio or a better dispersion in the polymer. 
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Figure 4.14 Dielectric constant and dissipation factor of composites filled with 

various volume fractions of GPLs. The testing frequency is 60 Hz. 

 

4.1.4.2 High aspect ratio nonconductive filler ï graphene oxide (GO) 

GO shares the one atomic layer structure with GPL, but is insulating at low electric field 

strength. The insulating nature of GO comes from the disruption of sp2 bonding by the 

existence of surface groups [34].  

The dielectric spectroscopy of the GO composites is shown in Figure 4.15. The 

samples are denoted with their GO loading and reduction temperature. For example, 

3PHR-RGO140 means the loading was 3 PHR (parts per hundred parts of resin) and the 

GO was thermally reduced at 140 °C. The dielectric constant increased to 8 in the 

5PHR-RGO120 sample, which is significant considering the low filler volume fraction. 

High aspect ratio fillers can increase the dielectric constant of polymer composites more 

efficiently [35], and the GO platelets used in this work possess an aspect ratio of 500 

according to the supplierôs datasheet. A comparison between the experimental data and 

the rule of mixtures prediction is, however, not practical because of the following two 

reasons. On one hand, the reported aspect ratio value cannot represent the aspect ratio of 
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GO in the composites because the GO can be strongly curved or clustered during the 

shear mixing process. Additionally, the permittivity and conductivity of GO is unknown 

and difficult to estimate due to its complex atomic structure.  

The loss factor of reduced GO filled composites increased moderately from 0.001 to 

0.003 at 100 Hz. Also, the loss factor was flat except for frequencies below 10 Hz. 

According to Equation 1.5, a flat loss factor indicates a dominating dipolar loss without 

any relaxation loss peak in the frequency range, while a slope of -1 in the loss factor 

spectroscopy indicates that the conductivity dominates. Another mechanism that could 

lead to a large slope in the loss factor spectroscopy is the Maxwell-Wagner-Sillars 

interfacial polarization. The interfacial polarization comes from the accumulation of 

charge carriers at the interface or the electrode, where the charge carrier refers to either 

the mobile charge carriers in the polymer (mostly impurity ions at low electric field), or 

the charge carriers in the filler (electrons for GO). The former case is usually observed at 

low frequency due to the slow movement and relaxation of ions. The latter case can 

happen at a much higher frequency than the tested frequency range due to the fast 

relaxation of electrons in the conductive region of GO according to the Maxwell-

Wagner-Sillars equations [36]. The result shows no interfacial polarization for the GO 

filled composites in the tested frequency range, but it is possible that it would appear at a 

lower or higher frequency range. Given the fact that the dipolar loss dominates above 10 

Hz in GO filled composites, a simple calculation from Equation 1.5 suggests that the 

conductivity of material is below 1.3×10
-11

 S/m. The low conductivity indicates an 

absence of percolation current even at a filler loading of 5 PHR, which is different from 

the GPL filled composites.  

When high aspect ratio conductive fillers are used, the leakage current usually leads 

to a large loss factor described by Equation 1.5. By blocking the conduction current, the 

contribution from the conductivity to the loss factor can be greatly reduced. Compared to 

the large loss factor in the GPLs filled composites, the loss factor in the GO filled 

composites is small, which results from the elimination of the percolation current. 

Before reduction, GO consists of small sp2 clusters separated by highly disordered sp3 

matrix [37], rendering its insulating behavior. An atomic force microscope (AFM) 

picture of the wrinkles caused by the detachment of surface groups during the thermal 
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reduction process of GO is shown in Figure 4.16a. The surface groups on GO, primarily 

epoxy groups, tend to form lines to reduce the total strain of the graphene sheet [38ï40] 

upon thermal reduction. Schematics of these line defects are shown in Figure 4.16b-c. 

The line defects of surface groups possess sp3 structure and separate the GO sheet into 

many small conductive regions with undisrupted sp2 structure. As a result, the electron 

transportation and conduction current is blocked because a percolated sp2 structure is 

not formed. While those intrinsic energy barriers limit the leakage current at low voltage, 

the conductive regions where surface groups are absent can still provide the benefits of 

high aspect ratio fillers on the composite dielectric constant. This explains the 

permittivity increase with only a slight increase in the loss factor.  

Figure 4.15b shows the effect of GO oxidation state on the dielectric response of 

composites. Further reduction of GO removes more surface groups and leads to larger 

conductive areas between the insulating barriers, which increases the effective aspect 

ratio. As a result, both the dielectric constant and the loss factor increase, which 

qualitatively agrees with the rule of mixtures for the high aspect ratio fillers [35]. The 

slope of the loss factor and Ů'' was close to zero at frequencies above 1 Hz, which 

suggests an absence of percolation current as discussed previously in this section. The 

lack of leakage current indicates that the GO has good insulating properties even after 

being reduced at 160 °C. 

 



 

     91 

 

Figure 4.15 Dielectric spectroscopy of GO/PDMS composites showing comparison 

of a) different GO loading; b) different reduction temperature. 
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a)  

b)   c)  

Figure 4.16 a) Atomic force microscope (AFM) image showing the wrinkles caused 

by the detachment of surface groups on GO [38]; b-c) schematics showing the high 

conductivity region separated by the aligned surface groups. 

 

4.1.4.3 Three-phase-composite with graphene platelets and BaTiO3 fiber as fillers 

The effect of using both the conductive GPLs and high permittivity BaTiO3 fibers as 

fillers was explored. A GPL volume fraction of 0.0043 was chosen for the three-phase 

composite with both fillers. At this loading of GPL, percolation is not reached and the 

dielectric constant is increased with only a moderate increase in the dissipation factor. 

The dielectric spectroscopy of several representative composites is shown in Figure 4.17. 

The slope in the loss factor is small indicating little contribution from the conduction 
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current or mobile charges according to Equation 1.5. The relative dielectric constant 

increase over the neat polymer for the three-phase composites is significantly larger than 

that of the composites filled with either type of fillers. The increase in dielectric constant 

of the composites is summarized in Figure 4.18. By adding 0.43 vol% of GPLs into the 

BaTiO3 fiber/PDMS composites, the dielectric constant was further increased to 13.7 

and 18.6 for 10 vol% and 20 vol% BaTiO3 fiber composites respectively.  

The dissipation factor of the composites is shown in Figure 4.17b. The dissipation 

factor of the composites is about one order of magnitude higher than that in the neat 

PDMS. Generally the dielectric loss increases with the volume fraction of fibers and the 

GPLs. Adding 0.43 vol% of GPLs into the BaTiO3 fiber composites results in an 

increased dissipation factor that is, however, not higher than the pure GPL/PDMS 

composites. By combining the two types of fillers, the three-phase composite shows a 

larger dielectric constant than either of the two-phase composites without a further 

increase in loss factor.  

In the three-phase composites reported in the literature [32], [41], [42], a 

combination of conductive fillers and high dielectric constant ceramic fillers is generally 

used. The ceramic-polymer mixture is considered as the base matrix, while the effect of 

adding conductive fillers should follow percolation theory. The same principle can be 

applied to the composite system studied in this work. By using high aspect ratio BaTiO3 

fibers and GPLs, the total filler volume fraction is low compared to that in those 

literature [32], [41], [42]. By keeping the volume fraction of the conductive phase below 

the percolation threshold, the loss factor was kept low while the addition of the high 

permittivity fibers further increased the composite dielectric constant.  
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Figure 4.17 Dielectric spectroscopy at 60 Hz of composites filled with BaTiO3 fibers 

and GPLs, showing (a) permittivity and (b) loss factor. 
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Figure 4.18 Dielectric constant of composites at 60 Hz filled with various volume 

fractions of BaTiO3 fibers, with and without addition of GPLs. 

 

4.1.5 Effect of field strength on the dielectric response of composites 

The high voltage behavior of materials was investigated through Displacement-electric 

field (D-E) measurements to investigate the capability of using those materials in high 

voltage applications. Both BaTiO3 fiber composites and three-phase composites were 

tested under several field conditions below the breakdown strength. Figure 4.19 shows 

the results for each composite under the highest measured field.  

The relative permittivity was calculated using an approach found in the literature 

[43]. The real dielectric constant for the composites is listed in Table 4.1. From the 

literature [44], [45], ferroelectric ceramics such as barium titanate usually exhibit a 

nonlinear dielectric constant. Depending on the microstructure and crystal morphology, 

the dielectric constant of barium titanate can either increase [44] or decrease [45] with 

increasing field strength. In this work, however, the dielectric constant remains 

unchanged at elevated electrical field. The difference between the one-phase ceramics 

and the composites is attributed to the field distribution in the composites. The large 

dielectric constant of BaTiO3 fibers leads to a field concentration in the polymer phase 
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and reduced electric field in the ceramics. When the field in the ceramics is less than the 

ñthreshold fieldò [44], a linear dielectric constant is expected.  

The hysteresis loss, UH, is the dissipation of energy during one cycle of the field. It 

is represented as the area enclosed within the D-E loop [43]. UH is also related to the 

imaginary permittivity, ‐ , as described in Equation 4.1, where ‐ is the vacuum 

permittivity and Ὁ  is the magnitude of the applied field strength. The degree of 

hysteresis is more pronounced at higher field. The three-phase composite also has a 

larger loop area, compared to the BaTiO3 composite. This indicates a higher dielectric 

loss, which matches with the dielectric spectroscopy data under low field conditions. 

 Ὗ “‐‐Ὁ  4.1 

 

Table 4.1 Real Relative Permittivity of Composites at Elevated Field. 

ac field (kV/mm) 20 vol% BaTiO3 fibers 
20 vol% BaTiO3 fibers 

+0.43 vol% GPLs 

Low field
*  

12 18.6 

2 11.9 17.5 

5 11.7 18.1 

7.5 11.8 - 

* 
The value of low field (about 3 V/mm) dielectric constant is from the dielectric 

spectroscopy measurement. 

 

 

 

 

a) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.19 D-E measurement of (a)-(c) 20 vol% BaTiO3 fibers composite and (d)-

(f) 20 vol% BaTiO3 fibers+0.43vol% graphene filled composite. Note the scale 

difference of the applied electric fields. 

 

 




























































































































