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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
strengthand electrical conductivityThose properties areequiredfor field grading
applications in high voltagelectricalapparatus and various energy storage applications.
Fillers with both high aspect ratio and controlled properties are abieeti those
requirementsat a lower filler volume fraction than that of spherical particle filled
composites.

In the thesis, the geometric factorstbe compositamicrostructure, such as the filler
shape and aspect ratio, were studied in combination with the fillgrefyo and
composition. The effect of those geometric factors was examined by comparisons
betweenthe experimental data, analytical models and numerical simulaBailiO;
fibers, graphene platelets and graphene owielee studiedas fillersand silicone rbber
was used as the polymer matridigher aspect ratio BaT#fibers were found to
increase the composite dielectric constant compared to their low aspect ratio
counterpartsFinite element analysis was performed to investigate how the composite
dielectic constantwas affected by the composite microstructure, such as filler shape,
filler aspect ratio distributionfiller curvature, grain boundargnd filler alignment.
Studes on graphene platelets and graphene oxide showed the impact of filler property
and compositioron the dielectric properties of composites. The geometric parameters of
compositessuch as filler aspect ratio and loadingre also found to havenanfluence
on the dielectric breakdown strength of polymer composkewodel was proposeth
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
corductivity 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 Backgroundi 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 inteldatveeen

the conductive phase and the insulating pheisgire 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 breakdowagirdVer, resulting in failure of

the insulation if left without any protection. A solution called geometric stress control is
illustrated inFigure 1.2b. The screen ibent 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 Figurel.2c to redistribute the field around the critical region.

Two types of field grading materials are generally used, namely capacitive and
resistive field gradingnaterials. 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 mataal 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 [24] 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 ajpplscat
However, a resistive field grading material can also be used under ac fields if #s high
field conductivity is large enough to become the dominant factor for field distribution
compared to the permittivity contrast [5]. Meanwhile the capacitive §edding effect



is also needed in dc applications given the occasionatlvangng voltage conditions

[1]. So in reality, a combination of capacitive and resistive effects exists in the
application and the field grading materials sometimes possess boteasad
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 installaton 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, polymieased composites are widely used as field
grading mateals [5], [8 14] 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 therequired 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 bothbkauit

electrical properties and a low filler loading is desired.

Conducior

e allic
Shived WWires ekt

x = Shield Termmais

-l
e - /
Cable — S amheon Cable Conducior
Jachked |n_=:lulatia:rn Dlisdesctric

Shisld

Figure 1.1 lllustration 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() affects the charge storage in a capacitor. In a classical capacitor that
consists of a jginar dielectric material and two parallel electrodes, the relationship of the

capacitanceC and the dielectric constant is described as in Equatidnl, where- is



the vacuum permittivityA is the area of the electrodes amhds the thickness of the
material between the electrodes. The dielectric constaist also called the relative

permittivity.

11

The total polarization density of a materil, is proportional to the field strength,
E, and the susceptibility of material,as shown in Equatich2 and Equatiori.3.

0 - 7?0 1.2

? - P 1.3

Under an alternating electric field, the dielectric constant of materials can be
expressed in its complex form as shown in Equatigh where the is the real
pernittivity and - is the imaginary permittivity.

~

L 0 14

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 potadfati
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 frequdrcly, results in a
frequency dependent polarizability as shownFigure 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 polariability [21].

The dielectric loss measures the energy loss in the material under ac field. The loss
factor (tand), or equivalently the dissipation factor, can be expressed as in EqL&tion
wherel is the dc conductivity anflis 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 Wiehas more complex and cannot be
represented by a simple RC circuit. Thus the loss factor might not follow such a simple

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

s A~ I

DA — L — 15
OAl - Ty

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 angerdation 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 raaal. 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 foridasinnsulator.

The energy lossw, which refers to thelissipated energy in a dielectric material
when subjected to an ac field, is shown in Equafi@) where3s-is the electric field
strength. The energy loss is proportional to the loss factaer,n A large loss factor
results in an excessive amount of energy dissipation and heat generation, wisth lead

thermal breakdown in the dielectric application.
w “-, QOAIl 1.6

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 p#nameters
related to phase geometry is the rule of mixtures. In this way, the heterogeneous
composite can be viewed as a homogeneousiumedhich 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 migiaa or smaller filles,
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 umudser a d:
statico field, when considering pure diele
can be derived by calculating the internal field of inclusions under a “gtz&" field.

The Maxwell Garnett (MG) rule of mixtures describes the effectiieectric
constant of a composite filled with randomly distributed fillers. Considering a spherical
inclusion placed in a uniform static electric fielg,, the excited internal fieldg;, is
expressed in Equatioh.7 to satisfy the Maxwell equationsvhere- and- are the

permittivity of the environment and the inclusion respectively.



The Maxwell Garnett rule of mixtures is based on the effective medium theory,
which considers an inclusiosurrounded 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 effeeve permittivity of composites can be written as shown in
Equationl.8, where'Qs the volume fraction of fillers.

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 ellipsords ca
be described by Equatidn9 and Equatioril.10. U is the depolarizatiofactor in thej
direction which can be calculated from the three s&xak of the ellipsoidyp , ® , and

;
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For needle shaped ellipsoidal fillers, where the radii @ &, a simplified

expression ob is written in Equatiori.11 and Equatiori.12.
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In the cases for which the fillers are aligned in one direction, Equagoreduces
to Equation1.13, whereN; is the depolarization factor in the direction of the electric
field.

- - Q- o a0 - - 1.13

The effective dielectric constant of composites with spherical fillers is plotted with
respect to the filler volume faction according to Equatio® in Figure 1.4. The
permittivity of the polymer matrix is =3 and the esults 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, especiallgt low filler volune fraction.
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Figure 1.4 Maxwell Garnett rule of mixtures for spherical fillers; k is the
permittivity of the filler .



On the other hand, high aspect ratio fillers can increase the dielectric constant of
composites more efficiently at a low filler volume fractidnsimple explanation is that
high aspect ratio fillers cause a larger field variance in the polymer matrich Veads
to a larger polarization on average. Mathematically it can be characterized by a smaller
depolarization factor in Equatioh9 for the high aspect ratio lrs. An illustration is
shown in Figure 1.5 according to Equatiori.9. For needle shapedf @ L @)
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.
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Figure 1.5 Maxwell Garnett rule of mixtures for needle shaped ellipsoidal fillers;
filler permittivity is 2000 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 paptctecle 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 materiaés acd
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conditions [2527]. When the conductivity of the material cannot be neglected, the
Maxwell-WagnerSillars 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 compasiesctdc
constant.

The Bruggeman formula, also known as the Peldmr 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 formsglanmetric to
each phase as shown in Equatiaii.

p Q—— Q—— 1.14
- C_ - C_
A series-lawoinppweoxi mations is used to

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

certain powef as shown in Equatioh15.

i Q p Q- 115

Differentf values give different predictions, and a well known Lidetker

formula can be written as Equati@rii6, wherg Tt

- - - 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 article 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 EquatianwhereC is the
capacitance, which is proportional to the dielectric constarndV is the voltage
applied. Thus both high dielectric constant and high breakdown strength aireadqr
larger electric energy storage. Both applications for capacitors and field grading
materials require high dielectric constant, low loss factor and large breakdown strength.

o Pso 117
C

1.2.3.1 Composite with ferroelectric ceramic fillers

Polymer composites with ferroelectric ceramic fillers have been actively explored as
high dielectric constanmaterials [25], [26], [3B38]. They combine the advantages of
high dielectric constant ferroelectric aeric 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 lume 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.dddition, the dielectric constant of the final
composite is much closer to the low dielectric conspatymers, as predicted by the

rule of mixtures for a two component system [39]. While the polymer used in the
composites generally has a dielectric stantof 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 @repared a PMNPT+BaTiGQy/(high-k)epoxy
composite with a dielectric constant of 150 [33]. Bai et al. prepared RBkNig3)Os-
PbTiOy/P(VDFTrFE) composites with a dielectric constantabbve 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 Settion

A summary of composite materials found in the literature is listéthble1.1. An
increased dielectric constant can be reached with a small loss Btdarge volume

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

Table 1.1 Summary of ferroelectric ceramics/polymer composites

dissipation filler size filler Ref.

composites system  permittivity factor loading

BaTiOy P(VDRHFP)  37(1kHz) <0.07(1 MHz) 3050 nm 50 vol% [35]

PZT/PVDF 50 N/A 20em 50 vol% [36]
, 100
BaTiOs/epoxy 40(1 Hz) 0.035 200nm 60 vol% [34]
bimodal 916nm 0
BaTiOy/epoxy 90(100 kHz) 0.03(100 kHz) +60 nm 75 vol% [26]
Pb(Mgl/ng2/3)03- ~200 0
PbTIOYP (VDR TIFE) (10 kHz) 0.1(10 kHz) 0.5em  50vol% [38]
PMN-PT+BaTiQ/ 36~150(10 900nm/ 0
high-k epoxy kHz) N/A 50 nm 85 vol%  [33]

1.2.3.2 Composites with conductive fillers

Composites withconductive 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 theary show
in Equationl.18through Equatior.20.
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Where, and, are the electrical conductivities of the metallic phase (conductive
fillers) and the dielectric phase (polymer) respectivé@A 1 '® are the volume
concentration and percolation concentration of the fillers respectively,the dielectric
constat of the polymer, and- are the effective conductivity and dielectric constant of
the compositef] and 0 are scaling parameters, which are determined by material
properties, fillerparametersand the morphology of composites. According to this
theor, 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 advatage 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 |Iike a net wc
small thickness that leads to a high dielectric constant. The volume aaticenbf
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 achieveite velchieving 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 [4B2]. One challenge of using conductiVdlers 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 Equatiofh.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 contactrad blocks the percolation current, thus achieving low loss [41] 483
Xu et al. prepared epoxy based composites withpsedgive Al fillers, which are 100nm
Al particles surrounded by a 2.8 nm insulating@llayer. 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 patrticles 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 thiokrless
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(VDHTFE) [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 listedliable1.2

Table 1.2 Summary of conductive fillers/polymer composites

composites system permittivity dlslegitrlon filler size Ic:cgldeirng Ref.
109 0.02 0
Al/epoxy (10kHZ) (10kHZ) 3um 80wt% [41]
. : 300 0.5 Ni:0.2um  Ni:23vol%
Ni-BaTiO/PVDF  10kHz)  (10kHz)  BT:Aum BT:20v0l% [
. , 150 Ni:4um Ni:12vol%
Ni-BaTIO/PMMA 1 \1117) N/A BT:lum BT:20vole o1
Carbon black/Epoxy (%gl(zlg(z)) (1(:)3"('5_'2) 30nm 15vol% [48]
300 0.05 o [43],
Ag@C/Epoxy (1kHz) (1kHz) 80-90nm  25-30vol% [44]
Carbon fiber/(PVDF 120 0.07 . 0
+ BaTiOy) (100Hz)  (100Hz) CF100um — 15%  [50]
Ag/Carbon 2259 0.45 N/A AQ:3.7wt% [47]
Black/epoxy (10kHz) (10kHz) CB:~20wt%
Ag/epoxy (1?(?_?2) (10k|?|3;) 40nm 22wt% [45]
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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 \etlerdif
mechanisms. Several short term breakdown mechanisms for dielectric insulations are
shown below, categorized as electronic breakdown process and thermal breakdown
process [5857].

Electronic breakdown process: A breakdown of an insulation matenaresalt
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 arfayjwation,
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 estdrfabm 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 acmirftly
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. Anothkddna theory that is
inherent to polymers is the fre@lume theory, which can be usdalt 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 coefficreatsteady 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 impulsegss 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 setwitigiects
in the materials and the test-sgt For example, a volume effect can be observed in a
breakdown test. For a given electrode area, the breakdown strength of niztemal
the thickness of sampteempirically follow an inverse power lai@ © 'Q , 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 considaregor mechanism
[58]. Partial discharge is a localized dielectric breakdown that usually tales giléhe
material interface or defects. It results in a partial bridge between the electrodes that
possess a tree shape and eventually a complete breakdtvematterial [58].

1.3.2 Experimental theory

Since the breakdown behavior of materials is influermgdnany 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 arg aspmrte
statistical phenomenorThe twoparameter Weibull probability of failure is used to
describe the measured breakdown strength of materials as shown in EdL@tion
wherex is the random vaable (Electric field strength at breakdowh),s the scale
parameter, which represents the value of the breakdown field strength for a probability
ofp pfQ= 0.63, andb is the shape parameter giving the slope in the Weibull plot.
Usually the value obis used as an indicator of the material's characteristic breakdown

strength, an@ is a measure of the scatter.

bew p AoDaur 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 twmarameter Weibull distribution as well. The relationship
between the applied field and the time to breakdown can be illustratéidure 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 reeasuts 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 faittme 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 thee tto failure is considered as the
variable that follows Equatioh.21, theb parameter is usually larger at a higher testing
field strength, indicating smaller saatt[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 thersilerm and long term breakdown
respectively. Thus the breakdown results from different methods can rank materials

differently.
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Figure 1.6 Relationship between the applied field strength E and the time to failure
te [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 cotidiy 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
electrial 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 smown
Figure 1.7. At the percolation threshold, the conductivity of the composites changes
dramatically and the originally insulating composite becomes conductive. &ergol
behavior can be described by Equatiob8 through1.20 as shown in Séion 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 betadffdry 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 fillersg ercolation 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 transploetulk, and the local
Joule heating effect [63]. Charge injection involves either a-fiskisted thermmnic
emission over a Schottky barrier between the metal electrode and insulating polymer, or
a tunneling (FowleNordheim injection) or thermaklgssisted tunneling through the
Schottky barrier. Charge transport in a dielectric polymer acts through either-the de
trapping of charge carriers from local states (P&otnkel emission) or hopping
conduction through traps. Space charge limited curreahasher 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
semiconductive 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
dependenconductivity 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], [6466]. The intrinsic nonlinearity of fillers is used to obtain the
nonlinear conductivity of the composites.

1.5 Finite element analysis (FEA)

To predict the electricgbroperties 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 electriteld 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 comgsites 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 igythro
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 Equafi@®? through Equatiod.25.
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Also, the constitutive relations shown in Equatiio26 throughEquation1.28 need

to be obeyed.

*  £O 1.26
$ R% 1.27
" 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 beobtainedfor 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 canbe solved with the help of modern computers.

Some early work was done usingdnensional periodic models to analyze the
effective permittivity of composites, and compare the results with the prediction from
the rule of mixtures [6870]. Following that, dimendisonal finite element (FENd
finite difference (FD) simulations were performed to evaluate the effective permittivity
of compositesand the results were compared to experimental data [174]7/37.1The
numerical simulations showed advantages akierrule of mixtures in terms of fitting
the experimental data because of the extra consideration of particle geometric details,
dispersion and distribution. In thosalBnensional simulations [17], [TZ3], the studied
composite was divided into a certaiumber 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 ilgh" interfaces in the model.

Only a few numerical modeling studies have focused on high aspect ratio fillers
[741 76]. They either used a very simple geometry in the model [74], [75] due to
computer limitation, or did not focus on the effect of fillspact 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 betweehe 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; 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 theiristinct 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
interfacid volume that scales up dramatically with the decreasing filler size assuming a
constant thickness of the interfacial zone as showsigare 1.8 [77]. The dielectriand
electrical behavior of the interfacial zone has been intensively studied and a series of
theories have been developedi[88] led by a publication from Lewis in 1994 [84].
Experimental studies showed advantages in material properties that resultethédrom
interfacial region [81], [82], [85], [86].

[a] [b]

e ©
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Figure 1.8 Schematic illustrations showing the difference in the volume of
interfacial polymer (blue) for composites with different size of fillers; the areaof
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 thes, 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 etcd ather additives such as carbon
blacks. The nonlinear conductivity of those composites comes from the energy barrier at
the particleparticle contact [11] or grain boundaries inside the particles [5]. Above a
certain switching field, tunneling or hoppiredg 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 percolatiohetfiller 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, timgh 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 todhunique 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 [8890] andwet 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 ben 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
compositedielectric 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 electrospinningi[98] or chemical methods [92], [98]. They can
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potentially possess both high aspect ratio and high permittivity. Graphene raod ca
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 apphs.

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 mualerigercolation
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 fiblume 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 canldseggned 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 reportdatie 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 limitatishave 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 [171,05]. A few questions were proposed to be answered
by this thesis as the following.

1 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 mixturesmodel and the real composite geometry? How do those
differences affect the prediction of composite permittivity?

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

composition affect the composite dielectric constant?

24



1 How does thdiller 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?

1 GO filled composites were found to provide field dependent cdivitycto
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 materiahgneering, 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 electfield. 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 ratiorre@sitbns) 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 SkGtion

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 Bagifibers in this work, electrospinning, will also be

introduced.

1.7.1 Barium titanate

Barium titanate belongs to the perovskite crystal family. The crystal strudtBi@ElaOs

in its cubic form is shown irFigure 1.9a. The barium ions are in the corners, the
titanium ion is located at the body center and oxygen ions are in thedat of the

unit cell. There are several allotropes of Badlidt 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 €, above which Baleistsin the cubic phase.
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There are two other allotropes, Bagi@® orthorhombic and rhombohedral forms, exist
below 0 €. BaTiOszis well known for its ferroelectricity. Except for the cubic phase
which is a paraelectric phase, the other three phases belowtliet@nmperature are
ferroelectric. The transition to the ferroelectric phase can be described by the ion shift in
the crystal structure as shownhkigure1.9b and achange in the unit cell parameters as
shown inFigure 1.10. The displacement of the oxygen and titanium ions results in a
distortion in the lattice and a spontane@lisctric polarization. Ferroelectric domains
exist in the BaTi@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 nucleat 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 dedtric constant is nonlinearly dependent on electric field

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

Figure 1.9 Perovskite structure of BaTiO; in a) its cubic form and b) tetragonal
form showing the formation of electric dipole moment [106]
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Figure 1.10 lllustration of the temperature dependence of unit cell parametersa, b
and c are the unit cell parameters [109]

The permittivity of BaTiQ 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 agks,decreases as the particle size
decreases [110]The relationship ot/a ratio and the particle size is shown Rigure
1.11. As the ratio ofc/a decreases, the crystatrigcture gradually changes from
tetragonal to cubic. It is generally believed that the Ba®i@in/particle consists of a
tetragonal core and a cubic surface layer {11B]. When the size of the grain/particle
decreases, the cubic phase becomes the domphase, which leads to the loss of
ferroelectricity and a decrease in the permittivity. This size effect appears to be different
for polycrystalline BaTi@Qand dispersed BaTiparticles. In a polycrystalline bulk, the
cubic layer at the grain boundasiwvas 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
BaTiO; particle consits of a tetragonal core, a cubic shell and a transition layer between
them as shown ifrigure 1.12a [115]. The transition layer was described to have a
gradually changing/aratio, and the permittivity of that layer was suggested to be even

larger than that of the tetragonal core in thieilowing 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 showrrigure1.12b [115]. Despitethe 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 timebgrandaries [111],

[1141 116]. This difference was attrilbed to the mechanical constranmposed by the
neighboring grains [113]. At the free surface of Bagfarticles, the cubic phase is
favored. But at the grain boundaries of a polycrystalline bulk, the strong contact imposed
by adjacent grains results amsmaller cubic region. The reported dielectric constant of
the cubic phase around the particle surface was about 200, assuming a 20nm particle
consising of only the cubic phase. No direct report has been found regarding the

dielectric constant of the B&D; near the grain boundary.
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Figure 1.11 Effect of BaTiO3 particle size on thec/aratio of lattice [113].
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Figure 1.12 a) three phase composite structure of BaTi@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 tajpwn approaches for generating 1D nanostructures. An
illustration of the electrospinning setup is showrFigure1.13. A viscous stution 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 @ol\ten 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 étefigld strength passes a
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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 eldetrThe 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 electrodd.he parameters to control the fiber morphology and diameter
include precursor viscosity, precursor conductivity, applied voltage, surface tension,
spinneretto-collector distance, temperature and humidity [117]. Fundamentally, it is the
interplay of the iscosity, 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].

Solution

High Voltage
power supply

Electrospinning jet

Collector

Figure 1.13lllustration 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 cdnesive 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 norgpiisti
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 influentiaiofacf 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 catcentesulted in fewer

but larger beads and the shape of the beads changed from spherical toliggindta
increasing polymer concentration [122].

Electrospinning has been widely used to fabricate polymer nanofibers since it is
easy to prepare a polgnsolution 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 ®lution 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
tempeature than the ceramics. Meanwhile, the inorganic precursor is converted into the
desired ceramic by a sgkl reaction and sintered to develop a crystalline structure in the
high temperature treatment. Although the method is straightforward and a wigeafan
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 therttestatically
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 recipia the literature [95] is used to produce Ba7fbers through

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

attempt of the BaTi@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, formindiraesional
hexagonal lattice. Graphene was discovered by A. K. Geim and K. S. Novose(4in 2
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? hybridization of ones orbital and twop orbitals which forms &l bond between the
carbon atoms. It also possesses lbond inp 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 naiitke graphene, buts
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 shéuguiie
1.14. It is electrically insulating due to its disruptgg2bonding 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
usuallyfrom 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 extendedaiygerspace. The
hydrophilic surface groups make graphite oxide water dispersible. Under sonication, the
graphite oxi@ 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 gaphene 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 iRigure 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
electronicstructure from the complete disruptep2 structure in GO, and the measured
conductivity is around 1000 S/m [129]. Depending on the heat treatmentrétonpe

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 behaeids te

be understood.

1 Dielectric constant: The possibility of using high aspect ratio fillers to
increase the composite dielectric constant is explored. Bafil§@rs,
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 comsjpes 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.

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

property on the composite breakdown strength is investigated experimentally
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with BaTiO; fiber filled composites. The mechanism that leads to the
observed phenomena 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 edffieftler property on
the composite breakdown strength is also explored with GPLs and GO filled
composites
1 Conductivity: A method using high aspect ratio graphene oxide to obtain

nonlinear conductivity in composites and meanwhile keep a low filler
volume faction 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 anengineering point of view, the materials presented in this thesis have been

scaled up and examined in a commercial processing environment. Theauscale
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 thighesis.

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) (PDM8)d 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. Graplaelketp

were provided by Prof. Koratkardos group a
preparation method is briefly described in Sec#dh

2.2 Electrospinning and heat treatment of BaTiQ fibers

BaTiO; fibers were prepared by electrospinning a mixture that consisted of BadkO

gel and poly(vinyl pyrrolidone) (PVP, M= 1,300,000 grams/mol) solution [1]. Barium
acetate (BagHsOs, 5 mmol) was disolved in acetic acid (3 ml). Then titanium
isopropoxide (GH»s04Ti, 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 precursoraw obtained by stirring the mixture. The
precursor was loaded into a syringe for electrospinning. The electrospinning process is
illustrated inFigure2.1 [2]. A postive 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. Schadl er, AfnGraphene oxide filled nanoc
pr op e Adv.iMater,va. 24, no. 23, pp. 3183137, 2012, and
Z. Wang et al ., AEffect of high aspect ratio

a study on barium tit an alEEE TrhAns.IDelectr. ERatrdinsid.r ap hen
vol. 19, no. 3, pp. 96867, 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 d/min)yba syringe pump. When a high voltage was applied, the

liquid at the needle tip was charged and stretched by electrostatic repulsion to form a
ATayl or coneo. Because of the high viscosi
in the air and depositeon the grounded electrode. Synthesized BgP\@P fibers had a

diameter less than 1 pm as shownrFigure2.2. The surface of the fiber was smooth and

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

The fibers were annealed in an oven at 500 € for 12 h to remove the residual
solvent and most of the PVP. They were then calcinated at high temperature to
crystallize. The high temperatuteeatment was optimized to develop large grains of
tetragonal phase BaTiQvhich possess a high dielectric constant [3], while avoiding
sintering of the fibers. In the heat treatment process, heating rates were varied from 10
€/min to larger than 2000 €@min. The fastest heating rate of greater than 2000 €/min
was achieved by inserting the sample into a preheated oven. The calcination temperature
was varied between 600 € to 1200 €. The fibers were then cooled to room temperature
in air. During the aba¥ 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 invegdited. A scanning electron microscopy (SEM) picture
of prepared BaTigfibers is shown irrigure2.3.
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Figure 2.1 lllustration of electrospinning method.
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Figure 2.2 SEM pictures of electrospun BaTiQ/PVP fiber.
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Figure 2.3 SEM image of BaTiG; fibers after heat treatment at 1200 € for 5
minutes.

2.3 Graphene platelets (GPLSs)

GPLs were obtained with a ois¢éep thermal exfoliation followed by reduction of
graphite oxide. In this method, graphite oxide is subjected to a thermal shock (rapid
heatingat a rate of larger than 2000°C/min) which exfoliates and reduces the graphite
oxide into GPL. The GPL are several micrometers in thglane dimension and are

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

shown inFigure2.4. The size of the GPLs is about 1 pm.

et

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. Thee averag
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 freefreed for 2 days to remove most of the water, resulting in
brown spongdike foam. The GO was then thermally reduced at temperatures ranging
from 70 € to 160 € for 12 hours. The temperature ramp rate was kept at 0.5 C'min

to avoid violent reduction of GO. As shownFkigure2.5, the weight loss before 100 €

was about 7%, which is attributed to the absorbed water due to the hydrophilic surface
groups. After 100 €, an additional weight loss of 26% was observed due tertiwval

of surface grouppt]. Heat treatment at higher temperature results in a more reduced GO

51



with fewer residual surface groups. The foam turned darker during the reduction

reaction.
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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 € between 100 € to

200€.

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 Bdihérs

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 diretg mix

of the calcinated BaTigfibers 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 crusaedartar 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 becauseesive 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 Sulda84A (containing the fibers)

and Sylgard 184B (crosslinker) at a ratio of 10:1 by mass, followed by curing at 150 €
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 preghtarough 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 pmn were obtained.
Prepared samples were dried in an oven at 12®C1R h prior to dielectric testing to
remove any trapped moisture. Optical microscopy images showing the dispersion of
fillers in the composites are shownkigure2.6. For three phase composites containing
both BaTiQ fibers and GPLs, GPLs were mixed into the resin before adding BaTiO
fibers to prevent the reduction in BaTgi€lbers' aspect ratio duringé elongated mixing

process.

Figure 2.6 Optical microscope images showing dispersion of a) BaTiQibers and
b) GPLs in silicone rubber composites

2.6 Characterization of materials

Thermogravimetric analysis (TGA) was carried out to determine the weight fraction of
BaTiO; fibers in the composites, using a TA Instruments Q50 thermogravimetric

analyzer. Parameters from the literature and the manufacturer datasheet (@Ba§iy
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= 6.02 g/cm, PDMS density = 1.03 g/cthwere used to calculate the filler volume
fraction.

X-ray diffraction (XRD)2 dcans were performed on a Bruker D8 Discovea)
diffractometer to investigate the crystal structure of the Bafii@rs.

The morphology of the BaTi®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 wassed 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 tetomeerad
frequency range from 18to 16 Hz was utilizedThe real and imagery permittivity was
calculated by the software from the measured current response to an ac voltage signal.
The electric flux densityelectric field (DE) measurement was taken in ambient of
dielectric mineral oil at 20 € following the ASTM standard D3487. Thé=Dest result
was used to determine the material 6s diel e
than 1 kV/mm).

AC breakdown tests were carried out at room teatpee 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 outm a guarded cell connected to a high voltage DC power supply and-a Pico
ammeter as shown figure2.7. The absorption current measurement was performed at
1 kV/mm fa 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 dielechawioe 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 stant 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 invesv
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 BaTigfibers were represented by elongated capsules consisting of a
cylinder in the middle antivo semispheres at the ends. It is an approximation of the
BaTiO; fiber without considering the facet geometry and grain boundaries. The semi
spheres in the end were used to avoid fAsh;
local electric fields. Thaspect ratio was calculated as the ratio of theterahd 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 sed 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 tis 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

Figure3.1.

a) b)

Figure 3.1 lllustration of high aspect ratio filler geometry used in the FEA, a)
elongated capsular shapeb) 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 fillerdisaarded 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 pseudorantumber
generator in MATLAB. The orientation of fillers cannot be assignby 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-generated following a ufdrm 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 andneédther
explanation, the orientation parameters are showhignre 3.3. Since the goal is to
define the orientation of the fillers, only two parametérandd, were used. To ensure a
uniform distribution in all directions, or equivalently over the spherical surface, the
following equations were used, wheliieandt 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 boundasyrpfvam
the opposite boundary as showrFigure3.2. In this way, the cube being studied can be
repeated in 3 directions to form an infinite material. Since tleediwere 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 larganber 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 ardede® 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 balafibed number is
chosen combined with averaging several studies at the same condition to give accurate
results. Details will be discussed in Sect8

This work focuses on the study of high dielectric constant fillers. The material
properties used are listed irable 3.1. Although the actual dielectric constant diet
BaTiO; 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 xatuiras.

For example, when changing the filler dielectric constant from 500 to 5000, the
composite dielectric constant increases from $028.47 in a 10 vol% compositth a
filler AR of 5. For this reasorthe permittivity ofthefiller was set to 100@o represent

the BaTiQ fiber even though the exact permittivity of prepared BaTfiDers is
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unknown. Different permittivity values from 500 to 10000 have been reported in the
literature [1 3].

The permittivity anisotropy of the BaTiWasnot consideredn the simulationA
BaTiO; grain consists oferroelectric domains with different dipole orientasoiihere
are 6 possiblelomaindirections for the tetragonal structure Ba7.i@t low field, the
dielectric constant of BaTihasintrinsic contributionfrom the iors (nonferroelectric)
and extrinsic contribution mainly from the 90°domain wall vibrati]. The reported
values of intrinsic and extrinsic contribution at low fieldene 500 and 600 respectively
[4]. As a result, moderate anisotropy was observed with less than 50% variation in the
dielectric constant along different crystal orientatigfl [6]. As stated before, the
composite dielectric constant is not sensitive to thégnitude of variation for the high
dielectric constant fillersSo an isotropic dielectric constant was assigned to the BaTiO
fibers for the simplicity of simulation.

A loss factor of 0.01 was assigned to the filler according to the value reported in th
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 perntittiis 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 caapagh 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 appropfratguencies 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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Same filler

Figure 3.2 lllustration of model a) showing fillers porting in and out though
opposite faces; b) a more complex geometry with 50 fillers
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Figure 3.3 Spherical coordinate used to defin¢he 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 mesbpy process to ensa 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 ifigure3.4. The number of mesh elements ranged from 2 million to

10 million depending on the complexity of model.
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Figure 3.4 lllustration of a meshed malel 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 adield 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 tlkeandy directiors, the voltages of any two corresponding
points on the opposite boundary were set to be the same, Emgjeatialelectric field

was continuous across the periodic boundary. For the two boundary faces zn the
direction where an electrical potential drop was applied, a constant voltagendi&ere

was set to each of the corresponding powith the samex andy coordinatesin this
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way, the potential drop along tk@xis is continuous and constant across every repeating

unit, which is essentially equivalent to the situation of an infinite rei@eerial immersed

in an applied electric fieldThe 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 inFigure 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 onverged 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
permitivity of a mixture is to follow the constitutive relation of the electric flux density
D and the electric field [7], [8], which is shown in equatioB4.
or0 - o0 3.4
Here <f > represents the spatial average of a physical quantity awertain

volume, which can be expressed in equaién

Jo 0% B»Qo 35

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 finéstele
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 vehen th
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 3Dlaton 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 agafgm 10 to 150.

The effective permittivity of the composites was averaged from ten calculations and the
results are shown iRigure3.6. When the number of fillens 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 chosenlie 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 calculatios; error
bar shows one standard deviation; filler aspect ratio of 10 angolume fraction of
0.1 wereused 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 highductivity 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 withdrigpittprity 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 compositab wonductive 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 polyammain 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 hisamg 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 polgm 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 shownFigure 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
amongsamples. The breakdombehavior 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 tharhe applied field was calculated.
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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

66



3.5 References

[1] L. Curecheriu, M. T. Buscagl i a, V. Busc
size effect on the nonlinear deet t r i ¢ properties of bar i
Appl. Phys. Lett.vol. 97, no. 24, p. 242909, 2010.

[2] S. Wada, H. Yasuno, T. Hoshina-. Nam, H. Kakemoto, and T. Tsurumi,
APr epar a-sized barium fitanaterfine particles and their powder digtec
pr op e dph. iJ.&ppl Bhysvol. 42, no. 9B, pp. 6188195, Sep. 2003.

[3] T.-T. Fang, HL. Hsieh,and FS . Shi au, AEffects of pore
size on the dielectric properties and tetragamddic phase transition of high
purity bardJd Am Cdramt Socval.t7@ nao 5, pp. 1205211, May
1993.

[4 D. Hal I A R e viine wp i neoznol ei | needatMatet.cgci.ova. B& mi ¢ s,
no. 19, pp. 4574601, 2001.

[5] Y. Ohar a, K. Koumot o, a n d-axislorientatomeng i d a
dielectric properties of ceramild@&ms. prepa
Ceram. Sog.vol. 77, no. 9, pp. 23272331, 1994.

[6] L. Gao, J. Zhai, S. Song, and X. -Yao, i
ofpl ane dielectric properties fMater. bari u
Chem. Physvol. 124, no. 1, pp. 19295, Nov. 2010

[7] A. Sihvola, Electromagnetic mixing formulas and applicationsondon,UK:
Institution of Electrical Engineers, 1999.

[8] A. H. Sihvola and E. Al anen, AStudies o
IEEE Trans. Geosci. Remote Sensl. 29, no. 4pp. 679687, Jul. 1991.

67



4. Results and discussions

In this chapter, the experimental results of composites filled with BaTili@rs,
graphene platelets (GPLs) and graphene oxide (GO) are presented. The results are
analyzed, compared to theoretical modeld 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 providsight 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 &gon. Specifically, Sectiod.1 discusses how the dielectric
constant and dielectric loss of composites are affected by the filler aspect ratio and
composition; Setion 4.2 presents the effect of filler aspect ratio and conductivity on
dielectric breakdown strength and Sect#B 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 dielectsmfomaterials. To study
the effect of filler aspect ratio on the composite dielectric constant, high dielectric
constant BaTi@fibers with different aspect ratios were prepared. The sintering process
of electrospun BaTi@fibers was studied for the purg® of obtaining high dielectric
constant fibers. The effect of BaTj@ber 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 dielectriesponse of materials is discussed by

Portions of thischapter previously appeared as: Z. Wang, J. K. Nelson, H. Hillborg, S.
Zhao, and L. S. Schadl er, ARGraphene oxi de
and di el ectAdv. ®atep vob 2 eno. 23, mps3188137, 2012, and

Z . Wa n g Efedt of aigh. aspecftiratio filler on dielectric properties of polymer
composites: a study on bari um IBEE flrans.at e f
Dielectr. Electr. Insul.vol. 19, no. 3, pp. 96867, Jun. 2012.
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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
BaTiOs fibers). In the end, the effect of apgal 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 BaTiQ fibers

BaTiO; fibers were prepared by electrospinning a precursor and composite fibers of
BaTiOs; and PVP were obtained. A twatep heat treatment was then performed. The first
step was annealing at 500 € to remove the PVP polymer and the second step was
sintering the BaTi@at a temperature higher than 1000 €. The goal of the sintering is to
obtain tetragonal phase BaEi®ecause it has a higher dielectric constant than cubic
phase BaTi@ The grain size has a major influence on the BgTti@stal structure and
larger grains possess more tetragonal phasg].[The grain size of the BaTiJdibers

was found to be affected by the heating rdtigure 4.1a shows XRD patterns that
illustrate the effect of calcination temperature on the crystal structure daheO;

fibers. After calcination at a temperature above 800 €, the XRD pattern is consistent
with the XRD data of BaTi@in the literature [4]Above 1000C, the impurity phase
(mainly BaCQ) [5] was removed as indicated by the absence of peaks Ret&wB0?

The influence of the heating rate on the Bagla€ystal structure is shown Figure4.1b.

A low heating rate (10 €/min) resulted in a symmetric (200) peakficming cubic
symmetry. The cubic crystal structure is facilitated by the smaller grain sizEi(gee

4.2b andFigure 4.2c) [6]. The low heating rate inhibited the diffusion process during
crystal formation, resulting in small grains with pores between tlégure4.2c). At a
heating rate of 200 €/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 2@fnin) 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 crystase tetragonal phase as shownkigure 4.1b. This

increase in grain size was mitigated when an annealing temperature higher than 500 €
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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 siliconkemumatrix was good as shown
in Figure4.2d which is an SEMmage from a fracture surfacéhe good adhesion is
clear because of the lack of debonding between tie dibd matrix.

To optimize the formation of the high dielectric constant tetragonal phase while
maintaining the fiber morphology, a rapid heating rate (larger than 2000 €/min) in
combination with a short calcination step (5 min at 1200 €) was requirédr the heat
treatment, a polycrystalline bambbke structure was obtained as showrrigure4.2a.

BaTiO; patrticles 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 constraintetbtapa

the Aferroelectric coreo in the bulk [6],
observed from the XRD datdhe crystal orientation of the grains was not determined
experimentally. The anisotropy in the dielectric constant due to the crysatadion

was not studied for the reasons stated in Se8tibn

a) 1000 °C  b)

A M-.le | 10 °C/min \M
| l 800 °C 200 °c/ i), i,
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10 30 50 44 45 46
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Figure 4.1 X-ray diffraction patterns of calcinated BaTiOs fibers a) influence of
calcinations temperature(Standard pattern of BaTiOgz is shown at bottom) b) (200)
and (002) peaks at 2d ~ 45A for fibers sub
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Figure 4.2 SEM images of BaTiQ; fibers after different heat treatments: a) ramp
rate: larger than 2000 €/min, calcinated during 5 min at 1200 €; b) ramp rate:
200 €/min, calcinated during 120 min at 1000 €; c¢) ramp rate: 10 €/min,
calcinated during 120 min at 100 €; d) fractured surface of silicone rubber
containing 1.6 vol. % BaTiG; fibers (AR = 15).

4.1.2 Effect of BaTiOs fiber aspect ratio on dielectric response of composites

Dielectric spectroscopyF{gure 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 witie 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 compositesfiliwith spherical or irregular BaTiO
particles reported in the literature JI®]. 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 comifmssis below 0.006, only an order of
magnitude higher than that of the neat polymer. In the literature, 20 vol% of BaTiO
particles usually doubles the dielectric constant compared to the polymer matrix, which
is similar to the effect of the lowest aspeatio fiber in this work [10], [11], [13], [14].

Note that the commercial silicone elastomer kit used in this work does consist ef cross
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linked PDMS and fumed silica as reinforcement. The fumed silica comprises well
dispersed fine particles with senging from 5 nm to 50 nm, and a permittivity close

to the PDMS polymer [18L7]. So in this study, the mixture of fumed silica and PDMS
is regarded as a uniform polymer matrix to the BaTikers, which have a much larger
permittivity and size.

The data ixompared with the MaxwelBarnett rule of mixtures for-@imensional
high aspect ratio fillers. In the literature the reported dielectric constant of BaTiO
ranges from 1000 to 5000 [1], [3] when the grain size is larger than 200 nm. Although
the actual ddlectric constant of the BaTiQiber 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 filer 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 BaJfibers in the Maxwell Garnett rule of mixtures
equdions, 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 betwéhe model and the real composite as
listed below.

1 In the rule of mixtures, ellipsoidal fillers are considered for their
mathematical simplicity. The real fibers have a-liad or capsuldike
shape. This shape difference can lead to the deviationgdrediction.

1 The distribution of the fiber aspect ratio mefeat 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 thartheir low AR counterparts

1 High AR fillers have more grain boundaries in their bamblo® 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 nfnef
that of the low AR ones, but smaller than the actual AR.

1 Real fibers have curvature. High AR fillerave a larger tendency to bend in
the composite, which can lead to the drop of the effective AR.

1 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 Max@alinett equation might not accurately
predict the dielectric constant of composites with high aspect ratio fillers. However, the
actual effect of ezh proposed mechanism is unknown. A further examination of those

potential reasons by finite element analysis is presented in Sécti@n

73



* neat polymer  + 10 vol%, AR=6

30 X I“I—> x 20 vol%, AR=6 = 10 vol%, AR=15
o5 | 1y *20vol%, AR=15
= o |a%uy,, . 1.E-2
= A :i."'000000°”.§
‘320 o. “A;iiﬁixXXx“il.i -
5 |'..."|.""“::.“'““”:‘ 1E-3 8
215 Y
‘8‘ Ty 1.E-4 §
Elo faanas !{ e e oo
'6 e EaEmamn o o S S e e e e o
5 - Ilj 1.E'5
0 1.E-6
a) 1.E-1 1.E+1 1.E+3 1.E+5
Frequency/ Hz
A Fiber filled composite AR=3
B Fiber filled composite AR=6 L,
14 4 Fiber filled composite AR=15 e
—— MG mixing rule AR=3 ,

------- MG mixing rule AR=5 L’
= = MG mixing rule AR=8  ~

[
[T

Composite dielectric constant
00

2 | [ I I I |

b) 0 0.05 0.1 0.15 0.2 0.25
Filler volume fraction

Figure 4.3 a) Dielectric spectroscopy of BaTiQ fiber/ silicone rubber composites
and b) Experimental data compared to MaxweHGarnett rule of mixtures for
different aspect ratios.

74



4.1.3 Finite element modeling of compositedielectric constant

Given the various potential reasons that can lead to the difference between the
experimental data and the Maxw@hrnett rule of mixtures, a further examination with
finite element approach was performed. The goal is to investigatdif@etntiate 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 othdillers 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 datai PZ] and modeling result [23] at low filler
volume fraction for gherical 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 experimahtdata and the rule of mixtures was from the particular
shape of BaTi@ 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 fration. 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 prerequisitefitleas 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 ingat#ithe 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 fillspact 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 genefdie study the effect of aspect ratio
distribution. The results are shown #igure 4.5. The effective permittivity of
composites increases with the relative standi@ndation 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 wasused. 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

thefiller volume fraction of 0.2.
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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 Bagldde in cubic phase and possess a lower
dielectric constant. Schematics of Bafiers with cubic phase at the fiber surface or
grain boundaries are shown kigure 4.6. The cubic phase at the BaTiGurface does

not have a strong influence orethomposite 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 particleusface was reported to be around 15 nm [7]. The diameter of the
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BaTiO;s 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 perntivity. 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.

aI b) ‘ C)

Figure 4.6 Schematics of BaTiQ 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 BaTiOs fibers.

The effect of grain boundaries in the Ba¥iers 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 hsidad,

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 fiefdrildution
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 thegeometric arrangement of several fibers without or with
grain boundaries placed in an external electric field of 1 kV/mm. The fiber length was 12
pm and the diameter was 0.8 pm according to the experimental measurement. The size

of the low permittivity regon around the grain boundary of Bagi@as 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], [G 8], [24i 27]. So the results represent the largest possible influence from
the grain boundary.

Figure4.7c-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 susts reduced stress characterized by the darker blue color.
The electric field strength amplitude is also plotted Figure 4.7e-f. The field
distribution was very siitar 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 significarttey.
detailed grain bondary structure was not studied but can resudtdifferent dielectric
constantAmong all the microstructures of BaTiQthe amorphous form possesses the
lowest dielectric constant of between 10 and 20 [28], [E®}. the purpose of study,
different pemittivity for the grain boundary region ranging fratfd to 500 was tried in
the study. The impact of grain boundary is very small because no difference in the field

distribution was observedlie to the difference in the grain boundary permittivity
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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; -
amplitude of the electric field strength distribution; the external electric field is
1x10° 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 12pm>0.8 pm

80



4.1.3.4 Filler curvature

BaTiO;s fibers have certain degree of curvature indbmposites. An optical microscopy
image of the BaTi@fiber composite is shown iRigure4.8. Fibers with both large and
small curvatures can be identified. The efffet the filler curvature on the composite

permittivity is not described by the rule of mixtures.

Figure 4.8 Optical microscopy image of BaTiQ fibers dispersed in PDMS

A simple 2D FEA was conducted to analyze the effect of filler curvature on the
permittivity of composites. Several capssleaped fillers with an aspect ratio of 15 were
dispersed in the polymer as shownHFigure 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 inithesprev
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. Theeggoof the fillers
with small and large curvature is illustratedrigure4.9b-c.

The simulation result is shown Figure4.10. 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 coigsosA qualitative

explanation of this result is provided as the following without a rigorous derivation. In

81



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 thegh 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 fillerare 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
diredion. 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 BaTiibers, as shown irFigure 4.8, is smaller than the
largest curvature used in the FEA. Thus thiedence between the rule of mixtures

prediction and the dielectric constant data does not come from the filler curvature.
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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/pm); c) filler
curvature of 0.2 (1/um); filler aspect ratio is 15 and filler volume fraction is 0.1
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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 fieldirection increases the measured composite permittivity, while
the alignment perpendicular to the field direction reduces the permittivity results. A
comparison between the Maxw@hrnett rule of mixtures prediction and the
experimental data is shown figure 411 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 fibersa have
certain degree of alignment in the compositesnly the influence of filler alignment is

considered.

—MG aligned parallel to E

—MG aligned perpendicular to E
MG randomly orientated
BaTiO3 fiber composite AR=15

e e
o N b~
| | |

Composite dielectric constant

O N b~ O 00
1

0.00 0.05 0.10 0.15 0.20
Filler volume fraction

Figure 4.11 Comparison betweenthe Maxwell-Garnett rule of mixtures prediction
with different alignment conditions and the experimental data for afiber 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 coordinategnd d, were usedo define the orientation of
fibers as introduced iBquation3.1 through Equatior3.3 andFigure3.3.

The applied electric field is along tlzeaxis and the fibers are aligned in the
plane in FEA. The orientation parametexras randomly generated following a normal
distribution with a nean value of 0 and a standard deviation ranging from 0 to infinity.
Any value oft that was out of the range 1| 1], was discarded. A standard deviation of O
corresponds to a perfect alignment in Xiyglane, while a standard deviation of infinity
corresponds to a completely random orientation. The composite dielectric constant is
plotted as a function of the standard deviationt cnging 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 arrangenieat wi
standard deviation of 0.45 in the finite element model is showrigare 4.13. This
partial alignment in the sample plane from the compression molding procesgpiain

the experimental results.

18 .  —+FEA result

§ 16 - —MG aligned perpendicular to
& MG random orientation
314 1 —Experimental data
§ 12 - ot
3 10 -
(D)
S 8 -
Q
5 6 -
o 4
5 2
@)
0 [ [ 1
0 0.5 1 1.5

Standard deviation of t

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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Direction of electric field

x100.5

Figure 4.13 Finite element model showig 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 permittivitye we
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. @is¢ribution 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 degrd#lesfalignment 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 methosobtain 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 segrately, as well as a combination of BaTiier and graphene filled

threephase composites.

4.1.4.1 High aspect ratio conductive filleri graphene platelets (GPLS)

The dielectric constant and dissipation factor of composites filled with GPLs are shown
in Figure4.14. Both the dielectric constant and dissipation factor exhibit a large increase
at a small volume fraction of GPLs. The sheet morphology and high aspecbfrati
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 th&6fyWhich 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 fille such as carbon nanotub8$][and carbon fibers
[32] have been used to prepare high dielectric constant composites. The rule of mixtures
predicts that Zlimensional GPLs will increase the dielectric constant at even a lower
volume fraction, because thmate 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 graphefileed composites were not reported until
recently [3]. In our work, percolation was reached at a lower volume fraction than that
in the literature (1 wt% vs. 5 wt%) 3B 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 filleri 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 disruptiesp2tbonding by the
existence of surface groups]3

The dielectric spectroscopy of the GO comfessis shown inFigure 4.15. The
samples are denoted with their GO loading and reduction temperature. For example,
3PHRRGO140 means the loading was 3 P@harts pethundred parts of resi@nd the
GO was thermally reduced at 140 €. The dielectric constant increased to 8 in the
5PHRRGO120 sample, which is significant considerihg tow filler volume fraction.
High aspect ratio fillers can increase the dielectrizstant of polymer composites more
efficiently [35], and the GO platelets used in this work possess an aspect ratio of 500
according to the supplierbés datasheet. A
the rule of mixtures prediction is, however, moactical 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, therputtivity 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 éeges below 10 Hz.
According toEquationl.5, a flat loss factor indicates a dominating dipolar loss without
any relaxation loss peak in the frequency range, whatpe 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 MaWwagiherSillars
interfacial polarization. The interfacial polarizationnzes 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 (eleatsofor 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 condudivegion of GO according to the Maxwell
WagnerSillars equations [§. The result shows no interfacial polarization for the GO
filled composites in the tested frequency rarmgé it ispossiblethat it wouldappeaat a
lower or higher frequency rang&iven the fact that the dipolar loss dominates above 10
Hz in GO filled composites, a simple calculation fréiquation1.5 suggests that the
conductivity of materifiis below 1.3xL0'* S/m. The low conductivity indicates an
absence of percolation current even at a filler loading of 5 PHR, which is diffesemt
the GPL filled composites.

When high aspect ratio conductive fillers are used, the leakage curreny lsaddl
to a large loss factor described Bguation1.5. By blocking the conduction current, the
contribution from the conductivity to the loss factor can be greatlyced. 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 smsfi2 clusters separated yghly disorderedsp3
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 shownRigure4.16a. The surface groups on GO,mparily
epoxygroups, tend to form lines to reduce the total strain of the graphene sBiek] [3
upon thermal reduction. Schematics of these line defects are shdwgune 4.16b-c.
The line defects of surface groups possgEksstructure and separate the G@ethinto
many small conductive regions with undisrupsg® structure. As a result, the electron
transportation and conduction current is blocked because a percgp@stiucture is
not formed. While those intrinsic energy barriers limit the leakagewuat 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 lostfac

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 leadgrto la
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 ratiosfilg&}. The
slope of the loss factor and '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 fesperen after
being reduced at 160 C.
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Figure 4.15 Dielectric spectroscopy of GO/PDMS composites showing comparison
of a) different GO loading; b) different reduction temperature.
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Pristine graphene

b) c)

Figure 4.16 a) Atomic force microscope (AFM) image showing the wrinkles caused
by the detachment of surface groups on GO B; b-c) schematics showing the high
conductivity region separated by the aligned surface graqs.

4.1.4.3 Three-phasecomposite with graphene platelets and BaTigfiber as fillers

The effect of using both the conductive GPLs and high permittivity Bafi@rs as

fillers was explored. A GPL volume fraction of 0.0043 was chosen for the-phigese
composié 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 shielgurav.17.

The slope in the loss factor is small indicating little contribution from the conduction

92



current or mobile charges according Equation1.5. The relative dielectric constant
increase over the neat polymer for the thphase composites is significantly larger than
that of the composites filled with either type of fillers. The increase in dielectric constant
of the composites is summarizedRigure4.18. By adding 0.43 vol% of GPLs into the
BaTiO; fiber/PDMS composites, the dielectric constant was further increased to 13.7
and 18.6 for 10 vol% and 20 volBaTiO; fiber composites respectively.

The dissipation factor of the composites is showRigure4.17b. The dissipation
factor of the composites is about one ordemagnitude 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 BaTgi@ber composites results in an
increased dissipation factor that is, howevest higher than the pure GPL/PDMS
composites. By combining the two types of fillers, the thplease composite shows a
larger dielectric constant than either of the {@tase composites without a further
increase in loss factor.

In the threephase compost reported in the literature 4B [41], [42], a
combination of conductive fillers and high dielectric constant ceramic fillers is generally
used. The ceramipolymer mixture is considered as the base matrix, while the effect of
adding conductive fillershould follow percolation theory. The same principle can be
applied to the composite system studied in this work. By using high aspect ratiozBaTiO
fibers and GPLs, the total filler volume fraction is low compared to that in those
literature [2], [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 BaTigfibers
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 BaTiOg3 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 investig#teough Displacemerglectric
field (D-E) measurements to investigate the capability of using those materials in high
voltage applications. Both BaTiJiber composites and thrgghase composites were
tested under several field conditions below the breakdstrengthFigure 4.19 shows
the results for each composite under the highest measured field.

The relative permittivity was calculated using an approach founterliterature
[43]. The real dielectric constant for the composites is listedahle 4.1. From the
literature [4], [45], ferroelectric ceramics such as bariumn#te usually exhibit a
nonlinear dielectric constant. Depending on the microstructure and crystal morphology,
the dielectric constant of barium titanate can either increajeofddecrease B} with
increasing field strength. In this work, however, thelalitric constant remains
unchanged at elevated electrical field. The difference between thghase ceramics
and the composites is attributed to the field distribution in the composites. The large
dielectric constant of BaTigfibers leads to a field ementration 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
At hr es h p4],a linkar dieledriz constant is expected.

The hysteresis los$ly, is the dissipation of energy during one cycle of the field. It
is represented as the area enclosed withirDHieloop [43]. Uy is also related to the
imaginary permittivity,- , as described in EquatioA.l, where- is the vacuum
permittivity and’O is the magnitude of the applied field strength. Tdegree of
hysteresis is more pronounced at higher field. The t{hhese composite also has a
larger loop areacompared to the BaT#gomposite. This indicates a higher dielectric

loss, which matches with the dielectric spectroscopy data under low field conditions.

Y *--0 4.1

Table 4.1 Real Relative Permittivity of Composites at Elevated Field
20 vol% BaTiQ fibers
+0.43 vol% GPLs

ac field (kv/mm) 20 vol% BaTiQ fibers

Low field’ 12 18.6
2 11.9 17.5
5 11.7 18.1

75 11.8 -

" The value of low field (about 3 V/mm) dielectric constant is from the dielectric
spectroscopy measurement.
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Figure 4.19 D-E measurement of (a)c) 20 vol% BaTiO; fibers composite and ()
() 20 vol% BaTiO3 fibers+0.43vol% graphene filled composite. Note the scale
difference of the applied electric fields.
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