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ABSTRACT

Transport and Dielectric Breakdown in Composites with Complex
Inclusion Microstructures

by
Heungjin Bak

A series of experiments have been performed on the dielectric and breakdown
properties of random continuum composites. The experiments are divided into two
categories: those performed on samples with static interfaces(e.g. steel balls in paraffin
wax) and those with dynamic interface(e.g. polystyrene microspheres in suspension).
The critical parameter for the stainless steel spheres in wax departed considerably from
the predicted parameter. Since the theory is based on the intrinsic conductivity of the
metal being infinite, the departures for the stainless steel spheres were ascribed to this
cause. The higher conductivity Cu "spheres" gave better values, but the critical
concentration of the spheres was much lower than anticipated, possibly due to large
departures from sphericity for the Cu "spheres".

The dielectric breakdown measurements were performed for similar samples stainless
steel particles in wax and compared with theory. The effect of a conducting defect is
more drastic in dielectric bn’aakdown than in capacitance. The statistics describing the
dielectric and breakdown data are different. For the breakdown data the modified
Gumbel distribution and the Weibull distribution have been suggested as possible
distributions. 300 failure tests indicated that at least two breakdown mechanisms were
present, and that the part ascribed to intrinsic breakdown is better described by the
modified Gumbel distribution.



Attempts were made to measure the dielectric properties of colloidal suspensions of
polystyrene spheres. Several methods designed to reduce or correct for electrode
polarization were performed. In a study of the effect of electrode material, we found that
bare Pt electrodes were superior to conventionally recommended Pt black and sand
blasted Pt electrodes.

The experimental results for the real part of the dielectric constant still exhibited
electrode polarization effects below 1 KHz. Other serious problems included time
variation and the separation of AC and DC conductivities necessary for the extraction of
the imaginary part of the dielectric constant.

The experimental results were compared with the theory developed by Sen and Chew.
Large discrepancies in the real part of the dielectric constant seemingly stemmed from the
electrode polarization effect. The results for the imaginary part yielded characteristic
frequencies proportional to the inverse square of the particle radius as expected from

theory.
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Motivation

In the accompanying flow diagram we give the original sources of interest in the
work of this thesis. On one side there was the interest in the clay-water system originating
from prior work in the chemistry and physics departments, and on the other the theoretical
interest of Dr. Duxbury. The explanation of the dielectric behavior of the clay water
system is not easy because the platelet shape of the clay particle is difficult to deal with
mathematically. Thus it is better to study simple ideal systems which are mathematically
tractable. The lessons learned from these systems may be then be applied to the
complicated systems. We consider two interface systems.

First for a static interface system, where there is no mass transport involved, we
made metal loaded dielectric samples. Microspheres in a continuum background
constitute the simplest system to deal with mathematically. In contrast with percolation
theory, in which mathematical inclusions can overlap, real systems have a hard core
repulsion between inclusions. The object was to study the effect of such hard core
repulsion on the capacitance of metal particles in a pure dielectric. In dielectric
breakdown the concern is with low concentrations where the difference between
percolation theory and hard core repulsion is minimal. The dependence on local ﬁéld
distribution provides a great contrast with the capacitance treatment. The object was to
study the contrasting relations using the guidance of Duxbury theory.

Second for a dynamic interface system we studied the properties of polystyrene
spheres‘ in ionic solution. This is a prototypical model for the effect of dynamic interfaces
on dielectric response.  Surprisingly despite recent theoretical interest, the only

comprehensive measurement on this system dates from 1962. Our experimental program



is to first control the polarization effect at the electrodes, and then to measure the
dielectric response of the polystyrene system as a function of frequency, ionic strength of

the solution and type of polystyrene surface functional group.
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Chapter 1

Capacitance

1.1 Introduction

There is an enormous variety of physical systems in which random inhomogeneities
occur. It is not therefore surprising that the electrical properties of randomly
inhomogeneous materials have been of interest for a long time. One way of studying the
electrical properties of random systems is to investigate the capacitance of such a system.
Dielectrics which contain metal inclusions are useful for this purpose.

In this chapter we review the theoretical predictions regarding the capacitance of such
dielectrics. To test the theoretical predictions we describe experiments on discs of paraffin

wax which contained stainless steel particles and copper spherical particles.

1.2 Theory

When a metal inclusion is added to a simple insulator the capacitance of the system is
increased. Fig.1.1 shows three models of microstructures we consider. Fig.1.1(a)
illustrates a regular array of metal particles. Fig.1.1(b) shows a mixture of two different
kinds of particles, which can randomly occupy the available sites. A crystalline random
alloy fits in this category. Fig.1.1(c) depicts a random distribution of inclusions in a
continuum host. We consider the capacitance of a system consisting of metal spheres

embedded in paraffin wax, so that a model of the form shown in Fig.1.1(c) is appropriate.




(a)

(c)

Fig.1.1: Two-dimensional examples of model microstructures: (a) a regular array of metal
particles in a continuum background; (b) a site percolation model composed of metal
spheres and insulating spheres and (c) a random configuration of metal particles in a

continuum background.



The effective capacitance of a metal loaded dielectric is proportional to the dielectric
constant of the background and depends upon f, the fractional volume occupied by the

spheres.

1.2.1. Low loading limit
At a low concentration of inclusions, interactions between inclusions are negligible so
the detailed form of the microstructure is not important. When an inclusion is embedded
in a dielectric medium the effective dielectric constant can be obtained by using the
Clausius-Mossotti approximation[1], i.e.,
E—€, €, —€,

= , 1.2.1
€+ 2¢, f82+28, ( )

where ¢ is the effective dielectric constant, €, and €, are the dielectric constants of the

background and the inclusion respectively and f is the volume fraction of the inclusions.

(This equation is identical to Maxwell-Wagner equation developed in Section 4.3.) In the

case of conducting inclusions like metal, €, >> €,, and we can approximate Eq.(1.2.1) for
the special casee, = », i.e.,[2]

8-8|
—_— = f. 1.2.2
€ +2¢, 4 ( )

For small f the ratio of dielectric constants becomes

& =37, (12.3)
€

This equation indicates that the ratio of dielectric constant varies linearly with the

inclusion concentration.

1.2.2 High loading limit
As the volume fraction of metal particles is increased one must consider the
interactions.  This is especially important near the percolation point at which the

inclusions first form a connecting path across the sample. Near that point the spheres are



very close to each other, and are separated by a very narrow neck. Duxbury argues that, if
the neck size distribution is narrow, critical behavior in the same universality class as that
of a regular array of spheres might be observed[3]. If this is true the critical behavior can
be obtained in the following way.

We consider a cubic array of perfect conducting, identical spheres embedded in a
continuum background as depicted in Fig.1.2(a). Fig.1.2(b) shows the enlargement of the
critical part of a unit cell. The distance between the centers of two spheres is denoted by ¢
and a is the radius of the sphere. When an external field is applied no current flows across
the symmetry planes parallel to the field (dotted in Fig.1.2(a)). Since we consider the
volume fraction of spheres near the random packing point, spheres are nearly touching.
Therefore most of the current flows across the narrow gaps separating adjacent spheres
along the z-axis. The capacitance between two spheres is like that between two plates of
non-uniform separation.[4] If we neglect the charge in the region 7 >a the capacitance

can be obtained approximately from
1 2mrdr
C=2 [e (1.2.4)

c/2-va*-r?

Near the random packing point the gap between spheres is very narrow so that the
capacitance between two spheres is dominated by this narrow gap. Thus we may

approximate
C= mrs rdr 3
0 " ¢/2-a+r*/2a

~ —nealnfc/2a - 1] (1.2.5)
In the above equation we have neglected terms like In g which remain finite when ¢/2a
approaches unity. The volume fraction is given by f = (47:/3)(a/c)3. Eq.(1.2.5) can be

rewritten as
C = —nealn[L(4n/31)* - 1] (1.2.6)

This equation diverges at f = /6 so that we may write this




(b)

Fig.1.2: (a) Cross section of a cubic array of conducting spheres of radius a with distance
¢ between centers. The dotted line is the cross section of a cube of side c. (b) Enlarged

view of the gap between a plane midway between two spheres, and one of the spheres.



C = -nealn[(n/6 - f)] (12.7)
This last form is valid only when 7/6 - f << 1. Similarly we can get the capacitance of

the array of identical conducting discs. The diameter of each disc is a and the distance
between two discs is c. We then calculate the capacitance between two adjacent discs like

Eq.(1.2.4),1e,

c dx

=1 e - (12.8)
- Jat -x* +¢/2

This integral can be done by introducing new variable x = acos@ and we get

ng_c_ 2 4 |c/2+a
2a [ /4-a? c/2-a

(1.2.9)

When c/2a approaches unity
ne

This equation can be rewritten in terms of volume fraction f = 71'(a2 / c:) as

(1.2.10)

}
c5 1 (12.11)

c Jm/4-f
The Eqs.(1.2.7) and (1.2.11) are valid only if c/2a approaches unity. Thus we may
express the critical behaviors:

two dimension

C(f)zC(O)(f_—f)—l/z - (1.2.12)
three dimension
C(f)=-C(0)In(}1. - £]) (1.2.13)

Here £, is the volume fraction at which the capacitance diverges. The critical behaviors of
these equations are illustrated in Fig.1.3. The two dimensional model gives more rapid
divergence than does the three dimensional one near the critical point. But we will see

that it is very difficult to verify these critical behaviors experimentally due to sample to
sample variability in f,. This is because the metal spheres do not achieve an equilibrium or

liquid-like structure, but are in a random packing state. There are two extreme random
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Fig.1.3: Critical behaviors of Eqs.(1.2.12)(0) and (1.2.13)(A). Using f.=0.6.

can be observed by pouring ball bearings into a container with shaking, while the random
loose packing state occurs when the container is not shaken. We consider the random
close packing state. Random close packing can be defined by the following two
conditions[5]: (1) random packing, i.e., a packing containing no statistically significant
short- or long-range order, is so dense that any increase in density can be achieved only by
a statistically significant increase in short-range order; and (2) any decrease in density from
the random close-packed density leads to ensembles of particles which need not be close
packed, i.e, a given particle is not necessarily in contact with another particle in the
absence of interparticle forces and gravitational potentials. Since the random close
packing state is not an equilibrium state f. does not approach a single limit value. The

observed f£; is in the ranges 082 < f.>* <0.89 and 0.58 < £, <0.66 for identical spherical

particles[6,7].

1.2.3 Frequency dependence

Eq.(1.2.1) does not include the interaction of inclusions so that the validity of the
equation is for low concentration of inclusions. We can obtain the effective dielectric
constant at high concentration using effective medium theory which is the most commonly
invoked approximation in treating an inhomogeneous medium. Let us consider a two
component medium with dielectric constants €, and €, respectively. Take one of the
components type 1 and consider it as spherical, and assume it is embedded in a uniform
medium with an effective dielectric constant €,,. If the external electric field is E; then the

induced dipole moment is[8]
—aF (1.2.14)

where V is the volume of the sphere. Thus the field inside a sphere is given by
E=E,- 47" P
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=E, ( 1~ Em )EO. (1.2.15)

€, +2¢,

The second term is the depolarization field due to uniform polarization of a sphere. P is
the polarization which is the electric dipole moment per unit volume. After the completion

of the exchanges the average deviation of E must be zero. Therefore

(1-f) 2 lm g f 2275 o, (1.2.16)

€, +2¢, €, +2¢,

where f is the volume fraction of the component 2. If the two components have complex
dielectric constants then Eq (l 2.16) can be rewritten by

el nl e2 m_
(1-1)= o2 fez+2€.. 0. (12.17)

Here the dielectric constant is defined by
e =g )2 i=120ormand j=v-1. (1.2.18)
(0]

The solutions of Eq.(1.2.17) was given by Springett[9] assuming €,, €,, 6, and o, are

independent of frequency and are
e,:eie,[(AuB’ )" A] tans,, (1.2.19a)
112
cm=ci02[(A’+B’) +A] : (1.2.19b)
where
1 e P
=_{(g) +__,_[(i) +_e_1}(m,5 )-z} (12208
2|\o, 20, €,
lo, e le -1
B=|-——+—+—-((tan$,) , 1.2.20b
(4 c, €,0, 432)( 2) ¢ )
a=4(3f-1a, +4(2-3f)a,, a=core, (1.2.20¢)
tand, =, /e, . (1.2.20d)

According to effective medium theory the effect of frequency occurs through the factor
tand,, €, and ¢, .

1.3 Experiments and discussion
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The metal loaded dielectric we have used is paraffin wax containing stainless steel
particles and copper particles. The size of the steel particles which are manufactured by
Duke Scientific Inc. ranges from 10 um to 65um diameter. The copper particles(Aldrich
Chemical Co.) range from 50um to 90um diameter. The cell used to make a mixture is
depicted in Fig.1.4. First we weighed the particles and poured them into the cell. We
heated the whole cell above the melting point of the paraffin wax. The cell was filled with
molten paraffin wax and then the whole cell was pumped with a fore pump to make the
sample without air bubbles. Finally it was sealed with a metal cylinder which contained
paraffin wax. A 45um mesh sieve was used between the cell and the cylinder to prevent
migration of the particles into the cylinder. High pressure was maintained inside the
cylinder by a strong spring, so that high pressure liquid paraffin compensated the volume
contraction due to cooling. The whole cell was rotated by a slow motor at about 60 rpm
to ensure a random distribution of the steel particles while cooling. The capacitance
samples were 3/4" in diameter and Smm in thickness. Typical optical photomicrographs of
a sample fabricated by this method are shown in Fig.1.5, from which it can be seen that the
steel spheres are fairly well distributed. Fig.S (c) and (d) indicate that the steel balls are
spherical but the copper balls have gross departures from sphericity. Samples that contain
stainless steel and copper particles were made with volume fractions ranging from 0 to
0.62 and from 0 to 0.41 respectively.

The cell used to measure the capacitance of the sample is a circular plane capacitor
with the guard ring arrangement shown schematically in Fig.1.6(a). The guard ring
arrangement can be used to get a uniform sample field by eliminating the edge effect
provided that the total diameter of the electrode is large by comparison with the sample
thickness d. In addition to this, the center electrode and the guard ring must be at the
same potential. Thus a linear relationship between dielectric constant and capacitance,

.
ie.,




(a)

(b)

Fig.1.4: Cell used to make paraffin disks.



(c) (d)

Fig.1.5: (a) and (b) Optical photographs of cross section of metal loaded paraffin discs

(d) Copper particles. (d) Stainless steel particles.
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S
C=¢¢—, 1.3.1
&t (1.3.1)

can be achieved. Here ¢, and & are the absolute permittivity of free space and the relative
permittivity of the sample respectively, S is the area of electrode and d is the sample
thickness. There are two equivalent circuits we may consider, i.e., parallel and series
equivalent circuits. Table 1.1 gives the relationship between the two circuit modes.

The capacitance was measured using a 4192A Hewlett Packard Impedance Analyzer.
The analyzer is set to measure parallel capacitance. A schematic diagram of the
measurement circuit is illustrated in Fig.1.6(b). The HP4192A has three subsections (1)
the signal source, (2) the auto-balance bridge and (3) the vector ratio dector. It measures
the vector ratio between the applied test signal voltage and the current flowing through
the DUT(device under test). The bold lines in the block diagram show the main test signal
flow and the dashed lines show the balance control loop of the bridge circuit. In the auto-
balance bridge the null detector detects the current difference between DUT and the range
resistor. When it is not zero the modulator adjusts it to zero by applying a signal, V_, of
the same frequency as the test signal to the range resistor. The vector voltage ratio
detector measures the vector voltage of a test signal V,, and a signal applied to the range

resistor. The impedance of the DUT, Z,, can then be calculated by
A/ /S
Z, R’

x T

(13.2)

where R, is the resistance of the range resistor.

In actual measurement the guard ring is connected to ground and center electrode is
connected to the low terminal. When the bridge is balanced no current flows through the
detector so that the guard ring and the center electrode are kept at the same potential,

which is essential if a uniform field is required.
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Table 1.1 Conversion table of each equivalent circuit mode.

Circuit Mode Dissipation Factor Conversion to Other Modes

Co G

i D= C C.=(1+DY)C, R=1 g

G

o
]
+
<
+
U(J
m | —

The capacitance of the samples measured at 1KHz are presented in Fig.1.7. At each
volume concentration 10 samples were tested. For the stainless steel samples the critical
volume fractionf, is consistent with the random packing point as discussed before. But
for the copper samples the critical volume fraction f, is not consistent with the random
packing point because they are not exact spheres so that they made a percolation path
before that point. Nevertheless capacitances of both samples diverge as f. is approached.
As the metal volume fraction is increased the capacitance values at each volume
concentration spread widely. It means that a small change of structure causes a large
change in the capacity of the sample. Capacitance change near the percolation point is
much more rapid than that at low loading range. This change is more drastic for copper
samples than for stainless steel samples because the conductivity of copper is much greater
than that of stainless steel. In deriving Eq.(1.2.13) the assumption is made that the metals
are perfect conductors. It turned out that the stainless steel particles are not good
conductors and they are paramagnetic. The conductivity of the copper and stainless steel
particles was studied by filling the cell with metal by itself. The total resistance of the cell

filled with copper particles was the order of 1Q2 but that with stainless steel particles was
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the order of IMQ at 1KHz. In this test capacitance was out of the range of instrument
(more than 10uF) for the copper sample while it was still finite value for the stainless
sample. Therefore a good conductor is great for this purpose. Even though the copper is
good conductor it is hard to handle because it oxidizes easily. If the copper is oxidized it
acts as bad conductor. To keep the copper particles from oxidation they had to be stored
in a vacuum container after being cleaned by 20% diluted HCI.

Fig.1.8 shows capacitance ratio C(0)/C(f) as a function of metal volume fraction.
We also show numerical data calculated by McPhedran and McKenzie using a simple
cubic lattice of conducting spheres[10]. At very low loading (below 0.1) all data are very
close to each other but after that experimental capacitances are larger than those from
numerical simulations. This is because at very low loading the probability of making a
linear cluster in a random mixture is very low so that capacitance is not much increased.

When the metal fraction is increased the chance of making a linear cluster in a random
mixture also increases. This cluster enhances the local field and increases the capacitance
but in the simple cubic array metal inclusions do not touch each other up to f, . Both
experimental results below a volume fraction of 0.2 show linear behavior which is
consistent with Eq.(1.2.3).

Fig. 1.9 shows capacitance ratio against In(f, — f) for large £ If Eq.(1.2.13) is
correct the data should be linear. The f.’s obtained from the least y? fitting are 0.65 for
stainless steel and 0.41 for copper. Eq.(1.2.13) can be rewritten by

C(f)/c(0)=n(f.- £)" . (1.3.3)
Analytical derivation gives a=-1. For experimental data this exponent can be obtained by
plotting ln[C( f )/qo)] against ln[lnq fo—f I)“] with o as a parameter. ‘s obtained

from the least y >-fitting are -0.15 for stainless steel and -0.86 for copper (See Fig.1.10).

Comparing Figs. 1.7(a) and (b) we see that the high conductivity Cu gives a much sharper

rise near f, than does the low conductivity stainless steel. We therefore suspect that the
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24

value of Ia.“[ <1 is indicative of the low conductivity of the stainless steel balls. Stainless

steel particles do not obey the critical behavior represented by Eq.(1.2.13) due to their
poor conductivity. Even though copper particles have good conductivity the behavior
near f, is not perfectly consistent with that predicted by Eq.(1.2.13) due to considerable
sample to sample variability in f,, and probably non-sphericity of the balls.

Fig.1.11 shows the frequency dependences of the sample contained stainless particles.
At low loading the dielectric constants are not dependent on frequency but at high loading

the dielectric constants are a function of frequency. For metal inclusions in the dielectric

material, €, >> €, and 6, >> o, and tand, cancels so that Eqs.(1.2.19) become

€, ~+(3f - e, (1.3.4a)

c, ~1(3f -1)po.,. (1.3.4b)
Thus according to effective medium theory the complex dielectric constant of a metal
loaded dielectric is not a function of frequency (Remember fis the volume fraction of balls
not the frequency). To ascertain whether the frequency dependence was a property of the
balls by themselves, or whether it was property of the mixture we measured the frequency
dependence of the cell filled with stainless steel partilces by themselves. The surprising
results are shown in Fig.1.12. For a homogeneous metal one would expect a very high
dielectric constant independent of frequency up to ~ LR. region. On the other hand, the
Duxbury picture of high capacitance regions in narrow necks would apply if the stainless
steel balls were coated with an insulating oxide layer. Duxbury does not ascribe any
frequency dependence in his theory.

Since Eqs.(1.2.19) are based on the mixture of elements whose dielectric properties do
not depend on frequencies, the results in Fig.1.12 indicate that the theory is not
appropriate for this mixture. There is no obvious relationship between the frequency
dependencies in Figs.1.11 and 1.12.

One might also consider the stainless steel ball- oxide-stainless steel ball system as a

Maxwell-Wagner system(See section 4.3) in which case one might anticipate a frequency
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dependence similar to that in Fig.4.3. This is not observed, but the results suggest that the
next improvement on Duxbury theory would be to incoporate a Maxwell-Wagner

component.
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Chapter 2

Dielectric breakdown

2.1 Introduction

A metal particle in an electric field increases the local electric field. If the metal
particle has a sharp tip the enhancement of the local field is very large and a sharp metal
tip acts as a nucleation site for dielectric breakdown. Therefore such a flaw in the material
lowers its dielectric strength.

In this chapter the theoretical predictions of Duxbury are reviewed and experiments
performed using paraffin wax containing stainless steel spheres are described. Duxbury
proposed that in a metal loaded dielectric, metal particles can form a linear cluster which
acts as a sharp tip.[1-3] Increasing the volume fraction of metal particles increase the
probability of finding a large cluster which reduces the dielectric breakdown field. The
theory predicts the field near the sharp metal tip as a function of metal volume fraction.
Experimental results supported this theoretical prediction.

2.2 Theory

The theory is based on these premises:
(1) Dielectric breakdown is directly related to flaws.

(2) In the metal loaded dielectric the flaws consists of linear clusters of particles which act

as a sharp tip.

29
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(3) A long linear chain of metal particles can be regarded as a thin ellipse in two
dimensions or as a thin prolate spheroid in three dimensions. If we ignore space charge
effects solving the Laplace's equation gives the electric field near a metal inclusion of
length, o, and tip curvature, k.
(4) The breakdown is calculated using a square lattice dielectric breakdown model. The
derivation of the electric field near a thin prolate spheroid is given in Appendix 1.
The resulting electric field near the metal tip and the important asymptotic behaviors are
summarized below[4].

In these equations 7 is the distance from the metal tip in the direction of the applied

field, x = b* /2a is the tip curvature, and b ann a are the minor and major axes of the

ellipse(or spheroid). The applied electric field, E,, is in the z direction.

Two dimensions

(1+a,,/r’ forr >a
E,|E,={1+{a/(a -b)}(a/Zr)V2 forx <r<a (2.2.1)
1+ v2(a/2x)" forr <x
Three dimensi?ns
1+a,,/r’ forr >a
E,|E, =X {ln(r/2a)+a/2r}/B forx <r<a (222
1+ (asb)’ /ln(Za/b) forr <x

Here the coefficients are
a,, =a(a-b)/2,
a,, =2c*[3B,
B=1 c%a) +§.

Even when the metal particles are randomly placed in the material, there is finite
probability that somewhere in the material, several metal particles will be close to each

other. Within a lattice model, such a defect configuration is shown in Fig.2.1. For f small,
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the number of times a defect cluster of size n will occur in a sample of size L = N, is
approximated by, Nf"(here L is the linear dimension of the lattice). The electric field is
largest near the largest such cluster, and the typical size of this largest defect cluster is
estimated from([5]

Nf "= ~ 1 which implies n,, ~InN/(-Inf). (223)
From Eqs.(2.2.2) and (2.2.3), the electric field near the end of this defect cluster is found
to scale as

E, ~E(1+n,) (2.2.4)
for n_, large, where - <a <1 in two dimensions and @ =1 in three dimensions. If we
assume that the dielectric breakdown field, E, (f), scales as the inverse of the size of the
largest local electric field, E,, (f), then,

E,(f)/E,(0)~ E,,(0)/E., (f)
~ 1/[1 +k,(In N/in f|)“] (2.2.5)

where k_ is an undetermined constant.

2.3 Experiment and discussion

The samples we have used to measure the dielectric strength are paraffin waxes
containing stainless steel spheres which are similar to those used in the capacitance
experiments. The paraffin discs are fabricated by the method discussed in section 1.3.
Thick samples were used in the capacitance measurement but we used thin samples
(thickness 1mm, diameter 19mm) in the measurement of dielectric strength because the
dielectric breakdown voltage is too high for the thicker samples. The power supply we
used is manufactured by Gamma High Voltage Research Inc. (max. 100KV). The
experimental setup is illustrated in Fig. 2.2. At very low loading the dielectric breakdown

field of the sample is very high, so we must keep the ambient of the experimental setup
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highly insulated in order to prevent unwanted discharge before the sample breaks. The
entire system shown in Fig. 2.2 is, therefore immersed in silicon oil (Dow 550 Fluid)
which has a very high dielectric strength (about 440KV/cm) so that the dielectric
breakdown process occurs only through the sample. Furthermore, three 1MQ resistors
were used to protect the power supply from a huge current just after a sample breakdown.
The applied voltage was increased by 2KV steps every 30 seconds, until failure[6]. 10
samples were tested for each concentration.

Fig 2.3(a) shows the measured dielectric breakdown field as a function of volume
fraction and Fig.2.3(b) shows the dielectric breakdown field calculated using the square
lattice dielectric breakdown model. It is seen that the dielectric strength can be affected by
a very small volume fraction of conducting defects. Fig.2.4(a) is the test of Eq.(2.2.5)

using experimental results and Fig.2.4(b) is the result of numerical simulations done by
Duxbury. From both results a = 2 is the best fitting parameter rather than a=1 which is

the analytical result. However the linearity with @ =2 for both experimental and
simulated systems suggest that Eq.(2.2.5) is the correct form. This discrepancy may result
from finite size effect[5]. The analytical calculation was derived in the limit of large
sample size while the numerical simulation and the experiment were done on relatively

small sample sizes. But both results give the a as a free parameter in Eq.(2.2.5) is correct.
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Chapter 3

Comparison of capacitance and dielectric
breakdown

3.1 Introduction

Capacitance and dielectric breakdown experiments were aimed at investigating the
effect of a conducting defect in an insulating background. The resulting behaviors are
different because breakdown fields are related to the extreme moments of the local field
distribution, while capacitance is related to the second moment of this distribution.[1] For
this reason the statistics of capacitance are described by the central limit form thile the
statistics of dielectric breakdown fields obey the extreme statistics. The detailed
explanations of the differences will be given. We will discuss the forms of statistical
distribution functions, i.e., the conventional Weibull distribution and the modified Gumbel
distribution. To distinguish between them we made 300 paraffin wax discs and tested
them for their dielectric strengths. Experimental results and the numerical data show that
the modified Gumbel distribution gives a better fit to the data than does the Weibull

distribution.

3.2 Local field distribution
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Fig.3.1 shows the difference between the low loading behavior of the dielectric
breakdown field, and that of the capacitance. It is seen that the experimental data is
qualitatively similar to the numerical data. From both the experimental and numerical data
we see that the dielectric breakdown field has much stronger defect sensitivity at low
loading than does the capacitance.

This difference may be understood from the study of the local field distribution, D(v).
D(v) is the probability that on application of an external voltage V,, the voltage across a
small region of fixed size and orientation inside the sample is v. If the sample is uniform,
the field everywhere inside sample would be the same and D(v) would have a simple delta
function form, but D(v) broadens in the presence of disorder. If we can determine the
local field distribution function, D(v) then we have obtained all possible information about

local electric field fluctuations. We usually cannot determine D(v) but we can often

obtain information about the moments of v. The #nth moment of v is defined[2]

(v)=YvD(y). (3.2.1)

In a bond percolation model the capacitance may be related to D(v) as[3]
2xEnergy = CV; = N [c,v’ D(v)v, (32.2)

where C is the effective capacitance of the system, V, is the applied voltage, c, is the

capacitance of an insulating bond, v is the voltage across a bond and ¥ is the total number
of bonds in the lattice. In models where c, is a constant, C may be found from
C=Ne, (V')V} (3.2.3)

Thus the effective capacitance is related to the second moment of D(v).

On the other hand from Eq.(3.2.1) the maximum bond voltage in a system may be
written,
Ve ~ lim (V)" (3.2.4)

We call (v“') the extreme moment.

Ym
m—» ©

In terms of v, Eq.(2.2.5) can be rewritten as
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Fig.3.1: The capacitance ratio C(0)/C(f), (O and A) and the dielectric breakdown field
ratio E,(f)/E,(f), (+). (a) The results calculated using the square lattice dielectric
breakdown model. Each point is an average over at least 50 configurations of 100 x 100
lattices[3]. (b) Experimental results on samples of paraffin wax containing stainless steel
balls(CJ) and copper particles(A). The full curves are a guide to the eye.
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E,(f)/E+(0) ~ E,, (0)/ E., (/)
~Vo J(LV ) - (3.2.5)
From the Eqs.(3.2.2) through (3.2.5) the dielectric constant is related to the second
moment of the local electric field and the dielectric breakdown field is related to the very
high moment of the local electric field.

One of the possible technological applications of these measurements concerns the non
destructive testing of a component for dielectric breakdown by measuring capacitance.
Since the capacitance and dielectric breakdown depend on different moment of the local
field distribution, the dependence on particle concentration will be different. Once the
results of Fig.3.1 are established, then for a given sample size a measurement of the

capacitance can be used to predict what the corresponding breakdown voltage would be.

3.3 Statistics

The statistics applicable to a given series of measurements depends on the moments
associated with the measurement. Capacitance depends on the low moments of the local
field distribution. For such a quantity sample to sample variability obeys the central limit
form[2]. The central limit theorem tells us that if we have a large number of experiments
which measure some random variable, X, then the probability distribution of the average of
all the measurements approaches a Gaussian regardless of the form of the distribution for
Xitself. Hence in the case of the dielectric constant

P(s,,,):exp(—N[eN —s,,]z/o’), (3.3.1)
where &, is the dielectric constant of a sample of size N, &,, is the dielectric constant of an
infinite sample and ¢ depends on disorder and for example diverges near the percolation
point.

Since the dielectric breakdown field depends on the highest moments of the electric

field, it does not obey the central limit theorem. The statistics of the dielectric breakdown
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field are described by the extreme distributions[3-7]. In extreme statistics the cumulative
distribution is more convenient than the differential distribution. This experimental
distribution is shown in Fig.3.2. C(E) is the probability that a sample will fail when an
electric field E is applied to it. The Weibull distribution is most often used in fitting
breakdown distributions in engineering applications of materials.[8] vIt is given by

C(E) =1-exp(-N(E/E,)"), (332)
where E, and m are constants. This expression for C(E) gives a straight line of gradient
m if In[ - In(1 - C(E))/N] is plotted against In E.

More generally we assume that there are unspecified defects in a sample. The larger
the defect appearing in a sample, the lower the breakdown voltage will be. The failure
statistics is therefore based on the probability of the larger defects occuring i.e., on the
distribution at the extreme or large defects. For an example which does not directly apply
to the pure paraffin samples, we consider the case where steel particles form the defects.
In this case the smallest breakdown voltage is associated with the largest clusters and the
statistical distribution of breakdown voltage will depend on the distribution of clusters at
the large cluster extreme. If the distribution at extreme sizes is exponential one gets the
Gumbel form([9]

C(E) =1-exp(—cN exp(-kE, /E)), (3.3.3)
where ¢ and k& are constants weakly dependent on the steel particle concentration. This
type of statistic gives a straight line on a plot of ln[— In(1-C(E))/N ] against 1/E.

For the purpose of comparison of these statistics 300 pure paraffin discs were tested.
Fig.3.2 shows the cumulative failure distribution. Plots of —ln[— ln(l —C(E)) / N ] against
1/E and In E are shown in Fig.3.3 to test the two statistical forms. It is immediately clear
that neither form fits the whole range of values. The plots are therefore divided into two
regions, high and low breakdown fields. In the low breakdown field region y* values are

0.088 for the Weibull form and 0.129 for the Gumbel form. In the high breakdown field
region y* values are 1.291 for the Weibull form and 0.905 for the Gumbel form. In other
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Fig.3.2: A cumulative probability of failure of paraffin discs against breakdown voltage.



44

n[-In(1-C(E)WN)

<
4 JUTEY FUUTE FUTTE FUTEY FUTEE FETYY FOUTE STURE TR PUe

0.0 0.03 0.05 0.07 0.09 0.11

1E

T T T T T T T T T T T T
F ]
8 3
9 o 3
< e 3
9 3
p— - 3
9 3
— - -4
w 2 F 3
~ [ 3
Q E 3
- - 3
[ F p
I ofF 3
[ o ]
- 9 3
- 3
o 3
E 3
< 3
4 JUTVETTETE FUTUURUUTE FUTTTUUTE SUTTTUT T T U

45 4 -35 -3 25 -2
-n(E)

Fig.3.3: Tests of breakdown statistics. (a) If the modified Gumbel distribution (Eq.(3.3.3))
is correct the data as plotted here should be linear; (b) If the Weibull distribution
(Eq.(3.3.2)) is correct this way of plotting the data should yield a linear relationship. The
full curves are a guide to the eye. The data are from 300 samples of pure paraffin(0.3mm
thick).
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words, Weibull form is more appropriate than Gumbel form in the low breakdown field
region and the converse is true in the high breakdown field region. The separate linear fits
suggest that there are two different kinds of breakdown process. A similar plot has been
presented by Fischer and Nissen for breakdown measurements in polyethylene using a
ramping voltage, and in these data there is also a clear indication of two processes.[10]
They suggest that the higher-gradient Weibull plot at high electric fields was intrinsic
breakdown and the lower-gradient tail was considered to arise from macroscopic
imperfections in the sample and termed technological breakdown.

In our experiments both distribution forms gave very good fits. 300 failures is a large
sample set for this type of test. However, in order to differentiate between the two

statistics at least 1000 failures would be required.[11]
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Chapter 4

Dielectric properties of colloidal suspensions
- Theoretical reviews

4.1 Introduction

Large values of the dielectric constant have been observed with colloidal solutions and
biolc;gical cells at low frequencies[1]. H.P.Schwan and co-workers reported very large
dielectric constants of polystyrene spheres (size ~ .1um) suspended in KCI solution[2].
The dielectric constant they observed is about 1000 at frequencies below 1KHz (See
Fig.4.1). This is remarkable since the dielectric constant of KCl solution is about 80 and
that of the dry polystyrene is about 3.

There has been a lot of theoretical attempts to explain the dielectric properties of
colloidal suspensions[3-9]. There are two starting points for the theoretical description
since they occupy an intermediate position between true solutions and coarse disperse
systems. The first one is to extend the theories of homogeneous mixtures and solutions
and the second is to extend the macroscopic theories on the polarization of the interface

between two media. Two theories are reviewed and discussed.
4.2 Complex permittivity

It is customary to express the dielectric properties of materials in terms of the complex

permittivity which is defined by

47
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Fig.4.1 : Real (¢') and imaginary (¢") parts of the complex dielectric constant of a
suspension of polystyrene particles as a function of frequency: particle diameter 0.188um,

particle concentration 30%.
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e =¢'-ig", 4.2.1)
where €' and &” are the real and imaginary part of the permittivity, and i=+/~1. The
electrical behavior of a material may be expressed in terms of the admittance Y, i.e.,

Y=G+ioC, 422)
where G and C are the conductance and the capacitance. For a plane parallel capacitor

with a dielectric material the conductance and the capacitance are given by

A A A
G=c—andC=¢gc —=¢e—, 423

where A is the area of the electrodes and d is their separation, o is the conductivity and
€, and €_ are the permittivity of the free space and the relative permittivity respectively.
Therefore for a unit cube Eq.(4.2.2) becomes

Y =c+ioe. (4.24)
The complex permittivity and the unit admittance are related by

Y =ioe’. (4.2.5)
Comparing of Eqs.(4.2.4) and (4.2.5) gives that the following relations hold,

e =¢, (4.2.6)

g"=o/o. 4.2.7)

The quantity €” is called the dielectric loss since it is associated with the energy loss
during the relaxation process. Many polarization processes are characterized by a finite
relaxation time. At sufficiently high frequencies, when the period of the field is
commensurable with the relaxation time, the phase shift between the polarization and the

field becomes perceptible and manifests itself in dielectric loss.

4.2a Debye Equations

The Debye theory is concerned with a gas of non interacting permanent dipoles. An

applied electric field tends to aline them. At the same time thermal motion acts to restore
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the original disorder. In the absence of an external field a group of independent permanent
dipoles in a liquid or solid are distributed randomly in angle. When they are subject to an
external field each dipole rotates to line up in the direction of the field. They will be
completely polarized after a long time. As soon as the field is turned off the polarization
decays exponentially as the angular distribution becomes random, i.e.,

P=Pe™", (4.2.8)
where t is called the relaxation time and is independent of time. From this assumption the

dielectric constant of the substance can be derived as[10]

. €, —€
e (0)=¢, +—=. 429
( ) l1+iot ( )
Separating the real and imaginary parts we find
€,—¢€
'=e,t 7, 42.10a
RS ( )
- T
e” =£e‘—e%),1. (4.2.10b)
l+o't

where €, and €, are the dielectric constants at very low frequency and high frequency,
respectively. These equations are called Debye equations since they were established by
Debye and subsequently have been applied to many substances. Their behavior is very
similar to that illustrated in Fig.4.1 though the mechanism behind the Schwan et al.

measurements of Fig.4.1 may be quite different.

4.3 Maxwell-Wagner theory

The dielectric dispersion observed in heterogeneous systems was explained by
Maxwell from the point of impedance theory[11]. The basis of this model is illustrated in
Fig. 4.2(a) which depicts a parallel plate capacitor filled by layers of two materials a and b.

€, and €, are the real part of the dielectric constants of material a and b, k, and k, are
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(b)

Fig.4.2 : (a) The model of a binary heterogeneous system. (b) The equivalent circuit of the

system.
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their respective conductivities and f is the volume fraction of the material b. The total

impedance of the equivalent circuit (Fig.4.2(b)) is
1 1 1

= + . 431
G+iaC G, +ioC, G,+ioC, ( )
Substituting Eqs.(4.2.3), (4.2.4) and (4.2.5) into Eq.(4.3.1) gives
1 1 1
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