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Abstract The ac conductivity of silicon—polyester resin
composites is found to be best fitted using the two exponent
phenomenological percolation equation (TEPPE) (formerly
known as the general effective media (GEM) equation).
The results show that, with the actual experimentally
measured components’ electrical properties as input, the
TEPPE can be used to model and fit the composites’
complex conductivity data. The paper also highlights the
importance of using several representations of the immit-
tance spectroscopy data in order to correctly identify the
various contributions, for instance the modulus plots
clearly show the arcs due to the isolated percolation clus-
ters, below the critical volume fraction.

Introduction

Composite materials have a wide range of technological
applications, ranging from packaging to aerospace.
Therefore, determining their properties and how these re-
late to those of the components and the microstructure is
extremely useful. This enables us not only in understand
and tailor the properties of existing materials but also to
design new materials with a variety of applications.
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The electrical properties of materials are of interest
where it is intended to use these materials for electronic
applications and in some cases, the desired properties are
best obtained from composites. Further, electrical mea-
surements can also be used as a tool for probing the
properties of composites, including some whose intended
applications are not necessarily electronic.

A number of silicon—polyester resin composites were
prepared as described in the first part of the paper. The ac
conductivity of these composites, which had varying vol-
ume fractions of silicon was then investigated. The inves-
tigation of the electrical properties was mainly carried out
at 150 °C, where both the silicon and polyester resin
conductivities were in a range where their properties could
be resolved in impedance and/or modulus plots. At lower
temperatures, the polyester resin was too highly insulating,
while higher temperatures caused permanent changes in the
polyester resin properties and ultimately led to the poly-
ester resin’s decomposition. Samples of the pure polyester
resin were also prepared and their ac conductivity was
measured, for use as fixed input when fitting the composite
data. The electrical properties of the silicon, at 150 °C
were obtained from fitting the composite data.

The experimental data is then fitted to the two exponent
phenomenological equation (TEPPE). Simulations over a
wide frequency and composition range are used explain all
the qualitative features in the experimental data and the
fitting.

Experimental
Sample preparation

A series of composites consisting of polyester resin and
various volume fractions of high purity silicon powder
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(99.998% silicon), obtained from Goodfellow Cambridge
Limited, were prepared. The powder had an average par-
ticle size of 10 um, measured, by the authors, using a
Malvern particle size analyzer. The polyester resin
(Tradename: Resin 1935) was obtained in the unpolymer-
ized form. A catalyst (Tradename: Butanox M50), to speed
up the polymerization process, was also obtained from the
same source as the polyester resin. Resin 1935, the catalyst
and between 0 and approximately 40 vol.% silicon were
thoroughly mixed by stirring and the mixture was then left
to set. The mixing was carried out until the onset of
gelation of the polyester resin (approximately 10 min).
This prevented the silicon from settling. The highly viscous
resin/silicon mixture was stirred very slowly to minimize
the formation of air bubbles. Disks, 10 mm thick and
22 mm in diameter, were cast in teflon molds. The upper
limit to the amount of silicon that could be loaded into the
polyester resin was that for which the polyester resin could
still bind together to make a stable compact, without
external pressure. The specimens were left in the molds for
36 h to ensure that the polymerization process had con-
tinued to completion, as per the supplier’s instructions. The
compacts obtained were able to fully retain their shape
when removed from the molds. Specimens from the molds
were then ‘“ matured’” in a dry environment for 7 days,
after which they were annealed, in air, at 160 °C for 12 h.
The above procedure ensured that the samples’ electrical
properties were stable for the duration of the ac conduc-
tivity measurements at 150 °C. After annealing, the initial
10 mm thick disks were sliced into 3 mm thick specimens,
for the measurements, using a diamond wafering blade. A
list of the compositions of the silicon—polyester resin
composites produced and the names used to refer to them is
given in Table 1.

The distribution of the silicon in the silicon—polyester
resin composites was analyzed using a Carl Zeiss Axiotech
optical microscope. Specimens for optical microscopy,
were polished with (100 and 200) grit silicon carbide paper
and finished off with a polishing cloth and 1 pm alumina
paste. This procedure gave a shiny polished surface.

Colloidal silver (Electrodag 1415, Acheson Industries)
was applied onto the sample surfaces to form parallel plate
capacitor specimens, for the electrical measurements. After
the maturation and heat treatment, described above, the
polyester resin was found not to readily dissolve in the
solvent in which the colloidal silver was suspended (amyl-
acetate). In spite of this, the solvent was evaporated rap-
idly, using a 60 W incandescent bulb as a heat source, to
ensure that there was as little contact time as possible with
the sample surface. After drying, the continuity of each
electrode was tested by checking that the resistance be-
tween any two extreme points was less the 1 Q on a
Wavetek (DM28XT) resistance meter. Where electrodes
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did not meet this specification, they were polished off using
200 grit silicon carbide paper and reapplied. The samples,
ready for measurement, were stored in a dry environment.

Impedance measurements

Ac conductivity measurements were carried out using a
Novocontrol Broadband Dielectric Converter (BDC) in
combination with a Solartron SI1260 Impedance/Gain-
Phase Analyzer. The BDC + Solartron combination has an
impedance measurement range of 10 Q to 200 TQ at fre-
quencies ranging from 10 yHz to 10 MHz and a tan(d)
resolution < 0.1 mrad [1]. A sample excitation voltage of
1.5 V was used.

The investigation of the electrical properties was mainly
carried out at 150 °C, where both the silicon and polyester
resin conductivities were in a range where the contributions
of the components could be resolved in the impedance and/
or modulus plots. At lower temperatures, the polyester
resin was very highly insulating, while higher temperatures
caused permanent changes in the polyester resin properties
and ultimately led to the polyester resin’s decomposition.
The sample temperature was monitored and controlled to
+0.1 °C by a LakeShore DRC93-CA controller. This con-
troller received input from the PT100 platinum resistance
thermometer mounted on the sample stage of a temperature
controlled furnace [2]. Samples were maintained in a rotary
pump vacuum of ~10 mTorr to minimize atmosphere in-
duced variations in the properties.

To enable easy comparison of data from samples of
different sizes, Z’, Z” and the term impedance will be used
to describe the specific impedance, i.e., the impedance
independent of the sample geometric factor. The specific
impedance (Z', in Q m) is related to the directly measured
sample impedance (Z,, in Q) by Z* = GZ.. The sample
geometric factor is G (= A/L), where A is the sample cross-
sectional area and L is the sample thickness. Other repre-
sentations of ac impedance data are used in this work and
these are related to the specific impedance by:

Modulus: M* = iwepZ”, (1)
Conductivity: ¢* = Z*7!, (2)
Dielectric constant: € = (iwep) ' Z*7!, (3)

where (= 8.85 x 107'?F/m) is the permittivity of free
space.

Ac conductivity measurements generate a large amount
of data which can be represented and analyzed in a variety
of ways. To aid the process, a number of procedures were
developed for automated data handling and implemented as
Mathematica notebooks and packages [2].
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Table 1 The compositions of the silicon—polyester resin samples
prepared

Sample Proposed silicon Measured silicon Calculated silicon

name content (vol.%) content (wt.%) content (vol.%)
PSO 0 0 0
PS4 4 8.3 4.1
PS5 5 9.3 4.7
PS8 8 17.6 9.3
PS12 12 22.3 12.1
PS16 16 28.9 16.3
PS20 20 353 20.7
PS24 24 41.7 25.5
PS28 28 47.1 29.9
PS32 32 51.8 34.0
PS36 36 53.7 35.7

Results and discussion
Composition and microstructure

Figure 1a and b shows optical micrographs of a silicon—
polyester resin composite containing 16 vol.% silicon at
two different magnifications. It can be seen, in both
micrographs, that the particles of silicon are randomly
dispersed in the polyester resin matrix and that at 16 vol.%,
the silicon grains are quite far apart.

Figure 1c and d shows micrographs of a composite sample
containing 36 vol.% silicon. Again the silicon is seen to
be randomly dispersed within the polyester resin matrix.
At 36 vol.%, the silicon particles, in two-dimensions, are now

Fig. 1 Optical micrographs of a
silicon—polyester resin
composite containing 16 vol.%
silicon, at low magnification (a)
and higher magnification (b)
and of the sample containing
36 vol.% silicon at, low
magnification (c¢) and higher
magnification (d)

much more closely packed and, from the electrical measure-
ments, there is a possibility of silicon—silicon contacts being
formed in three-dimensions.

Figure 2 shows the regions immediately surrounding
silicon grains, at higher magnification. It can be seen that
the presence of the silicon particles causes some distortion
of the polymer matrix. The disturbed regions around the
silicon grains are almost certainly the silicon interfering
with the curing of the polyester resin. This leads to the
region around the grains setting at a different rate from the
bulk of the polyester-resin matrix and the resulting stresses
(strains) give rise to the disturbed region.

The frequency dependence of the electrical properties
of silicon—polyester resin composites

The real dielectric constants and the real conductivities of
various silicon—polyester resin composites (at all measured
frequencies) are shown in Fig. 3. For clarity, the data from
some of the samples investigated have been omitted
from these plots. The omitted data show the same trends as
are observed in the data presented. It will later be shown
that all the samples studied are below the percolation
threshold, ¢..

No notable dispersion is observed in the dielectric
constant of the pure polyester resin on the log scale,
Fig. 3a, even at the lowest frequencies. For each of the
samples containing silicon, the dielectric constant rises
from a high frequency value (~8), through a shoulder at
intermediate frequencies to a low frequency value greater
than 10°. It can also be seen that the dielectric constant at
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Fig. 2 High magnification optical micrograph of a silicon—polyester
resin composite showing the region immediately surrounding the
silicon grains

each frequency point increases as the volume fraction of
the more conducting component (silicon) increases.

In Fig. 3b, going from the highest to the lowest fre-
quencies, it can be seen that the conductivity of the pure
polyester resin follows an unusual power law (oe<w”), as
the slope n is greater than 1, at high frequency, and then
levels off to a flat region at intermediate frequencies. For
the samples containing silicon, a partial shoulder, which
becomes more pronounced with increasing silicon content,
can just be seen at the highest frequencies (log(w) > 6).
Over a limited range of high frequencies the data follows a
power law, dropping to a broader shoulder at intermediate
frequencies. The data also shows a slow decrease at the
lowest frequencies (log(w) < 0).

Figure 4 shows the experimental real dielectric constant
(on a log—linear scale) and the dielectric loss (on a log—log
scale) for the pure polyester resin at log(w) above 0.5. The
dielectric data is well modeled by the Havriliak—-Negami
(HN) expression [3], with two relaxation processes and a
dc conductivity contribution:

(w) =€ —i"

2
., 00 Aek
= —1(—) + E ——————— + €cckls 4
(6060) =1 [(1 + (ia)‘(k)“k)/}k k] ( )
0<a,p<1,

where o is the dc conductivity, k is the number of relax-
ation processes, Ag is the difference in ¢ at very low and at
high frequencies for each relaxation process. The value of
¢ at very high frequencies is &... 74 is the relaxation time, oy
specifies the slope of the low frequency side of the relax-
ation in &’ and f; is the asymmetry parameter for each
process [4].
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Fig. 3 The frequency dependence of the real dielectric constants and
the real conductivities of some silicon—polyester resin composites at
150 °C

For the polyester resin at 150 °C, the best-fit parameters
to the HN equation (Eq. 4), giving the line plotted in Fig. 4
are: oo =1.55%x10%@Q m)™" , o =0.998, o, = 0.499,
p1=0418, p,=0.292, Ag =0.724, Ae; =3.10, ey =
4.97, & 5 =0.177, 1; = 0.00672s and 1, = 6.91 X 107s.
The HN equation and the parameters, together with the
TEPPE, will be used to simulate composite data over a
wider frequency range than experimentally available.

The frequency dependence of the imaginary impedances
and moduli of some of the silicon—polyester resin com-
posites is shown in Fig. 5. For all frequencies above
log(w) = 1, the imaginary impedance, at each frequency
point (Fig. 5a) decreases monotonically with increasing
silicon content. This trend is to be expected, as the silicon
is the more conducting component. It can also be seen that
the characteristic frequency of the dominant peak in the
composite data (log(w)~2.3), is essentially the same as that
of the pure polyester resin (PSO) at this temperature. For
the partial peak at lower frequencies (log(w) < 1), there is
a non-monotonic trend in —-Z”, with increasing silicon
content.

From Fig. 5b, it can be seen that the peak at low fre-
quencies in the composite M” data is associated with the
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Fig. 4 The measured dielectric constant (a) and the dielectric loss (b)
of the pure polyester resin at 150 °C fitted to Eq. 4. The parameters
for the HN expression are given in the text

same dominant relaxation process as in the impedance
spectra Fig. 5a. A partial peak is observed at high fre-
quencies in the pure resin data. A much more pronounced
high frequency peak is observed in the composite data. As
this peak grows with silicon content it must therefore be
associated with the silicon.

The central peak in the modulus and impedance data of
the pure resin and the composites is clearly due to the
primary relaxation process in the resin. The flat peaks at
low frequencies in the imaginary impedance plot for the
composites, which are not observed in the pure-resin (PS0)
-Z"” plot and in all the imaginary modulus plots, are due
either to interfacial and/or electrode polarization. In poly-
mer composite systems, in addition to the high frequency
process, two important aspects of induced polarization
must be taken into account, at lower frequencies. The first
is electrode polarization which results from the accumu-
lation of ions at the polymer-electrode interface. The sec-
ond aspect is the polarization due to the build-up of charges
at the interface (or in the interphase) between the compo-
nents. This polarization is known as the interfacial, space
charge or Maxwell-Wagner—Sillars relaxation [5, 6].
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Fig. 5 The frequency dependence of the imaginary impedances (a)
and imaginary moduli (b) of composites containing various volume
fractions of silicon, at 150 °C

Electrode and/or interfacial polarization (henceforth
shortened to electrode/interfacial polarization) leads to an
additional low frequency peak in the —Z” plot but not in the
M” plot as they make a negligible contribution to the
complex modulus (Moynihan et al. [7] and the references
therein). From the results, the interfacial polarization is
probably dominant, because the contribution of the inter-
facial/electrode effects to the impedance is increasing with
the increasing silicon content (larger low frequency arc).
Note that electrode/interfacial polarization has not been
included in the fitting and simulations discussed later in
this paper. The peaks seen at high frequencies in the
dielectric modulus data indicate the presence of a compo-
nent that is more conducting then the polyester resin.

Figure 6 shows the experimental complex impedance
plane plots of the data for the samples PSO, PS5, PS20 and
PS36. Only one arc, due to the polyester resin is observed
for the pure polyester resin (Fig. 6a). Two arcs are ob-
served in the complex impedance plane plots of the data for
the composite samples PS5, PS20 and PS36 (Fig. 6b—d).
One is due to the polyester resin matrix (high frequency)
and the other due to electrode/interfacial polarization (low
frequency).
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Fig. 6 Complex impedance plane plots of the data for the pure
polyester resin and of composites containing various volume fractions
of silicon. Key values of log(w) are indicated in the plots

Figure 7 shows the complex modulus plane plots of the
data for the samples PSO, PS5, PS20 and PS36. The
modulus plot of the data for PSO (Fig. 7a) shows one
dominant arc and a small feature at high frequencies, which
must be due to the secondary relaxation process in the
polyester resin. A discussion on the mechanisms for the
relaxation processes in polyester can be found in McCrum
et al. [8]. For the composite sample PS5 (Fig. 7b), the
complex modulus plane plot shows one complete arc and a
partial arc at high frequency. This arc is more prominent
than the feature at high frequencies in the data for PSO.

The complex modulus plane representations of the data
for the samples PS20 and PS36 are shown in Fig. 7c and d.
Two arcs are clearly observed in each of the data repre-
sentations. Again the arcs in the complex modulus plane
plots are attributed to the polyester resin (low frequency)
and the silicon contribution (high frequency).
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Fig. 7 Complex modulus plane plots of the data for the pure
polyester resin and of composites containing various volume fractions
of silicon. Key values of log(w) are indicated in the plots

It will be shown below that the arcs at high frequencies
in the modulus data of the composites, which are more
prominent than the high frequency feature in the pure resin
(PSO) data, are primarily due to the presence of a highly
conducting component, the silicon. The presence of this
conducting component leads to a high frequency feature in
the data for the composites, which will later be shown to be
percolation clusters, with a characteristic frequency similar
to that of the secondary relaxation process in the pure resin.

The temperature dependence of the impedance and
modulus of a silicon—polyester resin composite

The onset temperatures of the various processes contrib-
uting to the measured electrical properties of the polyester
resin and the composites were investigated. Figure 8 shows
the frequency dependence of —Z” and M” of the pure
polyester resin at various temperatures. At all temperatures,
only one peak is observed in the —Z” (Fig. 8a). It can be
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Fig. 8 The frequency dependence of the imaginary impedance and
the imaginary modulus of the pure polyester resin at 100 °C, 125 °C
and 150 °C

seen in the M” plot, Fig. 8b, that again there are two
contributions to the modulus spectra. At 100 °C, the flat
peak due to the high frequency relaxation process in the
resin is well within the measured frequency range (max at
log(w)~24.5) but above 125 °C the peak moves beyond
log(w) = 7.

Figure 9 shows the frequency dependence of —Z” and
M” for the composite sample PS20 at various tempera-
tures. At 75 °C, no peak is observed in the —-Z” plot,
Fig. 8a. At 100 °C, one peak is observed at low frequencies
while at 125 °C and at 150 °C, one complete and another
partial low frequency peak are observed. The higher fre-
quency peak is attributed to the polyester resin while and
the other to electrode/interfacial polarization. The onset
frequency at which electrode/interface polarization affects
the experimental impedance is seen to increase with
increasing temperature and sample conductivity. It can be
seen in the M” plot, Fig. 9b, that there are again two
contributions to the modulus spectra. At all temperatures,
except 75 °C, the peaks of both contributions are within the
measurement range. This is unlike for the pure resin
(Fig. 8b) where the peak of the high frequency contribution
was beyond the range of the measurements for 7 > 125 °C.
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Fig. 9 The frequency dependence of the imaginary impedance and
the imaginary modulus of the composite sample PS20 at 75, 100, 125
and 150 °C

Again, the measurable high frequency contributions in the
modulus spectra of the silicon rich composites must be
attributed to the conductivity of the silicon.

Microstructure and the modeling of the electrical
properties

Three models were considered for fitting the ac conduc-
tivity data of the composites. These are the Effective Media
Maxwell-Wagner (MW) equation and Brick-Layer model
(BLM), as well as the two exponent phenomenological
percolation equation (TEPPE).

The Maxwell-Wagner equation is [9, 10]:

Om — O]
Om + 2Gl

Oh — 01

—¢ =0, (5)

on+20

where oy, is the complex conductivity of the more
conducting component and ¢y that of the less conducting
(insulating) component. ¢ is the volume fraction of the
more conducting component. This equation can also be
written in terms of the complex permittivities (¢°) or
moduli (M"). The Brick-Layer model equation [11] can be
written as [2]:
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o1(on + (01 — o) d)l 5y (o1 — 01)) Figure 10 shows the dielectric constants and the con-
Om = . (6) ductivities of several silicon—polyester resin composites

on + (01 — an)p'/>

The microstructure described by the Maxwell-Wagner
equation is discussed in detail in the review articles by
McLachlan [9, 10] and that of the Brick-Layer model is
described by Hwang et al. [11].

It was not possible to obtain satisfactory and consistent
fitting results for the ac conductivity data of the silicon—
polyester resin composites using either the Maxwell—
Wagner equation or the Brick-Layer model, with the sep-
arately measured properties of the polyester resin and the
actual volume fractions of silicon used in making the
samples as input data.

Satisfactory and consistent results were obtained by
fitting the data to the TEPPE, which has been applied
successfully to a number of systems mostly for the analysis
of dc conductivity results or single frequency ac data for
varying conducting component volume fractions [12-16].
The TEPPE is:

1/t 1/t
0, —om Jh/—am/

all/s—i—Aa,]n/S ali/t—i—Aa,]n/t_

(1-¢) 0, (7)

where s and ¢ are exponents and A = ¢ /(1-¢.). @. is the
critical threshold for percolation. The TEPPE is applicable
for finite values of the complex conductivities of both the
more conducting and the insulating component. In order to
determine both the percolation exponents, data must be
available above and below the percolation threshold.

However, for the present system, where only samples
with ¢ < ¢, could be produced, the simplification, s = , is
used. This simplification is justifiable as the properties of a
composite whose conductivity is described by Eq. 7 are
dominated by the single exponent s [10] below ¢..

Some of the results obtained from fitting the data are
presented and discussed below. The following restrictions
were imposed on the fitting:

— As mentioned above, the electrical properties of the
polyester resin and the silicon volume fraction were
fixed, at the separately measured values.

— The data from all the samples was fitted with common
values for all the variable parameters. These are the
exponent s, the percolation threshold ¢, and the complex
conductivity of the more conducting component, the
silicon.

— Since no straight forward model, or experimental results,
could be found for the complex conductivity of the
silicon powder at 150 °C, it was assumed that its
properties were dispersionless and described by the
expression on(®) = an(0) + iwegen(0).
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and the best fits to the experimental data obtained using the
TEPPE with the separately measured electrical properties
of the polyester resin and the measured silicon volume
fractions as fixed input. @., 0,(0), &,(0) and s(= 7) were the
variable parameters. The best-fitting parameter values,
obtained from fitting the complex conductivity data from
all the composite samples are ¢,(0) = 3.50 X 1074Q m)™!,
en(0) = 18, . = 0.56 and s = ¢ = 1.73. With the exception
of the sample with the highest silicon content (PS36), there
is satisfactory agreement between the experimental and the
calculated conductivities, at all but the lowest frequencies.
There is also semi-quantitative agreement between the
measured and the experimental dielectric constants.

Figures 11 and 12 show the complex impedance and
modulus plane plots of the experimental data for the
samples featured in Fig. 10 and the best-fitting results ob-
tained using the TEPPE. While the fits to the impedance
plots are satisfactory, with the possible exception of the
sample with the highest silicon content (PS36), there is
very good agreement between the model and the experi-
mental data for the modulus plots. Even for sample PS36,
there is qualitative agreement between the model and the
data. The discrepancies between the measured and the
calculated values at low frequencies could be due to too
simple a model for the dispersive properties of the silicon
and/or the onset of the low frequency interfacial or elec-
trode effects.

Figure 13 shows the ‘‘dc’” conductivities extracted
from complex impedance plane plots (shown as circles), a
simulation curve calculated using the TEPPE (continuous
line) and simulation curves calculated using the Maxwell
Wagner and the Brick-Layer models (dashed and dotted
line respectively). The parameters for the TEPPE simu-
lation, obtained from fitting the complex conductivity
data, were (gu(0) =3.50 x 10°*%Q m)™", ¢. =0.56 (or
56%) and s =t = 1.73). Note the relatively high value of
the percolation threshold (¢.). Composites where the
insulator coats the conducting component tend to have ¢,
values above the value of 0.16 which is for equal sized
spheres [10, 15, 17].

The extrapolated value ¢,(0) = 1.54 x 1073Q m)™" was
used for the conductivity of the pure polyester resin. The
experimental ‘‘dc’’ conductivities of the samples
(extracted from the intercepts of the complex impedance
plane plots with the real impedance axes) are in good
agreement with the values calculated using the TEPPE,
confirming the self consistency of the results of fitting the
ac data. The simulations with the Maxwell-Wagner and
Brick-Layer models were calculated using the same con-
ductivity parameters as for the TEPPE simulation. It can
clearly be seen that only the TEPPE simulation closely
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Fig. 10 The experimental
values (circles) of the dielectric
constant (a, ¢, e, g) and the
conductivity (b, d, f, h) of four
silicon—polyester resin
composites and the results
obtained from fitting the data to
the TEPPE (lines) plotted as
functions of log(m)

Fig. 11 Complex impedance
and complex modulus plane
plots of the experimental data
(circles) and the best fit to the
TEPPE (squares), for the
samples PS5 and PS16. Key
values of log(w) are indicated in
the plots
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approximates the experimental data. Attempting to directly
fit the “‘dc’’ data to the MW and BLM models, with var-
iable ¢,(0) and 6,(0), did not yield any fit better than those
shown in Fig. 13. This confirms that the silicon—polyester
resin system is a percolation system as it cannot be fitted to
the effective medium (MW) or Brick-Layer model.

Figure 14 shows the dielectric loss measured for a
number of composites containing tellurium (Te), silicon
(Si) and germanium (Ge), made by the authors. It can
clearly be seen that while the addition of each of the
powders, with different conductivities, to the pure polyes-
ter resin causes an increase in the dielectric loss, a clear
peak at high frequencies (arrow) is only observed for the
samples containing silicon. This further supports the con-
clusion that the high frequency peak is due specifically to
the conductivity of the silicon.
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1 Ter :
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Fig. 13 The volume fraction dependence of the dc conductivity
extracted from the complex impedance plane plots and simulations
calculated using the TEPPE, BLM and MW equation. The parameter
values used for the simulations are given in the text
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The contributions to the measured properties of the
silicon—polyester resin composites can be further under-
stood by looking at the results of simulations calculated
using the HN equation and the TEPPE. Figures 15 and 16
show the normalized imaginary impedances and moduli
calculated using Eqs. 4 and 7 with s = ¢, for composites
with a wider range of ¢ than could be explored experi-
mentally. The use of the HN equation, with the parameters
obtained from fitting the experimental polyester resin data,
allows the simulation to be extended to frequencies beyond
the range of the measurements. The conducting component
properties are simulated using the best values which were
obtained from fitting of the experimental composites’ data
as previously described. Note that in order to highlight
particular features, while keeping the figures uncluttered,
data for some ¢ values is shown in the modulus and not the
impedance representation and vice versa. For lower ¢ the
same values as obtained experimentally have been chosen
for the simulations.

Figure 15 shows that the simulated sample imaginary
impedance is dominated by the insulating component until
@.. Well above ¢, the impedance of the material is
dominated by ‘‘percolation clusters,”” whose characteristic
frequencies (—Z” peaks) are different from those of the
pure insulating and conducting components [18]. Close to
@., the impedance of the percolation clusters is still
somewhat dominated by the insulating component but by
@ = 0.8, the impedance is dominated by the conducting
component.

Figure 16 shows that even at very low ¢ values, the
presence of the conducting component has a clearly
observable effect on the modulus of the composite. For
0 < ¢ < @, two arcs, one associated with the pure insu-
lator (and therefore having the same characteristic fre-
quency, modulus peak) and the other with the ‘‘percolation
clusters,”” are observed. For ¢ > ¢. a single peak is
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Fig. 14 The frequency dependence of the dielectric losses for various
(polyester resin + 12%x) composites at 150 °C
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Fig. 15 The frequency dependence of the normalized imaginary
impedance data, for the pure polyester resin (PS0) and for composite
simulations, with a wide range of conducting component volume
fractions (¢), calculated using the HN equation and the TEPPE. Note
that the ¢ = 0 or pure HN simulation is labeled ‘“HN’’. Note that the
@ < @ curves (i.e. ¢ = 0.047 and ¢ = 0.357) are hidden under the
solid curve obtained using the HN equation over the entire frequency
range

observed. Note that the modulus peaks associated with the
“‘percolation clusters,”” lie at slightly lower frequencies
than the conducting component peak. For composites
where the ratio of the conductivities of the components is
higher than that in the current simulations by an order of
magnitude or more, the percolation clusters and the com-
ponents have clearly distinct characteristic frequencies and
can therefore readily distinguished [18].
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Fig. 16 The frequency dependence of the normalized imaginary
modulus data, for the pure polyester resin (PSO) and for composite
simulations, with a wide range of conducting component volume
fractions (¢), calculated using the HN equation and the TEPPE. Note
that the ¢ = 0 or pure HN simulation is labeled ‘‘HN’’

Conclusions

In the current paper, the electrical properties of silicon—
polyester resin composites have been discussed. In addition
to the dominant effects of the polyester resin matrix, two
distinct contributions are observed in the modulus and
impedance data of the composites. These are attributed to
electrode/interfacial effects (low frequency —Z”) and per-
colation effects (high frequency primarily in M”). These
contributions can only be resolved and clearly identified by
using both the impedance and modulus representations of
the data. The paper clearly illustrates the importance of
using various representations of the immittance spectros-
copy data in order to correctly identify the contributions of
the components to the measured properties of composites.
As it is a percolation system, it can only be satisfactorily
fitted to the two exponent phenomenological percolation
equation (TEPPE). This model fits the data consistently,
using the experimentally measured properties of the poly-
ester resin as well as volume fractions of the silicon as
fixed input.
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