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ABSTRACT: Prelocalized Acrylonitrile Butadiene Sty-
rene/graphite composites were prepared by hot compres-
sion molding technique. The increased conductivity with
increase of graphite content exhibits percolation phenom-
enon. The current–voltage characteristics are found to
change from nonlinear to linear above the percolation
threshold. A positive temperature coefficient of resistance
is observed in these composites, and this effect is more
pronounced in samples having graphite concentration near
percolation threshold. The dielectric constant was found to

increase slowly up to the percolation concentration and
beyond it a sudden increase in its value is observed. The
dissipation factor exhibits maxima in the vicinity of perco-
lation threshold. The dielectric properties are discussed in
terms of the interfacial Maxwell-Wagner effects. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 106: 2101–2110, 2007
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INTRODUCTION

Filled electro-conducting polymer composites are
suitable for a number of applications such as electro-
magnetic interference shielding in electronic devices,
e.g., housings of computers and cellular phones,
temperature and current sensor devices,1,2 current
limiting devices in circuit protection,3–6 antistatic
materials (chemicals which provide a conductive
coating on a polymer surface so that static charges
can be leaked off), self-regulating heaters, etc.7,8 One
of the main areas of technical interest is to achieve
conductivity at a relatively low filler concentration,
as higher filler loadings tend to deteriorate the me-
chanical properties of the composites. The most pop-
ular method of predicting the properties of compo-
sites is the percolation theory.9 It is based on the
concept that an abrupt change in the properties will
occur when the conducting phase makes a chain
from one side to the other of the matrix polymer.
The volume fraction at which this occurs is called

the percolation threshold. The percolation theory
predicts a conductivity dependence of the form:

s ¼ s0ðnf � nfcÞt (1)

where mf is volume fraction of the conducting spe-
cies, mfc is the percolation threshold, i.e., the volume
fraction below which the conductivity falls to a very
small value, r0 is the conductivity of the conducting
species, and t is an exponent determining the power
of electrical conductivity increase above mfc.

This article reports the change in conductivity of
prelocalized graphite (Gr) filled Acrylonitrile Butadi-
ene Styrene (ABS) composite as a function of graph-
ite content. The data obtained are analyzed in terms
of the percolation theory. The variation of resistivity
with temperature for samples having different
graphite contents has been studied to explore the
possibility of utilizing these composites for making
temperature-sensing devices. The current–voltage (I-
V) characteristics are studied for understanding the
conduction mechanism in these composites. The var-
iation of dielectric constant, the dissipation factor,
and the loss factor with the frequency of the meas-
uring field as well as graphite content is also studied
at ambient temperature to examine the effect of per-
colation on these parameters. The dielectric behavior
of filled conducting composites is subject to interfa-
cial polarization for heterogeneous systems when
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one of the components of the composite has a higher
electrical resistivity as compared with the other.10

This is also popularly known as Maxwell Wagner
Effect. Over the years, a number of theoretical and
empirical relations11 for predicting the dielectric con-
stant has been proposed but most of these fit better
for dilute composites. D-Shore hardness as a func-
tion of graphite content is also measured to evaluate
the mechanical strength of ABS/Gr composites

EXPERIMENTAL

The matrix polymer used in this work is a commer-
cial grade (920) natural ABS resin manufactured by
Lanxess ABS, Vadodara, Gujrat, India, supplied in
the form of granules. A thermoplastic ABS matrix
was selected because of its strength, durability, and
relatively easier processibility. ABS is an amorphous,
phase-separated polymer. Some of the properties of
this resin are listed in Table I.

The electrical conducting filler is natural flake
graphite supplied by Graphite India, Banglore, India.
The scanning electron micrograph (SEM) of the
graphite powder is shown in Figure 1. The graphite
particles are flaky with particle size ranging from 10
to 20 lm. Some properties of graphite are given in
Table II.

The ABS granules were grinded to obtain finer
particles (212–250 lm) using Aurther H. Thomas
type Willey Grinder. The polymer and filler powders
were tumble mixed thoroughly for 8 h in a glass
beaker with the help of a magnetic stirrer. During
this process, because of their sticky nature, the
graphite particles get coated on to the surfaces of
ABS particles. This process is referred to as prelocali-
zation of the conductive phase. Prolong mixing
improves the homogeneity of the spatial distribution
of the conductive particles and their more uniform
coating on polymer particles resulting in a low per-
colation threshold. The graphite coated ABS particles
were compacted by compression molding at 908C
under a pressure of 105 MPa using a hydraulic press
(Shimadzu Corp. Kyoto, Japan) having ram diameter

42.7 mm and mounted with a pressure gauge in a
piston-cylinder assembly. The temperature and pres-
sure were maintained for 15 min. All the prepared
samples were then baked at 1008C, under 35 MPa
pressure for 15 min.

To ensure uniform heating during sample prepara-
tion a hollow cylindrical heating filament was
designed. A cleavage on the cylindrical surface was
given and two screws were provided onto the two
sets of clamps protruding from the surface of the
metallic housing of the filament in the vicinity of the
cleavage. These two screws helped in fixing or
removing the heating filament, on or from the pres-
sure cell. A small hole was provided in the molders
as well as filament holder for inserting the thermo-
couple.

Three series of specimens of ABS/Gr conductive
composites with different contents of graphite were
prepared. Disk shaped specimens of diameter � 1 cm
and thickness ranging from 0.3 to 0.6 cm were pre-
pared. The surfaces of the specimens were polished
with emery paper to remove the polymer-rich sur-
face layer and to eliminate surface irregularities. All
of the specimens were sealed in air free polyethylene
bags prior to testing to avoid atmospheric and hu-
midity effects that may induce some changes in the
surface conductivity of the samples. Both surfaces of
the sample were painted with conductive silver
paint. The copper electrodes were bonded to sam-
ples with conductive silver paint.

The resistance of the samples having different
graphite contents was measured at room tempera-
ture using digital multimeter when the resistance
was less than 200 MO. For higher resistances a
picoammeter was used. The dc conductivity of the
samples was then calculated using the relation:

s ¼ d

RA
(2)

TABLE I
Properties of Acrylonitrile Butadiene Styrene (ABS)

Property Value

Color Milky white
Density (g/cm3) 1.12
Melt flow (g/10 min) 4.5
Hardness, Shore D 85
Electrical resistivity
(at room temperature, RT) (Ohm-cm) 1.849 3 1011

Dielectric constant (at 100 kHz, RT) 2.96
Dissipation factor (at 100 kHz, RT) 0.00652
Glass transition temperature (8C) 107–115

Figure 1 SEM image of the graphite powder.
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where ‘‘A’’ is cross-sectional area and ‘‘d’’ is the
thickness of the sample. The resistivity (q) of the
samples was then determined according to the rela-
tion: q 5 1/r. The resistivity as a function of compo-
sition has been studied.

The current–voltage studies were conducted with
a Keithley Sourcemeter 2400 attached to a computer
to access and store data directly. A dc excitation
with in the voltage range of 0–50 V was applied to
the samples at room temperature.

To explore the possibility of utilizing the compos-
ite material for temperature sensor, the effect of tem-
perature on resistivity was studied. For study of pos-
itive temperature coefficient of resistivity (PTCR)
phenomenon, sample holder made of brass having
large thermal capacity and a proper arrangement for
holding sample as well as thermocouple has been
used. The wired samples were placed in the sample
holder having proper arrangement for thermal insu-
lation. A Cr/Al thermocouple connected to a digital
temperature indicator (Autonix, PP-35) was placed
in direct contact with the samples to measure the
temperature. A heating rate of 28C/min was main-
tained to give enough time to the sample to absorb
heat from the surroundings.

The permittivity (e0) and dielectric loss (e00) of the
samples were determined at frequencies ranging
from 10 kHz to 10 MHz using a Hewlet Packard Im-
pedance Analyzer (model No. 4294). The capacitance
(C) and the loss tangent (tan d) were measured
directly. e0 and e00 were calculated using the expres-
sions:

e0 ¼ Cd

e0A
(3)

e00 ¼ e0 tan d (4)

where e0 is the permittivity of the free space.
All the measurements were done perpendicular to

the flat faces of the samples under ambient condi-
tions. Scientico Hardness tester (Durometer, model
No. SRHT-501D) conforming to ASTM 1706-61 and
D 676-59T specifications is used to determine the
hardness of the samples.

RESULTS AND DISCUSSION

The conductivity versus composition—The
power law

Figure 2 shows the variation of conductivity as a
function of graphite volume fraction. At the onset of
percolation the conductivity increases of nearly eight
orders of magnitude is observed within a narrow
range of graphite concentration.

Equation (1) can be rewritten as

logs ¼ logs0 þ t log
�
nf � nfc

�
(5)

Figure 3 shows the relationship between log r and
log (mf 2 mfc) for the ABS/Gr composite system. Lin-
ear relationship between log r and log (mf 2 mfc) is
observed. The best linear fit has been obtained for
mfc 5 0.0252 which is in good agreement with the ex-
perimental value of 0.029. The small difference in
the two values may be attributed to the limitation to
take a finite number of experimental points. The val-
ues of critical exponent t and r0 as calculated from
the slope and intercept are found to be 3.37 and 1.35
3 104 S/cm, respectively. The value of r0 is close to
the value of the conductivity of the filler graphite
(1.33 3 104 S/cm). According to Kirkpatrick9 the
value of t is 1.5 6 0.2 while Straley12 found t to be
equal to 1.75 6 0.1 for a 3D system. However, Wang
and Rubner13 have reported a value of t 5 3.2 for
their system.

I-V characteristics

The nonlinear current–voltage behavior is one of the
electrical characteristics for most of the conducting
polymer composite materials. The I-V characteristics
of most filled polymers satisfy the following equa-
tion:

TABLE II
Properties of Graphite

Property Value

Density (gm/cm3) 1.75
Color Black
Modulus of elasticity (Young’s modulus) (GPa) 4.8
Max. use temperature (inert atmosphere) (8C) 3600
Electrical resistivity (at RT) (Ohm-cm) 7.5 3 1025

Figure 2 Conductivity as a function of graphite volume
fraction.
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I ¼ CVm (6)

where V stands for the applied voltage, I, the corre-
sponding current, C is the conductance and ‘‘m’’ is
the slope of the log I 2 log V plot. Figure 4(a–e)
shows the I-V characteristics of the prelocalized
ABS/Gr composite with different graphite contents.
The variation of ‘‘m’’ with the graphite volume frac-
tion is shown in Figure 4(f). It is clear from the fig-
ures that the I-V behavior of the prelocalized compo-
sites is dependent on graphite content. When m 5 1,
we have the ohmic behavior. The above equation
can be rewritten as

log I ¼ m logV þ logC (7)

The log I 2 log V behavior of the corresponding
samples is shown as inserts in these figures. The
composites with high content of graphite exhibit
value of m close to 1. In the vicinity of the percola-
tion threshold a sharp increase in the value of ‘‘m’’
is observed and its value becomes 1.481 for the sam-
ple having minimum value of graphite volume frac-
tion, i.e., 0.024.

Mamunya et al. and Feng and Chan14,15 in PE/
POM-Fe composites have also observed a decrease
in the value of ‘‘m’’ with the increase of the volume
fraction of the conductive filler. Thus the percolation
threshold may also be assumed as that value of vol-
ume fraction of the filler where the transition from
nonohmic to ohmic current takes place.

Various mechanisms have been proposed to
explain this nonlinear electrical behavior in conduct-
ing polymer composites. The reason of nonlinearity
of the I-V characteristics in the PP-Ni polymer metal

composite according to Chen and Johnson16 is the
creation of strong local electric fields between the
conductive clusters.

Mainly, the following two mechanisms of charge
transport can exist in composites loaded with con-
ducting fillers.

1. Ohmic conductivity through direct contact of
filler particles.

2. Nonohmic conductivity by means barrier tun-
neling between filler particles, which have no
direct contact.

Decrease in interparticle distances as well as the
number of tunneling gaps causes the transition. The
transition of the conduction mechanism from nonoh-
mic to ohmic is thus expected in the percolation
transition. The filler concentration is an important
parameter in determining the network microstruc-
ture in a given composite system. As mf approaches
mfc from below enough particles begin to come closer
decreasing tunneling gaps significantly and a net-
work of conducting channels is formed. Within the
percolation transition region the particle clusters are
joined together in a bond percolation model that
governs the conduction. Polymer layers inevitably
exist between the clusters and when the gaps among
the clusters are small enough, electron tunneling
occurs readily. At sufficiently high filler content, for
mf > mfc agglomeration of the clusters takes place and
an infinite percolation network generates resulting
into ohmic conduction.

The resistivity–temperature study

Figure 5(a–d) shows the resistivity of the ABS/Gr
composite system as a function of temperature. The
resistivity increases with the increase in temperature
for all the four graphite concentrations examined.
These results indicate that the positive temperature
coefficient of resistance (PTCR) is dependent on the
graphite concentration. The ratio (RP/RRT) is found
to be greater than 100 for 2.9 vol % of graphite com-
posite, ranges from 4 to 5 for 3.6 and 4.9 vol % of
graphite composites and is about 2.4 for 7.6 vol % of
graphite composite, where RP and RRT are peak and
room temperature resistivities, respectively. Thus as
the graphite concentration decreases and approaches
mfc from above the PTCR effect increases. Good
reproducibility was found on repeated heating and
cooling cycles although a slight increase in the RT
resistivity value is noticed after every cycle. The
maximum change of resistivity (� 100 times) occurs
for 2.9 vol % of graphite.

When the composite is heated a few degrees
beyond 1308C, the resistivity further nominally
increases but on cooling the resistivity value do not

Figure 3 Log of conductivity as a function of log (mf 2
mfc).
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come down to its initial value. As the temperature
increases a gradual increase in the resistivity is
attributed to the differences in the coefficients of
expansion of the filler and the polymer matrix,
which causes an increase in the interparticle distance
of filler particles. The expansion of the polymer with

temperature causes a decrease in the number of con-
ductive graphite channels. This is because some of
the thin graphite channels may break as the polymer
expands resulting in the reduction of conductive
paths. It is for this reason that a larger PTCR effect
is observed for composite systems having low

Figure 4 Variation of current with voltage for (a) 2.4, (b) 2.9, (c) 3.6, (d) 4.9, (e) 7.6 vol % graphite, and (f) variation of
‘‘m’’ with graphite vol %.
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graphite content, as the dimensions of the conduct-
ing filler paths in these materials are small. Such a
dramatic reduction in the number of conductive
paths would not occur in the high graphite content
composites systems in which the dimensions of the
graphite channels are large. In this case, the polymer
expansion would only decrease the dimensions of
conductive paths but would not break them up. This
observation is reflected in Figure 5(d), which shows
the resistivity as a function of temperature for the
composite material containing 7.6 vol % of graphite.
This plot shows that only a small change in the re-
sistivity is observed beyond Tg of the matrix poly-
mer and that the change is much smaller in compari-
son to the change in the resistivity of the composite
system containing 2.9 vol % of graphite shown in
Figure 5(a). An important observance that can be
made from the present study is that the abrupt
change in the resistivity occurs in the same tempera-
ture range irrespective of the graphite content in the
composite and this temperature range is just above

the glass transition temperature range of the poly-
mer matrix. This effect is more pronounced in sam-
ples having graphite concentration near percolation
threshold.

These results support the theory that amorphous
polymers have two thermal expansion coefficients,
one of them, bg, to be independent of temperature at
T < Tg and second, bl, to be weakly dependent on
temperature at T > Tg and greater than the first.17

The dielectric studies

The total complex permittivity or the complex dielec-
tric constant (e*) can be represented as

e�ðoÞ ¼ e0ðoÞ � ie00ðoÞ (8)

where i 5 H21 and x 5 2pf is angular frequency
of the measuring electric field. The real part of the
relative permittivity, e0, commonly known as the

Figure 5 The resistivity of ABS/Gr composite as a function of temperature with (a) 2.9, (b) 3.6, (c) 4.9, and (d) 7.6 vol %
graphite.
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‘‘dielectric constant’’ is associated with the polariza-
tion or capacitance of the material and the imaginary
part, e00, generally called the ‘‘loss factor’’ or
‘‘dielectric loss’’ is associated with its conductance.
The ratio of the imaginary to the real parts (e00/e0) is
called the dissipation factor, represented by tan d,
where d is the angle between the voltage and the charg-
ing current. This angle d is called the ‘‘loss angle’’.18

Figures 6–8 show the dielectric properties obtained
for ABS/Gr composite systems. The variation of
dielectric constant with filler concentration is pre-
sented in Figure 6(a). The measurements taken at
four different frequencies, i.e., 10 kHz, 100 kHz,
1 MHz, and 10 MHz are shown. At 10 kHz the value
of dielectric constant is 4.89, 5.71, and 31.37 for 2.4,
2.9, and 3.6 vol % of graphite samples, respectively.
Similar behavior is observed for higher frequencies
also. The dielectric constant thus increases moder-
ately up to a point in the vicinity of the percolation
threshold obtained from the resistivity concentration

curves (Fig. 2). Above this point the dielectric con-
stant increases at a much faster rate and exhibit an
abrupt change.19,20 The permittivity increases due to
space charge built up at the interfaces between the
conducting phase and the insulating phase due to
difference in the conductivity of two phases.21 Space
charge polarization occurs when more than one ma-
terial component is present or when segregation
occurs in a material containing incompatible chemi-
cal sequences and when translating charge carriers
become trapped at the interfaces of these heterogene-
ous systems. The electric field distortion caused by
the accumulation of these charges increases the over-
all capacitance of a material, which appears as an
increase in the dielectric constant. In the present
study, also the relative mobility of the charge car-
riers in ABS and graphite results in the carriers
being trapped in the interfaces of separation.

Bergman and Imry22 and Wilkinson et al.,23 by
computer simulation using models based upon ran-

Figure 6 Variation of dielectric constant with (a) graphite content and (b) frequency.

Figure 7 Variation of loss factor with (a) graphite content and (b) frequency.
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dom distributions of resistors and capacitors have
shown that dielectric constant increases which
increase as the percolation threshold is approached
from either side. However, in the present work the
dielectric constant is found to increase with the
increase in filler concentration even after the percola-
tion threshold. In fact above the percolation thresh-
old (i.e., when the samples become conductive) a
rapid increase in the value of the dielectric constant
is observed and beyond this point the data could not
be measured because of the large increase in the
conductivity of the composites. A plausible explana-
tion for this type of behavior may be that as the
graphite content increases the interparticle distances
decrease and local fields created by neighboring par-
ticles enhance the rise in the value of the dielectric
constant. At lower field frequencies this effect is
more pronounced.

Steeman11 derived the following equation for pre-
dicting the dielectric constant of the composite.

ec ¼ em
1þ 2nf
1� nf

� �
(9)

where ec, is the dielectric constant of the composite,
em is the dielectric constant of the unfilled polymer
matrix at a given frequency, and mf is the filler vol-
ume fraction. In Figure 6(a) the data obtained by
using eq. (9) at 10 kHz is also plotted for a compari-
son. The data however show consistency with the
experimental data only for low concentrations of
graphite. As the graphite concentration approaches
threshold concentration, strong deviations are
observed.

Figure 6(b) shows the variation of dielectric
constant with the frequency of the applied field,
ranging from 10 kHz to 10 MHz. The dielectric con-
stant, e0 of the unfilled polymer matrix and of other
samples below the percolation threshold concentra-

tion (2.9 vol %) is found to vary from 2 to 6 and ex-
hibit a moderate decrease with the increase in fre-
quency. For 3.6 vol % of graphite composite, how-
ever, the value of e0 falls from 31.7 to 9.5 when the
frequency increases from 10.7 kHz to approximately
10 MHz. Thus above the percolation threshold a pro-
nounced fall in the value of e0 with increasing fre-
quency is observed. The value of e0 is higher at lower
frequencies, as a consequence of the interfacial Max-
well Wagner Polarization effect between the polymer
and graphite.24 The value of e0 decreases with increas-
ing frequency because the dipoles orient with some
delay thanks to their own relaxation time.25

The variation of loss factor, e00, with composition is
shown in Figure 7(a). At 10 kHz its value increases
from 0.018 to 22.86 as the graphite content increases
from 1.4 to 3.6 vol %. The value of e00 appears to
increase with increasing graphite content in a man-
ner observed with the dielectric constant values of
Figure 6(a), though the change in the losses in the
composites is more dramatic than in their corre-
sponding dielectric constant values. The losses too
thus increase with the increase in graphite concen-
tration within the frequency ranges studied in ac-
cordance with the Maxwell-Wagner polarization
theory. The percolation threshold is clearly discerni-
ble in both e0 and e00 versus graphite concentration
plots. The addition of conductive filler into the poly-
mer beyond critical concentration thus increases the
dielectric constant enormously. However as the com-
posite becomes conductive, the loss factor increases
and the material cannot operate efficiently as a high
dielectric constant material.

Figure 7(b) shows the loss factor, e00, as a function
of frequency for different graphite contents in the
composite. The values of e00 at 10.7 kHz for 2.4, 2.9,
and 3.6 vol % of graphite samples are 0.08, 0.206,
and 22.86, respectively. The corresponding values of
e00 at 10 MHz are 0.15, 0.207, and 1.55. Thus a

Figure 8 Variation of dissipation factor with (a) graphite content and (b) frequency.
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decrease in the value of e00 for the conducting and an
increase for the insulating samples with increasing
frequency is observed. The samples having graphite
content near percolation threshold exhibited a more
or less frequency independent behavior.

The variation of dissipation factor with graphite
content at different field frequencies is shown in Fig-
ure 8(a). At 10.7 kHz the value of dissipation factor
is 0.0055 for 1.4 vol % of graphite sample. The dissi-
pation factor, tan d, moderately increases with the
graphite content roughly up to the percolation
threshold concentration by the interfacial polariza-
tion mechanism similar to that of the dielectric con-
stant. As the graphite loading increases and sur-
passes mfc an abrupt rise in the value of the dissipa-
tion factor is observed and it attains a value of
1394.29 at 10.7 kHz. A further increase in the graph-
ite concentration causes a decrease in the concen-
tration of the induced dipoles due to the formation
of a network of conductive channels, leading to a de-
crease in the dissipation factor value. Despite a fall
in the dissipation factor, its value is still high
(88.126) in comparison to that of the unfilled poly-
mer (0.00487 at 10.7 kHz), the maximum tan d values
are roughly associated with the percolation thresh-
old. The high values of the dissipation factor
obtained for these composite systems may be attrib-
uted to the skin effect associated with a relatively
high penetration level of electrical field into graphite
particles.

In Figure 8(b), the dependence of dissipation fac-
tor on the frequency of the measuring field is shown.
A behavior similar to that of the loss factor is
observed. At 3.6 vol % and higher graphite content,
i.e., above mfc, a decrease in the value of tan d is
observed. The most pronounced fall in the value of
tan d is observed for the 4.9 vol % of graphite com-
posite where an increase in frequency from 10.7 kHz
to 10 MHz causes a decrease in its value from 394.28
to 2.4. The samples having graphite content below
percolation threshold exhibits an increasing trend
with the increase in frequency. Generally, the magni-
tude of dissipation factor, as well as other dielectric
properties, is sensitive to the polar sites in the poly-
mer matrix. These sites increase the dissipation fac-
tor and may confuse the dependence of tan d on fre-
quency. For a given concentration above the critical
concentration, the dissipation factor decreases with
an increasing frequency because the induced charges
gradually fail to follow the reversing field causing a
reduction in the electronic oscillation as the fre-
quency is increased.

Hardness

Figure 9 shows the D-shore Hardness as a function
of graphite content. A pronounced decrease in the

hardness with initial increase in graphite content
roughly up to the percolation concentration and a
relatively small decrease thereafter are observed.
This is suggestive of a decreased adhesive force
between the ABS particles due to the presence of
graphite particles in the interfacial regions.

CONCLUSIONS

The observed percolation threshold in ABS/Gr com-
posites is found to have a phenomenal impact on I-
V characteristics, the dielectric behavior, and the
hardness. I-V characteristics are found to change
from linear to nonlinear in the vicinity of the perco-
lation threshold. The composites possess the PTCR
effect, which decreases with increase of filler content
and the maximum change in resistivity is observed
for the composite having filler content in the vicinity
of percolation threshold. In fact for higher loadings
of graphite there is a nominal change in resistivity
with in the temperature range studied. Good repeat-
ability was found on repeated heating and cooling of
the composite when heated up to 1308C, a tempera-
ture slightly higher than glass transition temperature
of ABS, although a slight increase in the RT resistiv-
ity value is noticed after every heating cycle. Since
the maximum change in resistivity has occurred for
2.9 vol % of graphite composite in the same temper-
ature range, this composite having graphite concen-
tration near the percolation concentration is suitable
for device applications.

The dielectric constant and the loss factor of ABS/
Gr composite are found to be strongly dependent on
the graphite content at and above percolation thresh-
old exhibiting a sharp increase in their value. Below
the critical concentration, i.e., the percolation thresh-
old, the interparticle (filler) distance is large enough

Figure 9 Variation of D-Shore Hardness with graphite
vol %.
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so that local fields created by apparently neighboring
particles do not interact. Thus, as observed, the
dielectric constant in this concentration region
increases slowly. As the filler concentration increases
the Maxwell Wagner effect increases leading to a
rise in the values of dielectric constant. Above the
critical concentration the composite contains a net-
work of continuous chains and the concentration of
inductive charges is reduced. This causes a decrease
in the dissipation factor. The dielectric constant of
the composite above the critical concentration is
found to be higher at lower frequencies, which could
also be a consequence of Maxwell Wagner polariza-
tion. The loss factor and the dissipation factor are
found to increase with frequency below percolation
threshold while above percolation threshold, a
decrease in their value is observed.
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