
Electrical Properties of Composites in the Vicinity of the
Percolation Threshold

STEPHEN H. FOULGER

Pirelli Cable & Systems North America, Research, Development & Engineering, Lexington, South Carolina 29072, USA

Received 10 April 1998; accepted 2 November 1998

ABSTRACT: The electrical response of thermoplastic composites composed of carbon
black and high-density polyethylene near the electrical percolation threshold ( pc) has
been investigated through the study of the volume resistivity and complex permittivity.
The change in conductivity beyond pc exhibited a critical exponent that was greater
than predicted from percolation theory. Composites with carbon black contents slightly
larger than pc exhibited the greatest sensitivity in volume resistivity with temperature
variations under the melting point of polyethylene. In addition, percolating composites
with low carbon black contents exhibited significant “negative temperature coefficient”
(NTC) effects and improvements in conductivity with annealing. Maxwell–Wagner
interfacial polarization resulted in moderate increases in both the permittivity (e9) and
dielectric loss factor (e0) below pc, while at percolation, an abrupt and dramatic increase
was observed for both components of the complex permittivity. © 1999 John Wiley & Sons,
Inc. J Appl Polym Sci 72: 1573–1582, 1999
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INTRODUCTION

The ability of polymers to act as electrical insula-
tors is the basis for their widespread use in the
electrical and electronic fields. However, material
designers have sought to combine the fabrication
versatility of polymers with many of the electrical
properties of metals. There are instances when an
increased conductivity or permittivity of the poly-
mer is warranted, such as in applications that
require antistatic materials, low-temperature
heaters, electromagnetic radiation shielding, and
electric field grading. The method most often em-
ployed to significantly alter the electrical proper-
ties of a polymer is an extrinsic approach whereby
the insulating polymer is combined with a con-
ductive additive. The conducting additive is incor-
porated into polymers at levels that allow the

composite to maintain its electrically insulative
qualities, as well as at higher levels, which allow
the composite to become electrically (semi)conduc-
tive. Due to the ease of fabrication and low cost,
there has been a high level of utilization of conduc-
tive carbon-black-filled polyethylene and polyethyl-
ene copolymer blends. The influence on conductivity
of temperature,1–4 blend morphology,5,6 crosslink-
ing,7–9 and the addition of immiscible polymers to
the blend10,11 have been the focus of a number of
researchers, while the dielectric behavior has not
been extensively reviewed.12 In addition, theoreti-
cal analyses on the conductivity of heterogeneous
mixtures have been presented.13–15

A crucial aspect in the production of conducting
composites is the filler content, which must be as
low as possible and still allow the composite to
fulfill its electrical requirements; otherwise, the
mixture processing becomes difficult, the mechan-
ical properties of the composite are poor, and the
final cost is high. The present study reported
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herein focuses on the conductivity and dielectric
behavior of high-density polyethylene composites
with conductive carbon black concentrations in
the vicinity of the insulator–conductor transition.

EXPERIMENTAL METHOD

A commercial grade of high-density polyethylene,
listed as Petrothene LS 6081-00 (rdensity 5 0.963 g
cm3; MFI 5 8.4 g/10 min; Mn 5 17,000; Mw
5 77,300), was used throughout this study and
was supplied by Equistar Chemical Co., Houston,
TX. The chosen carbon black was Vulcan XC-72
(N2 surface area 5 254 m2/g; DBP oil absorption
5 174 cm3 100 g; mean particle diameter 5 300 Å)
produced by the Cabot Corporation, Boston, MA.
This carbon black is a high structure, relatively
porous material characterized by highly extended
aggregates and by an exceptionally broad particle
and aggregate size distribution assisting in the
formation of a strong network and enhanced con-
ductivities.

All compounds were mixed at 170°C in a Bra-
bender internal mixer with a 300-cm3 cavity us-
ing a 40-rpm mixing rate, resulting in an average
shear rate of approximately 110 s21. The mixing
procedure involved adding the polyethylene into
the preheated rotating mixer and allowing the
polymer to mix for 6 min prior to the addition of
the carbon black, after which the compound was
allowed to mix for an additional 9 min. This pro-
cedure insured a uniform distribution of carbon
black within the base polymer. The final com-
pound was then molded at a pressure of approx-
imately 6 MPa for 12 min at 170°C into approxi-
mately 0.75-mm-thick plaques.

The level of electrical conductivity of the com-
posite dictated the experimental set-up for mea-
suring both the volume resistivity (r) and the
dielectric characteristics. For measuring the vol-
ume resistivity of electrically insulative compos-
ites, samples were in the form of 88.9-mm-diam-
eter disks cut from the plaques. Current–time
curves were generated using a Kiethley Model
6517A Electrometer and Model 8009 Resistivity
Test Fixture, all coupled to a personal computer
for data acquisition. The volume resistivity is
based on the current flow in the sample after 20 s
had elapsed from the application of a 1000 dc
voltage. This procedure was repeated eight con-
secutive times on a sample with alternating po-
larity to arrive at an average volume resistivity.

For samples exhibiting (semi)conductive char-
acteristics (i.e., r , 108 V cm), 101.6 3 6.35 3 1.8
mm strips were cut from plaques, and colloidal
silver paint was used to fabricate electrodes 50
mm apart along the strips in order to remove the
contact resistance. A Fluke 75 Series II digital
multimeter and a two-point technique was used
to measure the electrical resistance of the strips.

A number of different equipment were utilized
to perform dielectric measurements. For electri-
cally insulative materials, the signal was gener-
ated by a Hewlett Packard 651B Test Oscillator,
which was passed through a General Radio Model
1615-A Capacitance Bridge in conjunction with a
Balsbaugh Laboratories Model LD-3 Three-Ter-
minal Sample Holder. For null signal detection, a
General Radio Type 1232-A Tuned Amplifier was
used. In addition, a TA Instruments Dielectric
Analyzer (DEA) Model 2970 was used with a
guarded parallel plate electrode system to study
the dielectric response of insulating composites at
frequencies from 1023 to 105 Hz. For dielectric
measurements of semiconductive materials, a
General Radio 1650-B Impedance Bridge was
used in conjunction with a Rhodes and Schwartz
parallel plate capacitor Model FNR.KL 1102/17.
Semiconductive samples had a conductive silver
paint applied as the electrodes to counteract the
creation of a high impedance layer, which could
result in electrode polarization.16 All dielectric
measurements were taken at a temperature of
23°C unless otherwise indicated.

RESULTS AND DISCUSSION

Electrical Resistance

Compositional Dependence

The electrical conductivity of carbon-filled polyeth-
ylene is reasonably well established.1–4,6–9,11,12,15,17

Polyethylene is an insulator with a volume resistiv-
ity on the order of 1016–1018 V cm, while carbon
black has electrical characteristics that are semime-
tallic in nature and exhibit a volume resistivity that
varies considerably with its origin and chemical
state, but is generally never less than about 1021 V
cm. Consequently, the volume resistivity of a car-
bon-black-filled polyethylene composite varies as
the carbon content is increased from that of pure
polyethylene to that of pure carbon, though the
change in volume resistivity with composition does
not exhibit a simple linear additive characteristic. A
percolation threshold and drastic decrease in vol-
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ume resistivity exists where the volume fraction of
the carbon becomes sufficient to provide continuous
electrical paths through the polyethylene.15 The
conducting elements of these paths are either mak-
ing physical contact between themselves or sepa-
rated by very small distances across which electrons
can tunnel. The percolation threshold varies consid-
erably with the shape and agglomeration of the
carbon black as well as the type of polymer used,1

with the threshold occurring at higher volume frac-
tions for carbon particles that have a low surface-
to-volume ratios and low agglomeration. Figure 1
depicts the volume resistivity–carbon black concen-
tration curve for the current composites and identi-
fies the percolation threshold at a loading of 6 wt %
of carbon black. Numerous theoretical attempts to
predict the exact shape of the volume resistivity
concentration curve have been undertaken, but un-
fortunately, the detailed prediction seems far re-
mote at the present time due to many factors that
need to be accounted for.13–15

In Figure 1, composites under the percolation
threshold exhibit a gradual increase in conductiv-
ity with increasing carbon black content. For
these nonpercolating compositions, a non-ohmic
tunneling mechanism is speculated to be the dom-
inate conduction process,18 and an elevated pro-
pensity of electrons to effectively tunnel between
isolated carbon black domains with diminishing
separation distances results in the enhanced con-
ductivities. For composites greater than the

threshold, a significant decrease in volume resis-
tivity with increasing levels of carbon black is
exhibited. The change in conductivity (s) beyond
the threshold can be expressed using percolation
theory as

s } ~p 2 pc!
t (1)

where pc represents the volume fraction of carbon
black at the percolation threshold, and the critical
exponent t governs the scaling behavior in the
region of pc. The experimentally determined per-
colation threshold is approximately 3.3 vol% and
is significantly less than the theoretically pre-
dicted threshold of 16.4 vol% for a composite sys-
tem consisting of conductive hard spheres dis-
persed within an insulating matrix.19 This theo-
retically predicted value is largely dependent on
the shape of the dispersed conducting phase and
can be extremely low in composites consisting of a
highly anisotropic filler, for example, thin cylin-
ders, because the critical volume fraction in this
case is determined by the excluded volume per
cylinder.20

For single percolation, the critical exponent de-
pends solely on the dimensionality of the system
and follows a power-law dependence of approxi-
mately 2 in three dimensions.21 In Figure 2, the
change in conductivity is presented as a function
of p 2 pc where the density of carbon black has

Figure 2 Conductivity of high-density polyethylene–
carbon black composites as a function of p 2 pc.

Figure 1 Volume resistivity of high-density polyeth-
ylene–carbon black composites.
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been estimated to be 1.8 g/cm3. The slope of the
experimental data is 3.1, larger than the value
predicted from percolation theory. The source of
this greater power-law dependence is unclear,
though possible sources include an additional
conduction mechanism (e.g., electron tunneling)
in combination with the percolative process. In
addition, the current system could be exhibiting
multiple percolation characteristics. Conducting
composites utilizing a multiple percolation or
“percolation-within-percolation” approach to
achieve conductivity have been suggested to ex-
hibit critical exponents that are greater than in
single percolation systems.22 In the present high-
density polyethylene and carbon black composite,
the separation of the crystalline and amorphous
regions of the polyethylene, coupled with the af-
finity of the carbon black to be preferentially lo-
cated in the amorphous phase, could result in the
composite exhibiting multiple percolation charac-
teristics.

Temperature Dependence

The volume resistivity of carbon-black-filled poly-
ethylene exhibits unusual changes with temper-
ature variations that have been utilized to design
electrically self-regulating materials. Composites
with levels of carbon black just above the perco-
lation threshold may increase their volume resis-
tivity by orders of magnitude if the interaggre-
gate distances between carbon black particles in-
creases by external means, such as thermal
expansion or mechanical stressing.6 The temper-
ature response can be exaggerated through the
incorporation of a polymeric phase that is highly
crystalline. A sharp resistivity increase is gener-
ally seen in the vicinity of the polymer melting
point and has been termed the positive tempera-
ture coefficient (PTC) effect of resistivity.8,23 The
PTC effect is most often explained in terms of a
reduction in intergranular electron transport that
accompanies a change in the tunneling length at
the melting transition.24 This effect can be seen in
Figure 3, which presents the volume resistivity of
the percolating composites between the tempera-
tures of 50 and 140°C on the first heating cycle
after molding. At approximately 120°C, the vol-
ume resistivity of the composites begin to in-
crease dramatically with temperature; this tem-
perature corresponds to the onset to melting of
the unfilled polyethylene as determined by differ-
ential scanning calorimetry (DSC). In a thermo-
plastic material destined to be used as an electri-

cally self-regulating device, it is advantageous to
have a significant volume resistivity rise with
elevated temperatures under the polymer melting
point in order to maintain the dimensional char-
acteristics of the material. Modeling the rise in
volume resistivity between 50–120°C as a power-
law dependence of the form r } Tm results in
Figure 4, which presents the temperature expo-
nent (m) of the composites. The composites have
two distinct regions of temperature sensitivity
that flank either side of the composite with 10 wt
% of incorporated carbon black. Composites with
carbon black contents under this amount exhibit
the largest sensitivity to temperature variations
and the greatest relative differences between
loadings of carbon black, while composites with
levels above 10 wt % of carbon black exhibit sig-
nificantly reduced temperature responses. Non-
percolating systems are not presented in Figures
3–4 due to a relative lack of temperature sensi-
tivity.

It is with compounds that exhibit a positive
volume resistivity increase with temperature and
a significant PTC effect at the polymer melting
point that the thermoelectric switching behavior
may be utilized in practice. Unfortunately, this
resistivity increase is often followed by a rapid
resistivity decrease termed the negative temper-

Figure 3 Volume resistivity as a function of temper-
ature for high-density polyethylene–carbon black com-
posites. Number to left of curves corresponds to weight
percent of incorporated carbon black. Data were ob-
tained on the first heating cycle after molding.
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ature coefficient (NTC) effect and is clearly seen
in Figure 3 in the temperature range of 130–
140°C. The NTC effect becomes more pronounced
as the level of carbon black in the composite is
decreased; the composite at the threshold exhibits
a drop in volume resistivity of approximately two
orders of magnitude (i.e., 3.4 3 105 to 3.0 3 103 V
cm) between 130–140°C, while the composite
with three times the critical carbon concentration
(18 wt %) exhibits a 39% increase in volume re-
sistivity in the same temperature interval. In this
regard, the NTC phenomenon is a serious draw-
back since the switching properties imparted to a
system by the positive increase in volume resis-
tivity with temperature and PTC effect may lose
their significance once followed by a distinguished
NTC behavior. Figure 5 presents the ratio of vol-
ume resistivity at 140°C to the volume resistivity
at 50°C (r140°C/r50°C) for the composites. This ratio
defines the NTC character of the composites, with
ratios less than unity indicative of composites
that will ultimately lose all self-regulating quali-
ties if the temperature is raised sufficiently high.
The composite with 10 wt % of carbon black has a
ratio of unity and is the crossover point from
composites with large NTC behavior to small
NTC behavior. The NTC effect can be reduced in
practice by crosslinking of carbon black loaded
polyethylene3; and although the NTC phenome-
non is not well understood, its absence in

crosslinked systems suggests that its associated
with movement of particles in the polymer. Un-
fortunately, crosslinking can increase the perco-
lation threshold by reducing the level of crystal-
line phase of material. Figure 6 presents the vol-
ume resistivity–carbon black concentration curve
for the thermoplastic composites and an equiva-

Figure 4 Temperature exponent (m) of volume resis-
tivity for high-density polyethylene–carbon black com-
posites.

Figure 5 Ratio of r140°C/r50°C for high-density poly-
ethylene–carbon black composites.

Figure 6 Volume resistivity of thermoplastic (—) and
thermoset (- - -) high-density polyethylene–carbon
black composites.
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lent system where 1.5 wt % of dicumyl peroxide
has been used to crosslink the composites. The
thermoset composites exhibits a percolation
threshold at a level of 16 wt % of incorporated
carbon black, a significantly higher amount than
the 6 wt % required for percolation in the ther-
moplastic system. DSC studies indicated that the
crosslinked composites had been reduced in total
fusionable material by approximately 20% rela-
tive to the thermoplastic versions. In semicrystal-
line polymers, the fine carbon blacks aggregates
tend to concentrate in amorphous regions. During
the crystallization process, a major part of the
carbon black aggregates is rejected into inter-
spherulitic boundaries, and the rest may be lo-
cated in amorphous regions within the spheru-
lites. As a result, the percolation threshold con-
centration in semicrystalline systems is lower
than in structurally similar amorphous polymers.
Annealing of a carbon black composite that incor-
porates a semicrystalline polymer can refine and
increase the crystalline phase resulting in an im-
provement of the conductive network. Figure 7 is
a typical example of the reproducibility of the
volume resistivity curve of a percolating system
with temperature cycling. During the heating and
cooling cycles, the samples were allowed to equil-
ibrate for 15 min at each temperature prior to
taking a measurement. A slight improvement in

the conductivity could be achieved in the second
thermal cycle, although additional thermal cy-
cling did not promote any further improvements
in the conductivity of the composite. The reduc-
tion in the volume resistivity (presented as an
absolute change) at 23°C for the percolating com-
pounds after a thermal treatment of 110°C for
24 h is presented in Figure 8. The reduction in the
volume resistivity for the composites predicts a
relationship of the form uDru } ( p 2 pc)

25.6 and
indicates that compounds that are near pc benefit
the most from the annealing process. DSC analy-
sis of the composites before and after the anneal-
ing process indicated an approximately constant
increase in the quantity of the total fusionable
phase of 25 J/g HDPE for all concentrations, in-
dicative of a higher quantity of an ordered phase.
Unfortunately, for highly filled composites, the
network is so sufficiently established after the
initial molding that the refinement of the contin-
uous network after annealing does little to im-
prove the conductivity of the composite.

Dielectric Properties

The dielectric properties of a polymer composite
depend on the following three major factors: (1)
the properties of the constituent phases, specifi-
cally their permittivity and conductivity; (2) their
relative volume fractions; and (3) the morphology

Figure 8 Absolute change in volume resistivity of
high-density polyethylene–carbon black composites af-
ter annealing for 24 h at 110°C. See text for details.

Figure 7 Reproducibility of volume resistivity with
first (E) and second (F) thermal treatment of high-
density polyethylene with 12 wt % of carbon black
during the heating (—) and cooling (- - -) cycle.
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in which the different phases are connected in
three dimensions. The total complex permittivity
(e*) can be represented as

e*~v! 5 e9~v! 2 ie0~v! (2)

where e9(v) and e0(v) are the observed relative
permittivity and dielectric loss factor, respec-
tively, and v 5 2pf is the angular frequency of
the measuring electric field. The observed dielec-
tric loss factor can be divided into

e0~v! 5 e 0dp~v! 2 e 0dc~v! 1 e 0mw~v! (3)

where e 0dp, e 0dc, and e 0mw are the losses associated
with dipole orientation, dc conductance, and
Maxwell–Wagner interfacial polarization, respec-
tively.25 Maxwell–Wagner (MW) interfacial polar-
ization occurs in heterogeneous systems where
the conductivity and permittivity of the constitu-
ent phases differ. The dc conductance loss can be
represented as

e 0dc~v! 5
s

eov
(4)

where eo is the vacuum permittivity, and s is the
frequency independent dc conductivity of the
sample that arises from the motion of charge car-
riers through the polymer.26 The conductance loss
can be particularly strong at the high-tempera-
ture–low-frequency limits, where the charge car-
riers exhibit enhanced mobilities. In high-density
polyethylene, polarization effects due to dipole
reorientations are minimal due to a lack of struc-
tural components in the repeat unit that can cou-
ple to the electric field at radio frequencies; the
observed e9 and e0 of the unfilled polymer exhibit
relatively constant values of approximately 2.39
and 4 3 1025, respectively, up to the melting
point.

The variation of the relative permittivity with
carbon black concentration in high-density poly-
ethylene is presented in Figure 9; these measure-
ments were taken at a frequency of 1 kHz on
unannealed samples. The permittivity increases
moderately below the threshold and then exhibits
an abrupt increase at percolation. At the percola-
tion threshold, e9 is approximately six times
larger than the next lower concentration. Calcu-
lations on conducting spheres treated as a mix-
ture of randomly intermingled insulative and
metallized regions attributed permittivity en-

hancements to higher multipole interactions lo-
calized in particle clusters and predicted a singu-
larity to coincide with the percolation threshold.27

Percolating composites with increasing levels of
carbon black exhibit significantly greater permit-
tivity values, with the composite containing 9 wt
% of carbon black having a value of approximately
1 3 105. Particle multipole interactions stemming
both from the heterogeneous nature of carbon
black and high-density polyethylene, as well as
the amorphous and crystalline regions in the
polymer, results in large capacitances and per-
mittivity values that are not observed in homoge-
neous materials that have values that generally
range between 2–150.26,28 The relative mobility of
charge carriers in the differing phases of the com-
posite results in the carriers being absorbed in
the dielectric through entrapment at interfaces of
separation within the dielectric or at an electrode.
By being unable to discharge freely or be replaced
from an electrode, an overall field distortion ap-
pears, which gives rise to an increase in the sys-
tem capacitance. Figure 10 presents the corre-
sponding dielectric loss factor of the composites.
The response appears to increase with elevated
carbon black concentrations in a manner simi-
larly observed with the permittivity values of Fig-
ure 9, though the change in the losses in the
nonpercolating composites is more dramatic than
in their corresponding permittivity values. In

Figure 9 Relative permittivity (e9) of high-density
polyethylene–carbon black composites at a frequency
of 1 kHz.
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both the e9 and e0 curves, the percolation thresh-
old is clearly discernible. Figure 11 presents the
results of Figures 9–10 in a format that high-
lights the dramatic changes that take place in the
complex permittivity at percolation. The changes
in the complex permittivity for compounds under
the percolation threshold are relatively localized
in the dielectric loss factor, with e0 increasing
three orders of magnitude from the unfilled poly-
mer up to a composite with 5 wt % of carbon black.
This response is contrasted to the significant
changes in both components of the complex per-
mittivity with composites above the threshold. In
the percolating composites, e9 and e0 increase four
and seven orders of magnitude, respectively, from
passing from a composite with 6 wt % of incorpo-
rated carbon black to a composite with 9 wt %.
Unfortunately, the disparity in the electrical
characteristics of the constituents of the current
system of interest, coupled with the complex ag-
gregate structure of carbon black and its affinity
to develop networks throughout the base polymer,
imparts to the filled polyethylene system a con-
centration behavior that theoretical and empiri-
cal mixing equations developed for calculating the
complex permittivity of heterogeneous systems
are unsuccessful in predicting.12 In addition, an-
nealing the percolating composites did not result
in drastic alterations in the complex permittivity
similar to those changes seen in the volume resis-

tivity (see Fig. 7). Its speculated that the minor
molecular rearrangements necessary to trans-
form a network dead end into a branch with an
infinite cluster size does not significantly alter the
complex permittivity. When MW effects are the
dominate polarization phenomena, the dielectric
properties are sensitive to larger-scale surface
area and volumetric modifications between dis-
similar phases.

MW polarization requires an interfacial charge
accumulation that is supplied by a flow of charge
through the dielectric phases, a process which
may span orders of magnitude in time, depending
on the relative conductivity of the dissimilar
phases. Figure 12 presents the permittivity of the
unfilled polyethylene and a composite with 5 wt %
of incorporated carbon black at 70°C within the
frequency range of 1 3 1023 2 1 3 105 Hz, while
the corresponding dielectric loss factor for the
filled composite is presented in Figure 13. The
permittivity of the unfilled and filled system are
relatively constant from 1 3 105 Hz down to 3
3 1022 Hz, at which point both systems exhibit a
rise in e9 with decreasing frequency. The occur-
rence of the steep rise of both systems at a similar
frequency raises the speculation that electrode
polarization or MW polarization between amor-
phous and crystalline polyethylene phase is re-
sponsible for the response, rather than the MW

Figure 11 Plot constructed from results presented in
Figures 9 and 10. Percolation threshold ( pc) is indi-
cated.

Figure 10 Dielectric loss factor (e0) of high-density
polyethylene–carbon black composites at a frequency
of 1 kHz.
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polarization between the polyethylene and carbon
black. The Wagner analysis29 of a dielectric com-
posite, modeled as dispersed conducting spheres
in an insulating matrix, predicts the frequency of
the MW polarization relaxation and maximum
loss to be proportional to the conductance of the
dispersed spheres, that is, fmax } ssphere. The mi-
nor difference in conductivity between amorphous
and crystalline polyethylene phases, relative to
the polyethylene and carbon black, may require
seconds or min to allow for charge accumulation
at interfaces so that the polarization response
may observed only at lower frequencies. The di-
electric loss factor is presented in Figure 13 for
the filled composite at a shortened frequency
range of 1 3 1021–1 3 105 Hz. The dielectric loss
factor exhibits a gradual drop with decreasing
frequency, falling below the resolution of the
equipment at 1 3 1021 Hz and does not show the
characteristic dc conductance loss with frequency
[see eq. (4)] often observed in polymers with mo-
bile ionic impurities.30,31 The lack of an observ-
able ionic dc conductance loss supports the spec-
ulation that the reduction in volume resistivity
seen for the composites under the percolation
threshold (see Fig. 1) stems from electron tunnel-
ing effects and not mobile ionic impurities. In
addition, the absence of a polarization relaxation
or maximum in the dielectric loss factor for the

filled system suggests that the frequency of max-
imum loss due to the MW polarization for the
high-density polyethylene–carbon black phases is
greater than 105 Hz.25

CONCLUSION

The electrical response of thermoplastic compos-
ites composed of carbon black and high-density
polyethylene near the electrical percolation
threshold ( pc), identified at 6 wt % of incorpo-
rated carbon black (ca 3.3 vol%), has been inves-
tigated through the study of the volume resistiv-
ity and complex permittivity. The change in con-
ductivity beyond pc exhibited a critical exponent
of 3.1, which was greater than the power-law
dependence of approximately 2 predicted from
percolation theory. Composites with carbon black
contents slightly larger than pc exhibited the
greatest sensitivity in volume resistivity with
temperature variations under the melting point
of polyethylene. In addition, percolating compos-
ites with low carbon black contents exhibited sig-
nificant negative temperature coefficient (NTC)
effects and improvements in conductivity with
annealing. Maxwell–Wagner interfacial polariza-
tion resulted in moderate increases in e9 and e0
below pc. At percolation, an abrupt and dramatic

Figure 13 Dielectric loss factor (e0) of high-density
polyethylene with 5 wt % of carbon black at a temper-
ature of 70°C.

Figure 12 Relative permittivity (e9) of high-density
polyethylene (—) and high-density polyethylene with 5
wt % of carbon black (- - -) at a temperature of 70°C.
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increase was observed for the complex permittivi-
ties, resulting in a composite with 9 wt % of car-
bon black exhibiting an e9 and e0 of approximately
1 3 105 and approximately 5 3 105, respectively.
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