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ac and electrical properties of carbon-black–epoxy composites measured in the frequency range of 100 Hz
to 1 MHz are reported. Experimental results are in remarkable disagreement with the predictions of the
statistical percolation theory for real and imaginary parts of the conductivity. They both exhibited, in particular,
an abrupt variation at a given fraction of carbon black. The evolution of these transport quantities with the
volume fraction of carbon black can only be explained considering a phase transition from a dispersed to an
agglomerated state of the conducting fillers. This transition has been successfully verified by optical micros-
copy of thin polished sections of cured samples. A simple model based on electrostatic repulsion between the
carbon-black particles is proposed to interpret such a singular insulator-to-conductor transition.
@S0163-1829~99!01718-X#
rg
ul
ef

ch
,

v
ta
a
s
tio
io
nc
d
ys
u-

rg

ne

l
ra-
f a

w,
be

of
he
the
er-

-

r-
the

s
ree

ent
fa-

cal
I. INTRODUCTION

Polymers contain a very low concentration of free cha
carriers, and are therefore generally good electrical ins
tors. However, conducting plastics or thermosets are us
for many applications.1 Electrical conductivity can be
achieved by incorporation of highly conductive fillers, su
as carbon-black~CB! particles, carbon fibers, metallic fillers
or intrinsically conducting polymers.

Electrical properties of such composite materials ha
been widely studied with both applied and fundamen
interest.2 The dc conductivity is related to the formation of
network of filler particles within the matrix; it increase
sharply at a characteristic conducting particle concentra
(Vc) known as the percolation threshold. The percolat
transition leads to strong nonlinear properties, but si
Kasteleyn and Fortuin3 demonstrated that it can be identifie
with a second-order phase transition, one knows that ph
cal quantities like dc conductivity should exhibit a contin
ous behavior at this transition.

To describe the insulator-to-conductor transition a la
variety of models have been proposed in the literature.4,5 For
several decades the statistical percolation model explai
PRB 590163-1829/99/59~22!/14349~7!/$15.00
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at least qualitatively, all experimental data.6,18 However, as
outlined by Carmona,6 a full understanding of the electrica
and structural properties must involve the specific prepa
tion conditions of the materials, namely, the occurrence o
colloidal phase. This author noticed, in the same revie6

that a better description for the structure formation would
useful for a complete and comprehensive understanding
these kinds of materials. The question of ‘‘the rules of t
game’’ for the cluster formation has arisen, as well as
influence of the preparation method on the electrical prop
ties of the composite materials.5,7 The percolation model pro
posed by Sumita and co-workers8,9 was the first attempt to
answer this question by accounting for the filler-matrix inte
actions. In this thermodynamic model it is assumed that
free interfacial energy of the system~g! cannot exceed a
‘‘universal value’’ g* . Thus, the network formation result
from the aggregation of the CB particles to prevent the f
energy from rising above theg* value. Thisg* concept
allows us to interpret correctly the measurement of differ
values for the percolation threshold varying the free inter
cial energy between filler and matrix.

In a recent review on the models to explain the electri
conductivity of binary mixtures, Lux5 pointed out the experi-
14 349 ©1999 The American Physical Society
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14 350 PRB 59L. FLANDIN et al.
ment performed by Harbourg, Walzak, and Veregin10 show-
ing that the mixing process may induce an electrical charg
of the CB particles. Lux noticed that such permanent surf
charges might stimulate interactions between CB partic
and the polymeric host. After this review was publishe
Schueleret al.11 assumed that the presence of such an e
trical charge at the surface of their black induces partic
particle interactions that could be modified by addition
salt during the thermal curing. Very recently, we ha
shown,12 by applying an electric field on equivalent sampl
during the curing process, that the carbon particles in th
composites do have a permanent negative charge at the
face.

The work described in the present paper deals with
measurement of ac and dc properties of these CB-ep
composite materials. The goal was to investigate the in
ence of electrical charges at the surface of conducting fil
on the percolation transition. It is shown that a jump occ
in the conductivity for a given volume fraction of CB. Th
evolution cannot be described with the statistical percola
model, but has been related to an abrupt change in the
crostructure of the composites. This transition of the CB p
ticles from a dispersed to an agglomerated state was m
sured by ac and dc electrical methods and verified
transmission optical micrographs on cured samples. An
terpretation of this behavior is given, based on concepts
colloid science.

II. THEORY

A. Percolation

The most prominent model is the statistical percolat
model, proposed by Kirkpatrick13 and Zallen.14 It allows
forecasting both geometric and electrical quantities. It
based on the assumption15 that the fillers are not interactin
with each other or, in other words, that they are random
dispersed within the matrix. Under such a condition a bin
mixture can be modeled13 with a lattice possessing a give
fraction of active sites~or bounds! randomly chosen, i.e.
independently of the occupation status of their neighbo
Sufficiently close to the transition, the statistical percolat
predicts a power-law variation for the measurable quanti
with the volume fraction of fillers.

The aim of the statistical percolation theory is to forec
the behavior of a not completely connected set of objects
varying the number of connections, this model allows us
describe the transition from a local to an infinite ‘‘comm
nication’’ state. The percolation thresholdVc is defined as
the critical volume fraction separating these two states.
classical theory has proven to be relevant for describing b
geometrical and transport properties of composite mate
with power-law equations. The correlation length is the a
erage distance between two sites belonging to the same
ter. It is directly related to the cluster formation and reach
very high values on both sides of the transition. Close to
threshold this parameter follows a power-law divergenc15

j5uV2Vcu2n, with a value of 0.88 for n in three-
dimensional systems. In the statistical percolation theory
divergence of the correlation length or, in other words,
formation of an infinite cluster, is not due to any agglome
g
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tion, which should involve a driving force and a diffusio
process, but to the random position of occupied sites.

The dc electrical conductivity~s! or the dielectric con-
stant ~«! also exhibit a power-law dependence close to
percolation threshold,4,15

«}uV2Vcu2S, ~1!

and, forV.Vc ,

s}~V2Vc!
t. ~2!

The exponentss and t, characterizing the transition, are a
sumed to be universal, i.e., to depend only upon the dim
sionality of the system. In three-dimensional systems the u
versal values aret>2 ands>0.7 for the conductivity16 and
for the dielectric constant,17,24 respectively. Experimentally
both universal and nonuniversal values have been propos18

for the exponentt. Experimental data reported17,19,20for the
exponents are generally in agreement with Eq.~1!.

B. Particle-particle interactions

Between two fillers in a medium, an attractive London
van der Waals potential has to be considered. This inte
tion is described by a21/r 6 potential, wherer is the distance
between the particles. Further investigations12 on the pres-
ently described composites gave direct evidence that the
ticles’ surfaces are negatively charged. Thus, as already
tulated by Schueleret al.11 and measured by Harbourg
Walzak, and Veregin,10 the CB particles possess a permane
electrical charge that leads to a long-range Coulombic re
sion among each other. This Coulombic interaction,
scribed by a 1/r potential, is comparable21 to the one com-
monly used in colloid science22,23 to obtain an electrostatic
stabilization of dispersions. The total potential between t
fillers ~Fig. 1! is thus the sum of two competitive potentia
plus a repulsion term proportional to 1/r ,12 which accounts
for the contact repulsion.

Due to thermal agitation the particles are moving in t
medium. If the collisions created by this Brownian motio
involve sufficient energy to overcome the electrostatic b
rier, the pair of particles falls in a deep primary minimum
the total potential energy and becomes irreversibly agg
gated. In the case of CB-epoxy composites this can also
obtained by shearing the composite before curing.11 The
height of the barrier depends on the electric charge at

FIG. 1. Potential energy of interaction between two charg
particles.
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surface of the particles. It is also influenced by the io
strength of the matrices,23 which can be altered by the add
tion of salt. As already presented,11 both the shearing and
addition of salt leads to a lowering of the conduction thre
old in the presently examined composite systems.

III. EXPERIMENT

The matrix used in this study was an epoxy polymer o
tained from the reaction of a bisphenol-A resin ~ARALDIT
LY556, CIBA GEIGY! with an aromatic amine hardene
~ARALDIT HY932!. The filler component was an extra co
ductive carbon black~PRINTEX XE 2, DEGUSSA AG! that
consisted of aggregates composed of spherical particles
a mean diameter of 30 nm. The details of the sample pre
ration have been described elsewhere.11 The first step con-
sists of mixing 500 g of the resin with the desired amount
CB for 1 h at5000 rpm using a dissolver disk at room tem
perature. This step induced a good dispersion of the CB
ticles within the epoxy resin and reduced the size of the
agglomerates. After this strong stirring the CB agglomera
have distributed sizes with a mean diameter in the orde
0.5 mm. Samples were cured after another stirring of 1 h at
1000 rpm with the hardener at room temperature. Comp
ites prepared this way will be referred to as ‘‘A.’’

To vary the ionic strength of the matrix, another prepa
tion was performed in which CuCl2 ~FLUKA ! was added and
mixed with the hardener. The salt concentration in the re
was adjusted to 331026 mol/g. These samples, prepared
the same conditions as samplesA, but with an addition of
CuCl2, will be referred to as ‘‘B.’’

The curing process consisted of heating the mixtures
der vacuum conditions for 3 h at 80 °C toreach the gel point
and for 8 h at 140 °C tocomplete the polymerization of th
matrix. Parallelepipedic samples were cut having dimensi
of approximately 131 cm2 wide and 0.3 cm thick. Electrica
contacts were made of silver paint on opposite sides. Th
electrical measurements were carried out at room temp
ture with a HP 4284A impedance analyzer with a four-po
probe technique. A voltage of 5 V in amplitude was applied
and the complex conductivitys̃ versus the frequencyf was
measured in the range of 100 Hz to 1 MHz. The comp
dielectric constant«̃ is related to the conductivity by«̃
5s̃/ iv«0 , wherev denotes the angular frequency and«0
the dielectric constant of the vacuum. The dc conductiv
was measured with a Keithley 617 electrometer. A minim
of three samples has been used to determine the elec
properties for each composition.

Transmission optical micrographs were obtained fr
thin polished sections of cured composites by using a LEI
POLYVAR microscope.

IV. RESULTS AND DISCUSSION

This section describes first the electrical conductiv
measured versus the frequency for different amounts of
Second, it will be shown that the evolution of real and ima
nary parts of the conductivity versus filler content is in cle
disagreement with the prediction of the statistical percolat
theory. Third, an attempt to explain such a departure is p
posed, which is based on the evolution of the filler arran
c
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ment within the matrix. This assumption is, finally, verifie
with transmission optical micrographs of the cured samp

A. Frequency dependence

Figure 2 displays the frequency dependence of the e
trical conductivity for the salt-agglomerated samplesB.
These composites exhibited a typical dielectric behavior
low the conduction threshold, i.e., the conductivity increas
linearly with the frequency while the phase angle was clo
to p/2. Above this threshold of 0.03% a finite conductivi
led to a plateau at low frequency corresponding to the e
trical response of the percolating network. The conductiv
increased at higher frequencies due to the growing imp
tance of the polarization effects on the macroscopic cond
tivity. Increasing the volume fraction of fillers increased t
low-frequency conductivity and led to a broader platea
Similar results have frequently been reported19,20,24 and re-
lated to the formation of a percolating network in the ma
rial. With compositesB each point of the conductivity-
frequency plane seems to be reachable, by choosing the
volume fraction of fillers. The insulator-to-conductor trans
tion appears continuous.

On the contrary, in the case of samplesA ~Fig. 3! a jump
in the conductivity at the conduction threshold of 0.9% w
measured. While a purely dielectric behavior was also
served below this threshold, the conductivity was almost
dependent of the frequency above this critical volume fr

FIG. 2. Frequency dependence of the conductivity for 0~j!,
0.012~s!, 0.03~* !, 0.06~.!, 0.12~h!, 0.3 ~m!; 0.48~3!, 0.6 ~d!,
and 0.9 ~L! volume percent of carbon black with addition o
CuCl2.

FIG. 3. Frequency dependence of the conductivity for 0~j!, 0.6
~L!, 0.9 ~3!, 0.93 ~.!, 0.96 ~* !, 1.05 ~s!, and 1.2~m! volume
percent of CB without addition of CuCl2.
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tion where conduction took place. Moreover, there wa
large gap between the conductivity measured on both s
of the transition. Nevertheless, for similar amounts of C
above 0.9%, the frequency dependencies of the conduct
for the samplesA andB are comparable.

B. Real and imaginary part of the conductivity

Figure 4 displays the real part of the conductivity me
sured at 1 kHz as well as the dc conductivity for both sets
samples.25 The values of the dc conductivity were found ve
close to that of the ac conductivity at 1 kHz as already
scribed in the literature.26 As already mentioned, materialB
exhibited a continuous increase in the conductivity with
CB content. The variation of the conductivity with the vo
ume fraction of filler was in good agreement with the pow
law equation~2! and the critical exponentt was found to be
2.460.2 ~inset of Fig. 4!. Such a value is compatible with th
predictions of the statistical percolation theory, even if no
universal.

SamplesA remained good insulators up to a volume fra
tion of 0.9%. This defined accurately the conduction thre
old as an increase of the CB content as low as 0.03% le
a jump in the conductivity of about seven orders of mag
tude. The conductivity reached values that were surprisin
close to those obtained for type-B composites. Increasing th
volume fraction of CB above 0.93% induced a minor rise
the conductivity. Such a behavior could not be fitted prope
with Eq. ~2! and gave anyway a value of 0.64 fort ~inset of
Fig. 4!, which is in strong disagreement with the statistic
percolation theory.

The relative permittivity at low frequency~1 kHz! for
these two sets of composites is depicted in Fig. 5. From
graph, it is evident that this quantity is, again, in disagr
ment with the percolation theory, which predicts@Eq. ~1!# a
divergence in the permittivity close to the percolation thre
old. Indeed, the dielectric constant in the case of compos
B increased above the conduction threshold and has a v
tion comparable with the one of the real part of the cond
tivity.

FIG. 4. Real part of the conductivity at 1 kHz with~j! and
without ~d! addition of CuCl2. dc electrical properties with~L!
and without~s! addition of CuCl2. Insets: comparison with power
law dependencies.
a
es

ity

-
f

-

e

-

-

-
-
to
i-
ly

y

l

is
-

-
es
ia-
-

For samplesA almost no change in the dielectric consta
was measured by varying the volume fraction of CB bel
the conduction threshold. This observation is very import
for the understanding of the microstructure in the materia
Following scaling theory,15 the divergence of the permittivity
is related to the divergence of the correlation length. A sh
increase in the latter with the volume fraction of filler is
quite normal behavior for a random composite material
proaching the transition. The constant value for the perm
tivity was, in the present case, interpreted as due to the C
lombic filler-filler repulsion that disturbs the cluste
formation. At the threshold another discontinuity was me
sured for the permittivity: a change of 0.03% of the C
content induced an evolution of two orders in magnitude
« that seemed to arise from the network formation.

C. Interpretation of the transitions

The increase in the relative permittivity slightly above t
conduction thresholds for both sets of samples was cont
to the decrease predicted by the percolation theory@Eq. ~1!#
for randomly dispersed composites. Moreover, samplesB ex-
hibited a continuous increase for the real part of the cond
tivity, but it was not possible to process samples of typeA
with an intermediate conductivity, because it was not p
sible to weigh CB and epoxy resin so as to obtain accura
0.915% of CB content. It was evident anyway that this b
havior could not be explained by the classical theory
binary insulator-conductor mixtures, but that the dynamics
the CB fillers in the polymer host had to be considered.

At the end of the processing~i.e., after strong stirring!, no
conducting network exists in the composite, whatever
salt concentration. This has been shown in a previous stu11

by measuring the conductivity versus the time of the cur
process: the initial conductivity always exhibited a very lo
value.

An increase in the ionic concentration of the epoxy re
lowers the potential barrier among the CB particles
samplesB. Thus, the fillers will form easily clusters from
this initial state, with the support of the Brownian motion.
three-dimensional network will be created and, according
a finite conductivity. Because of this kind of cluster form

FIG. 5. Dielectric constant at 1 kHz versus CB content for co
posites processed with~h! and without~d! addition of CuCl2.
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FIG. 6. Transmission optical micrographs of thin polished sections of cured material,~B! 0.9% with CuCl2 and~A1! 0.9%,~A2! 0.93%,
and ~A3! 0.96% without CuCl2.
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tion, a strongly agglomerated structure will be achieved a
thereby a very low conduction threshold, compared with
standard percolation theory and most of the results propo
in the literature. The final microstructures of these comp
ites are thus not random@Fig. 6~B!# and this is most likely
the reason why the permittivity increases with the CB co
tent.

More interesting are theA samples, prepared without th
addition of salts. For a volume fraction of CB less than
equal to 0.9%, the particles repel each other and try to m
as far away as possible to decrease their potential energ
interaction. This electrostatic stabilization prevents the f
mation of clusters and thereby leads to a weak correla
length and to a low permittivity. Nevertheless, by increas
the volume fraction of CB, the particles must reach a clo
position. Exceeding this critical value of CB content leads
composites with ‘‘high’’ conductivity. This high value is, in
fact, comparable to the one obtained with a strongly agglo
erated composite~type B! with an equivalent CB conten
indicating an analogous degree of formation for the perco
ing network.

In summary this material changes singularly, with a var
tion of CB content of only 0.03%, from a good insulatin
behavior with a low permittivity~comparable to that of the
pure matrix! to a rather good conducting behavior equivale
d
e
ed
-

-

r
e
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t

to that of a totally agglomerated composite. It is evident t
such an evolution should be related to an important mod
cation in the filler arrangement within the polymer host.
true, this assumption should induce a strong variation in
microstructure of the composites. In a previous paper12 we
have shown that the transmission optical microscopy w
relevant to describe the cluster formation of these comp
ites. In situ measurements of the conductivity of a samp
placed in an optical microscope during the curing proc
permitted us to correlate directly the dispersion state with
level of conductivity. We concluded that the samples initia
insulating and with an even dispersion of the filler beco
conducting during the curing with appearance of strong h
erogeneity in the microstructure.

In the present case, to check the existence of an ab
change in the microstructure of the material, optical mic
graphs of thin polished sections of the cured materials w
taken~Fig. 6!. The first micrograph~B! shows a sample with
addition of salt, containing 0.9% of CB. In this case all t
carbon particles are agglomerated leading to large parti
free areas. This is in agreement with the previous study11 that
showed that a strong agglomeration always occurred in thB
samples, even for much lower CB contents. In fact, the
crostructure of theB materials cannot be compared to the o
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obtained with a random occupation of sites of a given latti
and therefore its behavior cannot be compared directly wi
statistical percolation.

The second picture~A1! corresponds to the same volum
fraction of 0.9% of CB, it reveals evenly distributed C
particles and, as expected, no visible cluster formation t
place in the composite. This microstructure was the sam
different places of the sample. On the contrary, for a volu
fraction of CB of 0.93%~A2!, i.e., just above the measure
conduction threshold, an aggregation phenomenon can
observed leading to an inhomogeneous distribution of
filler in the material. Indeed, particle-free areas and enric
zones, which favor the electrical conduction, can be seen
this picture. However, the hardening of the epoxy re
stopped the process before all particles where agglomer
and both aggregated and dispersed areas can be found i
sample by varying the observed area. The last picture~A3!,
obtained for a volume fraction equal to 0.96% of CB, sho
a highly structured network, similar to the one obtained
samples typeB and thereby explaining the equivalent co
ductivity measured on these two kinds of samples. This
glomerated structure is found in the whole sample.

These observations are in very good agreement with
electrical measurements and confirmed12 that insulating com-
posites are to related to a dispersed state of the fillers w
conducting composites should be associated with an agg
erated state of the fillers. These pictures contributed, ther
to explain the abrupt conduction transition measured in
type-A composites.

V. CONCLUSIONS

This work has dealt with ac and dc electrical properties
strongly contrasted binary mixtures made of an epoxy re
and CB particles. The experimental results showed a ma
n
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difference with the predictions of the statistical percolatio
theory available for randomly dispersed fillers. The measu
ments could, however, clearly be related to a nonrand
microstructure observed by transmission optical microsco
The dynamics of the filler in the epoxy resin during the cu
ing process, responsible for these microstructures, could
qualitatively explained with the help of the concepts of co
loid science.

The low dielectric constant in the vicinity~but below! the
conduction threshold in the case of the compositesA indi-
cates clearly that no cluster formation takes place just bef
the transition. This can be understood by the electrosta
stabilization of the particles. An abrupt phase transition a
critical volume fraction of 0.9% could be explained as
consequence of a transition in the filler arrangement with
the matrix. The critical value of CB content separates,
fact, a dispersed and an agglomerated state and can ther
not be compared with the one obtained through a pur
random geometrical process.

This work confirms the necessity of accounting for th
structure formation for the understanding of the percolati
behavior of such binary mixtures. In the present study t
CB particles have permanent electrical charges at their s
faces. It is, however, not certain that this phenomenon, p
ticularly striking with the present composites, does not ex
in other kinds of heterogeneous materials.
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