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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.
[S0163-18209)01718-X]

[. INTRODUCTION at least qualitatively, all experimental d&t# However, as
outlined by Carmoni,a full understanding of the electrical
Polymers contain a very low concentration of free chargeand structural properties must involve the specific prepara-
carriers, and are therefore generally good electrical insulation conditions of the materials, namely, the occurrence of a
tors. However, conducting plastics or thermosets are usefudolloidal phase. This author noticed, in the same review,
for many applications. Electrical conductivity can be that a better description for the structure formation would be
achieved by incorporation of highly conductive fillers, suchuseful for a complete and comprehensive understanding of
as carbon-blackCB) particles, carbon fibers, metallic fillers, these kinds of materials. The question of “the rules of the
or intrinsically conducting polymers. game” for the cluster formation has arisen, as well as the
Electrical properties of such composite materials havenfluence of the preparation method on the electrical proper-
been widely studied with both applied and fundamentalies of the composite materials.The percolation model pro-
interest? The dc conductivity is related to the formation of a posed by Sumita and co-work&fswas the first attempt to
network of filler particles within the matrix; it increases answer this question by accounting for the filler-matrix inter-
sharply at a characteristic conducting particle concentratiomactions. In this thermodynamic model it is assumed that the
(Vo) known as the percolation threshold. The percolationfree interfacial energy of the systefm) cannot exceed a
transition leads to strong nonlinear properties, but sincéuniversal value” g*. Thus, the network formation results
Kasteleyn and Fortuidemonstrated that it can be identified from the aggregation of the CB particles to prevent the free
with a second-order phase transition, one knows that physenergy from rising above thg* value. Thisg* concept
cal quantities like dc conductivity should exhibit a continu- allows us to interpret correctly the measurement of different

ous behavior at this transition. values for the percolation threshold varying the free interfa-
To describe the insulator-to-conductor transition a largecial energy between filler and matrix.
variety of models have been proposed in the literatdrgor In a recent review on the models to explain the electrical

several decades the statistical percolation model explainedpnductivity of binary mixtures, Lukpointed out the experi-
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ment performed by Harbourg, Walzak, and Veré§show-

ing that the mixing process may induce an electrical charging
of the CB particles. Lux noticed that such permanent surface
charges might stimulate interactions between CB particles
and the polymeric host. After this review was published,

Schueleret al!! assumed that the presence of such an elec-
trical charge at the surface of their black induces particle-
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|
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Potential
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particle interactions that could be modified by addition of SN
salt during the thermal curing. Very recently, we have Total e s
shown!? by applying an electric field on equivalent samples -

during the curing process, that the carbon particles in these Qpﬁmaw mm-i_mum
composites do have a permanent negative charge at the sur-

face.

The work described in the present paper deals with the FIG. 1. Potential energy of interaction between two charged
measurement of ac and dc properties of these CB-epoxyarticles.
composite materials. The goal was to investigate the influ-
ence of electrical charges at the surface of conducting filler§on, which should involve a driving force and a diffusion
on the percolation transition. It is shown that a jump occursprocess, but to the random position of occupied sites.
in the conductivity for a given volume fraction of CB. This  The dc electrical conductivityo) or the dielectric con-
evolution cannot be described with the statistical percolatiorstant(e) also exhibit a power-law dependence close to the
model, but has been related to an abrupt change in the mpercolation threshol@
crostructure of the composites. This transition of the CB par- _s
ticles from a dispersed to an agglomerated state was mea- g |V=Ve[ 75, @
sured by ac and dc electrical methods and verified bynd, forv>V,,
transmission optical micrographs on cured samples. An in-
terpretation of this behavior is given, based on concepts of ox(V—V )l (2

colloid science. The exponents andt, characterizing the transition, are as-

sumed to be universal, i.e., to depend only upon the dimen-
sionality of the system. In three-dimensional systems the uni-
Il. THEORY versal values are=2 ands=0.7 for the conductivit}® and
A. Percolation for the dielectric constarit;?* respectively. Experimentally

both universal and nonuniversal values have been propbsed

The most prominent model is the statistiﬁal percolationfor the exponent. Experimental data reportSct®?for the
model, proposed by Kirkpatri¢ck and Z'allenl. It allows exponents are generally in agreement with Ed).
forecasting both geometric and electrical quantities. It is

based on the assumptiGrthat the fillers are not interacting
with each other or, in other words, that they are randomly
dispersed within the matrix. Under such a condition a binary Between two fillers in a medium, an attractive London—
mixture can be modelédwith a lattice possessing a given van der Waals potential has to be considered. This interac-
fraction of active sitegor bound$ randomly chosen, i.e., tion is described by a 1/r® potential, where is the distance
independently of the occupation status of their neighborsbetween the particles. Further investigatidnsn the pres-
Sufficiently close to the transition, the statistical percolationently described composites gave direct evidence that the par-
predicts a power-law variation for the measurable quantitiesicles’ surfaces are negatively charged. Thus, as already pos-
with the volume fraction of fillers. tulated by Schuelert al!' and measured by Harbourg,
The aim of the statistical percolation theory is to forecastWalzak, and Veregif’ the CB particles possess a permanent
the behavior of a not completely connected set of objects. Bglectrical charge that leads to a long-range Coulombic repul-
varying the number of connections, this model allows us tession among each other. This Coulombic interaction, de-
describe the transition from a local to an infinite “commu- scribed by a ¥/ potential, is comparabttto the one com-
nication” state. The percolation threshold, is defined as monly used in colloid sciené&?®to obtain an electrostatic
the critical volume fraction separating these two states. Thetabilization of dispersions. The total potential between two
classical theory has proven to be relevant for describing botfillers (Fig. 1) is thus the sum of two competitive potentials
geometrical and transport properties of composite materialplus a repulsion term proportional tor1¥? which accounts
with power-law equations. The correlation length is the av-for the contact repulsion.
erage distance between two sites belonging to the same clus- Due to thermal agitation the particles are moving in the
ter. It is directly related to the cluster formation and reachesnedium. If the collisions created by this Brownian motion
very high values on both sides of the transition. Close to thénvolve sufficient energy to overcome the electrostatic bar-
threshold this parameter follows a power-law divergelice, rier, the pair of particles falls in a deep primary minimum of
E=|V—-V, ™% with a value of 0.88 forv in three- the total potential energy and becomes irreversibly aggre-
dimensional systems. In the statistical percolation theory thgated. In the case of CB-epoxy composites this can also be
divergence of the correlation length or, in other words, theobtained by shearing the composite before cutinghe
formation of an infinite cluster, is not due to any agglomera-height of the barrier depends on the electric charge at the

B. Particle-particle interactions



PRB 59 ANOMALOUS PERCOLATION TRANSITION IN CARBON . .. 14 351

surface of the particles. It is also influenced by the ionic < ' ' ' '
strength of the matricésS,which can be altered by the addi- g 102’ 9900000000000000909000000000000600000 3

. . ~ 3 000000000000 0000000000e L
tion of salt. As already presentétiboth the shearing and ) 10_3’ S .
addition of salt leads to a lowering of the conduction thresh- L or PPN S
old in the presently examined composite systems. bR S LY 1
> 10°F pxxXiogad 1
'g 108} vv"vvv'igﬁgznnn 1

LT 1 ]
Ill. EXPERIMENT 2 107F ge® .
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The matrix used in this study was an epoxy polymer ob- S 10.9’ L
tained from the reaction of a bisphemlresin (ARALDIT 10 0 o 10° 10° 108

LY556, CIBA GEIGY) with an aromatic amine hardener
(ARALDIT HY932). The filler component was an extra con-
ductive carbon blackPRINTEX XE 2, DEGUSSA AG that FIG. 2. Frequency dependence of the conductivity foilliD,
consisted of aggregates composed of spherical particles with012(0), 0.03(*), 0.06(V), 0.12(C1), 0.3(A); 0.48(x), 0.6 (@),

a mean diameter of 30 nm. The details of the sample prepand 0.9(<) volume percent of carbon black with addition of
ration have been described elsewhér&he first step con- CuCh.

sists of mixing 500 g of the resin with the desired amount of

CB for 1 h at5000 rpm using a dissolver disk at room tem- ment within the matrix. This assumption is, finally, verified
perature. This step induced a good dispersion of the CB pawith transmission optical micrographs of the cured sample.
ticles within the epoxy resin and reduced the size of the CB
agglomerates. After this strong stirring the CB agglomerates
have distributed sizes with a mean diameter in the order of

Frequency (Hz)

A. Frequency dependence

0.5 um. Samples were cured after another stirrifigldh at _ Figure 2 di$p_|ays the frequency dependence of the elec-
1000 rpm with the hardener at room temperature. Compodtical conductivity for the salt-agglomerated samplBs
ites prepared this way will be referred to as.” These composites exhibited a typical dielectric behavior be-

To vary the ionic strength of the matrix, another preparalow the conduction threshold, i.e., the conductivity increased
tion was performed in which CuS{FLUKA) was added and linearly with the frequency while the phase angle was close
mixed with the hardener. The salt concentration in the resiit0 /2. Above this threshold of 0.03% a finite conductivity
was adjusted to 310”8 mol/g. These samples, prepared in led to a plateau at low frequency corresponding to the elec-
the same conditions as samplesbut with an addition of trical response of the percolating network. The conductivity
CuCl, will be referred to as B.” increased at higher frequencies due to the growing impor-

The curing process consisted of heating the mixtures untance of the polarization effects on the macroscopic conduc-
der vacuum conditions f8B h at 80 °C tareach the gel point  tivity. Increasing the volume fraction of fillers increased the
and for 8 h at 140 °C teomplete the polymerization of the low-frequency conductivity and led to a broaz(zer plateau.
matrix. Parallelepipedic samples were cut having dimension&imilar results have frequently been repotted: “and re-
of approximately I 1 cn? wide and 0.3 cm thick. Electrical lated to the formation of a percolating network in the mate-
contacts were made of silver paint on opposite sides. The dél. With compositesB each point of the conductivity-
electrical measurements were carried out at room temperatequency plane seems to be reachable, by choosing the right
ture with a HP 4284A impedance analyzer with a four-pointvolume fraction of fillers. The insulator-to-conductor transi-
probe technique. A voltagef & V in amplitude was applied 10N appears continuous. _ _
and the complex conductivit§ versus the frequencywas ~ On the contrary, in the case of samplesFig. 3) a jump
measured in the range of 100 Hz to 1 MHz. The complexin the conductivity at the conduction threshold of 0.9% was
dielectric constanf is related to the conductivity b ~ measured. While a purely dielectric behavior was also ob-
:'a-/iwso, where v denotes the angu|ar frequency am&j served below this threshold, the COﬂdUCtIVIty was almost in-
the dielectric constant of the vacuum. The dc conductivitydependent of the frequency above this critical volume frac-
was measured with a Keithley 617 electrometer. A minimum

of three samples has been used to determine the electrical - - - - -
properties for each composition. = 107" aaaaaaaaeaaaaas:asasaaamemnffffgg 1
Transmission optical micrographs were obtained from > 102f  vvvvvvvvrvvevveeveeveevverve 1
thin polished sections of cured composites by using a LEICA =~ 103
POLYVAR microscope. J.? 104} ﬁmmm ]
> 10°) 55565655““ 1
i) -6 %
IV. RESULTS AND DISCUSSION é :gi “““nn“ ;
This section describes first the electrical conductivity § 108} 1
measured versus the frequency for different amounts of CB. 10° 162 1(')3 1(3“ 1(')5 1(')6

Second, it will be shown that the evolution of real and imagi-
nary parts of the conductivity versus filler content is in clear
disagreement with the prediction of the statistical percolation F|G. 3. Frequency dependence of the conductivity fOl, 0.6
theory. Third, an attempt to explain such a departure is pro¢$), 0.9 (x), 0.93(V), 0.96 (*), 1.05(O), and 1.2(A) volume
posed, which is based on the evolution of the filler arrangepercent of CB without addition of Cugl

Frequency (Hz)
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FIG. 5. Dielectric constant at 1 kHz versus CB content for com-

FIG. 4. Real part of the conductivity at 1 kHz willll) and  posites processed witlil) and without(®) addition of CuC).

without (@) addition of CuCJ. dc electrical properties witi< )
and without(O) addition of CuC}. Insets: comparison with power-

: For sample#\ almost no change in the dielectric constant
law dependencies.

was measured by varying the volume fraction of CB below
tion where conduction took place. Moreover, there was 4he conduction threshold. This observation is very important
large gap between the conductivity measured on both sigder the_unders_tanding of the microstructure in the m_a;e.rials.
of the transition. Nevertheless, for similar amounts of CBFollowing scaling theory? the divergence of the permittivity

above 0.9%, the frequency dependencies of the conductivit'5$ related to the divergence of the correlation length. A sharp
for the samplesA andB are comparable. increase in the latter with the volume fraction of filler is a

quite normal behavior for a random composite material ap-
proaching the transition. The constant value for the permit-

) ) . tivity was, in the present case, interpreted as due to the Cou-
Figure 4 displays the real part of the conductivity mea-jompic filler-filler repulsion that disturbs the cluster

sured at 1 kHz as well as the dc conductivity for both Sets Ofgrmation. At the threshold another discontinuity was mea-
sampleg® The values of the dc conductivity were found very sured for the permittivity: a change of 0.03% of the CB

close to that of the ac é:onductivity at 1 kHz as already detgntent induced an evolution of two orders in magnitude for
scribed in the literaturé® As already mentioned, materiBl ¢ that seemed to arise from the network formation.

exhibited a continuous increase in the conductivity with the
CB content. The variation of the conductivity with the vol-
ume fraction of filler was in good agreement with the power-
law equation(2) and the critical exponentwas found to be The increase in the relative permittivity slightly above the
2.4+0.2(inset of Fig. 4. Such a value is compatible with the conduction thresholds for both sets of samples was contrary
predictions of the statistical percolation theory, even if non-to the decrease predicted by the percolation th¢goy (1)]
universal. for randomly dispersed composites. Moreover, sambles-
SamplesA remained good insulators up to a volume frac-hibited a continuous increase for the real part of the conduc-
tion of 0.9%. This defined accurately the conduction threshtivity, but it was not possible to process samples of type
old as an increase of the CB content as low as 0.03% led twith an intermediate conductivity, because it was not pos-
a jump in the conductivity of about seven orders of magni-sible to weigh CB and epoxy resin so as to obtain accurately
tude. The conductivity reached values that were surprisingly).915% of CB content. It was evident anyway that this be-
close to those obtained for tyfeomposites. Increasing the havior could not be explained by the classical theory for
volume fraction of CB above 0.93% induced a minor rise inbinary insulator-conductor mixtures, but that the dynamics of
the conductivity. Such a behavior could not be fitted properlythe CB fillers in the polymer host had to be considered.
with Eq. (2) and gave anyway a value of 0.64 fofinset of At the end of the processir@e., after strong stirring no
Fig. 4), which is in strong disagreement with the statisticalconducting network exists in the composite, whatever the
percolation theory. salt concentration. This has been shown in a previous Study
The relative permittivity at low frequencyl kHz) for by measuring the conductivity versus the time of the curing
these two sets of composites is depicted in Fig. 5. From thigrocess: the initial conductivity always exhibited a very low
graph, it is evident that this quantity is, again, in disagreevalue.
ment with the percolation theory, which predi¢&g. (1)] a An increase in the ionic concentration of the epoxy resin
divergence in the permittivity close to the percolation threshlowers the potential barrier among the CB particles in
old. Indeed, the dielectric constant in the case of compositesamplesB. Thus, the fillers will form easily clusters from
B increased above the conduction threshold and has a varithis initial state, with the support of the Brownian motion. A
tion comparable with the one of the real part of the conducthree-dimensional network will be created and, accordingly,
tivity. a finite conductivity. Because of this kind of cluster forma-

B. Real and imaginary part of the conductivity

C. Interpretation of the transitions
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0.9 % Carbon Black, with CuCl, added 0.93 % Carbon Black, without CuCl, added

0.9 % Carbon Black, without CuCl, added 0.96 % Carbon Black, without CuCl, added

FIG. 6. Transmission optical micrographs of thin polished sections of cured ma¢Byi&l,9% with CuC} and(A1) 0.9%,(A2) 0.93%,
and (A3) 0.96% without CuGl

tion, a strongly agglomerated structure will be achieved ando that of a totally agglomerated composite. It is evident that
thereby a very low conduction threshold, compared with thesuch an evolution should be related to an important modifi-
standard percolation theory and most of the results proposeshtion in the filler arrangement within the polymer host. If
in the literature. The final microstructures of these compostrue, this assumption should induce a strong variation in the
ites are thus not randofifFig. 6(B)] and this is most likely  microstructure of the composites. In a previous pHpee

the reason why the permittivity increases with the CB conaye shown that the transmission optical microscopy was
tent. relevant to describe the cluster formation of these compos-

More interesting are thé samples, prepared without the jies |n situ measurements of the conductivity of a sample

addition of salts. For a volume fraction of CB less than orggced in an optical microscope during the curing process

0 i . . . . .
eql;al t 0.9%, the pat;ucltesdrepel eac?ho_ther fm(:_ trly t0 MOVBe mitted us to correlate directly the dispersion state with the
as lar away as possible to decrease their potential energy Wy q| of conductivity. We concluded that the samples initially
interaction. This electrostatic stabilization prevents the for-

mation of clusters and thereby leads to a weak correlatiohnSUIatmg and with an even dispersion of the filler become

length and to a low permittivity. Nevertheless, by increasingconduc'“.ng _durlng the curing with appearance of strong het-
the volume fraction of CB, the particles must reach a closefrogeneity in the microstructure. .
position. Exceeding this critical value of CB content leads to " the present case, to check the existence of an abrupt
composites with “high” conductivity. This high value is, in Change in the microstructure of the material, optical micro-
fact, comparable to the one obtained with a strongly agglomdraphs of thin polished sections of the cured materials were
erated compositétype B) with an equivalent CB content taken(Fig. 6). The first micrograptiB) shows a sample with
indicating an analogous degree of formation for the percolataddition of salt, containing 0.9% of CB. In this case all the
ing network. carbon particles are agglomerated leading to large particle-
In summary this material changes singularly, with a varia-free areas. This is in agreement with the previous sttt
tion of CB content of only 0.03%, from a good insulating showed that a strong agglomeration always occurred ifBthe
behavior with a low permittivity(comparable to that of the samples, even for much lower CB contents. In fact, the mi-
pure matriy to a rather good conducting behavior equivalentcrostructure of th& materials cannot be compared to the one
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obtained with a random occupation of sites of a given latticedifference with the predictions of the statistical percolation
and therefore its behavior cannot be compared directly with sheory available for randomly dispersed fillers. The measure-
statistical percolation. ments could, however, clearly be related to a nonrandom
The second picturéAl) corresponds to the same volume microstructure observed by transmission optical microscopy.
fraction of 0.9% of CB, it reveals evenly distributed CB The dynamics of the filler in the epoxy resin during the cur-
particles and, as expected, no visible cluster formation toolng process, responsible for these microstructures, could be
place in the composite. This microstructure was the same ajualitatively explained with the help of the concepts of col-
different places of the sample. On the contrary, for a volumdoid science.
fraction of CB of 0.93%(A2), i.e., just above the measured  The low dielectric constant in the vicinitput below the
conduction threshold, an aggregation phenomenon can hmnduction threshold in the case of the composhesadi-
observed leading to an inhomogeneous distribution of theates clearly that no cluster formation takes place just before
filler in the material. Indeed, particle-free areas and enrichethe transition. This can be understood by the electrostatic
zones, which favor the electrical conduction, can be seen ostabilization of the particles. An abrupt phase transition at a
this picture. However, the hardening of the epoxy resincritical volume fraction of 0.9% could be explained as a
stopped the process before all particles where agglomeratethnsequence of a transition in the filler arrangement within
and both aggregated and dispersed areas can be found in thlie matrix. The critical value of CB content separates, in
sample by varying the observed area. The last pictdB, fact, a dispersed and an agglomerated state and can therefore
obtained for a volume fraction equal to 0.96% of CB, showsnot be compared with the one obtained through a purely
a highly structured network, similar to the one obtained forrandom geometrical process.
samples typeB and thereby explaining the equivalent con-  This work confirms the necessity of accounting for the
ductivity measured on these two kinds of samples. This agstructure formation for the understanding of the percolative
glomerated structure is found in the whole sample. behavior of such binary mixtures. In the present study the
These observations are in very good agreement with th€B particles have permanent electrical charges at their sur-
electrical measurements and confirrtfatiat insulating com-  faces. It is, however, not certain that this phenomenon, par-
posites are to related to a dispersed state of the fillers whilgcularly striking with the present composites, does not exist
conducting composites should be associated with an agglonin other kinds of heterogeneous materials.
erated state of the fillers. These pictures contributed, thereby,
to explain the abrupt conduction transition measured in the ACKNOWLEDGMENTS
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