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ac and dc conductivity, magnetoresistance, and scaling in cellular percolation systems
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Percolation phenomena, which include the ac and dc conductivity, dielectric constant, and magnetoresis-
tance, are studied in a series of seven cellular composites, consisting of small conductor particles embedded on
the surface of larger insulator particles. Carbon bl@gkund and ungroundgraphite, graphite—boron-nitride,
niobium carbide, nickel, and magnetite gEg) powders were the conducting components with talc-wax
powder as the common insulating component. The dc conductivity results were fitted to the standard percola-
tion equations and to a two-exponent phenomenological equation, which yields the percolation pa@meters
0., S t, and ¢, in the ideal limits. Both universal and nonuniversal values @indt are measured in the
systems. Close to the percolation threshald)( the ac conductivity ¢,,,) and the dielectric constang ()
are found to scale as,,,*w" ande,, <o ". All these exponents are examined using the most recent theories
and compared with previous studies. The dielectric constant exposi§ntiom e, (pe— ¢) ', is shown
to be frequency dependent. The exponegyis(magnetoresistangeand t,, (from magnetoconductivijyin
composites are not yet clearly understood but these and previous results shgysthatic scaling is shown
in a real composite comprising §@, and talc wax.
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[. INTRODUCTION constant belowp. are made, and the exponesitfrom e,

. _ . o ¢c—¢)*s' is found to be frequency dependent. The ac
The properties of conductor-insulat@r metal-insulator  conductivity results are scaled and analyzed in a way similar

composites have been extensively studied by both experip those reported in Ref. 6 using, where possible, the expo-
mental and theoretical physicists for many years. At firsthents obtained from the dc results.

mixture rules and later effective media theotiésere used Up until nearly ten years ago it was widely believed that

to analyze the data, but since the 1970s, one of the ma|a|| exponents, whether measured in a lattice mddem-
theoretical models has involved percolation theory and th@uter simulatioin a model system, or a continuum compos-
concept of scaling. This was due to the realization that thete, were universal, in that they depended on the geometrical
percolation threshold in metal-insulator systerdlattice  dimension only—three dimensiof@D) in these experiments.
models, model systems, and continuum compositesa  Since then, it has been realized that there are a number of
critical point, analogous to the critical points of SeCOﬂd-Ordercontinuum systems in which unequivoca| nonuniversal expo-
phase transitions in thermodynamic systems. Major reviewients have been observed or predictBefs. 6 and 7 and
articles covering “standard” percolation theory, scaling, andreferences thereinMany of the exponents presented in this
some experimental results are given in Refs. 3—-5. Most opaper are nonuniversal and will be discussed using the cur-

the_ experimental_work has been fOC_USGd _on the Simp|_e_dﬁ§nt|y accepted models for nonuniversal expone(g;se
resistivity properties, less on the ac dielectric or conductivitytheory section

properties, the Hall effect, and flicker noise, and very little

on the magnetoresistivity and thermopower. In most experi-

mental papers only one or two of these properties was mea- Il. THEORY
sured on the same system, which makes it difficult to com-
pare and correlate the different exponents that appear in the
various scaling laws, which often have the for@v:(¢

— ¢.)%, while the real conductivity o, (w)] and dielectric (1- ¢)(‘Ti1/s_‘7%1/s)/(‘7il/s+A0#/s)
constant[e,,(w)] are found to scale as,*<w" and e, M 1t 1k 1hy _

xw~ Y. HereQ is the physicalelectrica) property measured, T loe —om)l(og+Aoy) =0. @
X, U, andv the (in some cases univergaxponents the
volume fraction of the conducting component, and the This gives a phenomenological relationship betwegn
critical volume fraction, where the conducting componento;, anday,, which are the conductivities of conducting and
first forms an infinite or spanning cluster in the sample or a@nsulating component and the mixture of the two compo-
continuous dc conduction path across an infifiitepractice  nents, respectively. Note that all three quantitigs o, and
very large sample. This paper reports on measurements of, can be real or complex numbers in Edj). The conduct-

the dc conductivity exponentsandt and the ac exponents  ing volume fraction¢ ranges between 0 and 1 with=0
andv, together with thap, value, in seven percolation sys- characterizing the pure insulator substaneg € o;) and ¢
tems and then tries to relate them to the theoretically pre=1 the pure conductor substance,(=o.). The critical
dicted values and those measured in other percolation sygolume fraction or percolation threshold is denotedday,
tems. Studies of the power-law dependence of the dielectrizzhere a transition from an essentially insulating to an essen-

In analyzing the data the equation uset 18
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tially conducting medium takes place,
— @) p.. Equation(l) yields two limits

om=0i[ el (pe— )],
Om=0o[(¢— d’c)t/(l_ d’c)t]r

and=(1

|| =0 d<ge, (2

|| —0: b> e,
3

which chararcterize the exponerstandt. Note that Eqs(2)
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to resolve this dilemma, have also been reported. The previ-
ously defined crossover region now corresponds toand
x_>1.

At first it was believed that simulations, based on resis-
tance networks, and real continuum media both belonged to
the same universal class and tlsaédndt depended on the
dimension of the system only. The most widely accepted
universal dc exponents, in three dimensions, sfe=0.87

and (3) are the normalized percolation equations. In theandt,,~2.0, but values of down to 1.7 are often taken to

crossover region, where lies betweeng.— (o /og) Y™
and ¢+ (oi/ o) VY 33 Eq. (1) gives

s/

O~ 0 (s+t)O_E/(s+t) ’

(4)

in agreement with the theory given in Refs. 3-5.
The scaling functions used in this paper, based on tho
given in Refs. 3-5, are

Um:Uc[(¢c_ gf))t/(ﬁL]F_(X_), P<de, 5
Um:Uc[(¢_¢c)t/(1_¢c)t]F+(X+)r d>¢e, (6)

where o, can be the theoretical result from E(d.) or the
experimental results. The scaling functidas(x..) depend
on the scaling paramet&rs

x_=(oilo)[(g N(pe— ) = —iwlo., ¢<dc,
(7
with
wcfz(o'claoai)[(d’c_¢)S+t/¢§+t]
and
X+:(Ui/Uc)[(l_d’c)SH/(d’_¢c)s+t]:_iw/wc+!
b= e, tS)
with
0oy =(0cleoe)[(d— dc)* (1= bc)*"']
[ om($,0" V"],
The above expressions fom., assume a purely real
o.(0¢=0) and imaginaryoi(oj=— wegej,0;,;,=0), as

was done in Refs. 3—6. To ensure that curves drawrkfor
fall on top of each other for differeng. values, the normal-

ization employed in this paper differs slightly from the one

used in Refs. 3-5.

The results for the slopes of the scaling functions

ReF_,ImF_ and Re&-,,ImF, and conductivity power

be acceptable. All computer simulations and many con-
tinuum systems supported this belief, but it was also found,
in a number of continuum systems, thiatvas 3 or even
larger.

Kogut and Strale¥} were the first to show that if the low-
S%onductancég) bonds in a percolating resistor network had
a distributionh(g), characterized by(g)~g~ ¢ with 0<«

<1, then the conductivity exponehivould be given by

C)

while for «<0, t=t,, wheret,, is the accepted universal
value. For a superconductor-normal resistor netwask (
—o and o; finite), with the distribution of normal conduc-
tances(now in the o; component being characterized by
j(g)~g~#, the exponens would be given b}t

t=t,ta/(l—a), 0<a<l,

s=s,,+(2-8)/(B—1), 1<B<2, (10

while for B>2, s=s,,,. Note that this model does not allow
eithers or t to be lower than the accepted universal values of
Sun andt,,,. While values ot <t,, are uncommon, values of
s<s,, are often observed, especially in ac dielectric experi-
ments.

The first model to propose a distribution of the“ class,
leading to a nonuniversdlin a continuum system, was the
“Swiss-cheese” or random voidRV) modeP*'213where
the narrow conducting necks, joining the larger regions of
the conducting material, dominate the resistive behavior.
This class of system was realized by Leteal* in a system
of glass spheres randomly distributed in indium and gave
=3.1. However, the inverse random void model or inverted
“Swiss-cheese” system, where lumps of the conducting
phase are separated by noncontinuous thin sheets of insula-
tor, gave a universal exponefitThe upper and lower limits
of t for the RV (Swiss-cheegemodel are 2.5 and 2.00, re-
spectively.

Balberd®™® proposed a model which accounts for values
of t higher than those allowed by the RV and the inverse
random void (IRV) model*?*® In this model Balberg as-
sumes that the resistance distribution functign), wheree

laws (exponents from standard percolation theory, as givenis the proximity parameter, has the forem® as&—0

in Refs. 3-5, and those from Ed4), (5), and(6) (Refs. 6, 8,
and 10 are all the same whex. andx,.>1 and so too are
the slopes of the first-order terms Fn(x_<1) and
ReF . (x,<1). However, the second-order terms of th
complex functiond=, (i.e., ImF,) andF_ (i.e., ReF_) [or
omi(d> @) and o (p< )] differ from those given in
Refs. 3-5 wherx, (w/w:;)<1 andx_(w/w._)<1. This
has been shown analytically in Ref. 8, where experiment
measurements af (> ¢.) ando, (¢< ), which help

(where —~<w’<1) and does not tend towards a constant
as in the original RV and IRV modeté:'® Using the ap-
proach of Refs. 12 and 13 and keeping the underlying nodes,

elinks, and blobs modéf;*® Balberg derived an expression

for a nonuniversat:
t=tynt(U+ o' —1)/(1-w’). (11

aFor w’' =0, the expression gives the original Halperin-Feng-
Sen and Tremblay-Feng-Breton modéfs* with 2.5 as an
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upper limit fort. The parameteu is related to the dimen- nately the RV and LNB models have not been extended to
sionality d of the system and is such that=d—3/2 for the  media with a granular conducting component.
RV (Swiss-cheege model andu=d/2—1 for the IRV The phenomenon of magnetoresistance or magnetocon-
(inverse-Swiss-cheesenodel. Different combinations ab’ ductivity has not been extensively studied in percolation sys-
andu will give various values of the exponehin the Bal-  tems. To the authors’ best knowledge, there has been essen-
berg model. There appears to be no upper limit to this  tially two theoretical papef8*® and three experimental
model. studies’?**?°Bergman? used a scaling approach to develop
Another model that may allow values of somewhat expressions for the low-field Hall effect and magnetoresis-
greater than 2 is the Links-Nodes-BlokisNB) model of tance. In systems where >0, it is predicted that the
Stanley?® and Coniglio® which supercedes the oversimplied change in conductivith o [ =o(0) — o(H)]<H? and
links-nodes model of de Genrtésind Skal and Shklovskif .
and provides a realistic picture of the backbone on a lattice Aox(d=e)m (12)
and enables the critical exponents to be calculated or esti-
mated. In this picture, a node is any site on the backbone that
is connected to the boundaries by at least three independeﬁtR(o)]/R(O)Oc
paths and the internode spacing, abayg is the correlation
lengthé~(p—po) " [=(d—b.) " in a continuur. A link [R(H)=RIO)J/R(0) (b= o), (13
consists of lengths of single or cutting bonds., those wheret,, and g, are critical exponentsH is the magnetic
which, if cut, will interrupt the current floyvand blobs field, andR is the sample resistané®.
(which are multiply connected paths on the backbone, where
each path carries a fraction of the backbone cujrefte
average resistance between two sites, separated by the per-
colation correlation lengtl, is < (p—p.) ~°, which leads to Several conducting powdefgraphite(G: Lonza, KS75,
the expressiort= 6+ (d—2)».1%%° According to Refs. 20 carbon black(CB: Raven 430 ultra powder, Columbian
and 21, the random resistor model givés1.12 in 3D, Chemicals Cg, niobium carbide (NbC: 51101, 99 %,
which leads td=1.95[with §=1.12 andv=0.83(Ref. 2)].  Johnson Matthey, GMBH Alfa products;1-3 um), mag-
To account for the larget, which is found in some con- netite (FgO,: 97%-325 mesh, Johnson Matthey GmBH
tinuum systemsg would have to be larger than 1.1&hich ~ Alfa), and nickel,(Nl: CERAC, 99.9% pure~5 pwm aver-
implies a large fraction of blobs on the backbhrféisch and age] were each mixed with spherical talc-wax powdeith
Harris?! gave the limitv< < /v, whereuy is the correla- an average diameter of 3Q0m), coated with 4% wax by
tion length exponent for self-avoiding walks. Using their val- volume, which was used as the common insulating compo-
ues ofv=0.83 andv,=0.588, this givess an upper limit of nent. Note that the particle sizes quoted above for the con-
1.49. Note thaw values of 0.83—-0.89 have been put forward.ducting powders are those specified by the manufacturers.
Therefore, in its current form, the LNB model is unable to The conductor particles were deliberately chosen to be much
account fort values higher than about 2.35 unless the com-smaller than the talc-wax particles so that the conductor par-
plexities of the links, nodes, and blobs in a system of reaticles formed the surfaces of “bubbles,” surrounding the in-
grains(with the possibility of an anisotropic or shape depen-sulator particlegvoids)—i.e., a three-dimensional “cellular”
dent conductivity and a range of intergrain conductancesstructure. As a result, the conductor particles had the same
allow & to be higher than 1.49. macroscopic distribution in all systems. The powders were
Balberd®>!® also proposed a model similar to the Swiss-mixed in a way that ensured even distribution of the conduc-
cheese model, but where the interparticle conduction methotdr particles on the surface of the insulator. The graphite—
is tunneling. This leads to a large range of interparticle resisboron-nitride—talc-wax system is a three-component system
tances and nonuniveralalues. A large range of interparticle in which the talc wax is always coated by a mixture of graph-
contact resistances could also arise from angular conductinte and boron nitride powders, whose combined volume frac-
powders, where pointed corners make contact with more plaion is fixed at ¢ggny=0.15 and the graphite content was
nar surfaces. In such systems a wide range of the areas wéried between 0.00 and 0.15. Note that the graphite and
and pressures on the point contacts would lead to a widboron nitride powders used in the present study are the same
range of resistances and nonuniversahlues. There is, in as those used in Refs. 6 and 7.
principle, no upper limit to thé exponent which depends The powdergwith the exception of the talc wax, nickel,
only on the distances between the grains. niobium carbide, and the “unground” or “raw” carbon
Note that the models discussed in E¢®—(11) and the black were initially ground in a planetary miliin an agate
LNB model are for a homogeneo(songranularconducting  crucible with agate balljsdown to a mean size between 9 and
component, while the tunneling model obviously deals with35 um, before being examined using a JSM 840 scanning
a granular conducting component. As the “macroscopic” ge-electron microscope. Images were obtained at various mag-
ometry of the cellular systems discussed in this paper is siminifications in order to estimate the size and shape of the
lar to that of the RV model, the conducting powders on theparticles. The principle use of the electron microscopy re-
insulating grains have an LNB structure and there is tunnelsults was not to size, but to observe the particle shapes, as the
ing and high-resistance-pressure contacts between the grairatter play a role in the determination of the percolation
all these existing models have to be considered. Unfortuthreshold. A Malvern size analyzer was used to measure the

In addition, the relative magnetoresistan¢é¢R(H)
H? and

I1l. EXPERIMENTAL PROCEDURE
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particle size distribution of the powders. The Malvern instru-sample. No significant change in the resistance was observed
ment uses a light-scattering method to measure the variowafter this, but to be absolutely sure all reported results are
powder particle size, using the light from a helium-neon la-from measurements taken at least 2 months after the first
ser \~0.63 um). The instrument has two ways of describ- measurements as was done in Ref. 7. The samples were kept
ing the particle size: the mean diameté,() and the sauter in dessicators, filled with silica gel, to guard against contami-
diameter D). The sauter diameter is obtained by consider-nation by moisture, which would have resulted from pro-
ing the surface area covered by the particle, while the mealpnged exposure to the atmosphere and all measurements
diameter is calculated from the equivalent spherical volumévere done on relatively dry days.
of the particle. These parameters are given and discussed in Magnetoresistance measurements were made on the 10-
the next section. mm-diam samplegwhich had been drilled out of the 26-
Samples were prepared by first mixing the preweighed“m'diam samples and polished to about 1.5 mm thickness
conducting and insulating powders by hand. A planetaryn five of the systemfRCB, GCB, GG, GBN, and N(see
mill, without the grinding balls, was used to further mix the caption to Table | for the full namek All measurements
soft conducting powders(carbon black, graphite, and Wwere done at room temperature using a LR400 self-balancing
graphite—boron-nitride powderfor 20 min. The harder bridge for measuring the resi_stance at each field setting. A
and/or heavier powdeisiobium carbide, nickel, and §&,) Hewlett-Packard 64388 supplied current to a Newport elec-
were mixed by putting the hand-mixed powders in a bottleffomagnet whose flelq could be adjusted from 300 to 15000
(with rods running parallel to its axisvhich in turn was put G, as measured using a LakeShore 450 gaussmeter. All
in a slowly rotating drum in which the mixture was tumbled Samples used in the measurements were in the conducting
for 20 min. Abou 4 g of each mixture were gently poured region (> ¢c).
into a die and compressed into a pellet of 26 mm diameter Low-frequency ac measurements were done using a No-
and about 3 mm thickness, at a pressure of 380 MPa, for 1.0control Dielectric Spectrometer, in combination with a So-
h. This caused the coated talc-wax particles to have a flafartron SI11260 Impedance Analyzer. The Novocontrol Di-
tened sphere shape, with a height typically half the diameteglectric Spectrometer, which is an instrument especially
The porosity was determined from the measured appare,qteagned for ac conductivity measurements and works from
density, obtained from the actual mass and volume of théhe subhertz to megahertz range, is capable of measuring far
pellets, and the calculated fully compacted density. This, tosmaller loss components in the dielectric or insulating phase
gether with the conductor volume fraction, was used to de(equivalent to 18' Q at 107 Hz and 16 Q at 100 kHz in
termine the volume fractiond) of the conducting compo- parallel with an ideal capacitpand has a better resolution of
nent in each sample, the porosity being added to the insulatéhe l0ss or phase angla maximum of tard of >10® and a
fraction (1— ¢). Near the percolation threshold, the conduc-Minimum of 10°%) than the instruments used in Ref. 6 or
tor fraction was varied in 0.2% increments so as to resolvény previous measurements of a similar nature. The capaci-
the details of the divergence of the properties under studjor areas were chosen so that the capacitance and resistance
near ¢.. Resistance measurements were done in both a ©f the sample were, where possible, well within the measure-
and a pseudo-4-probe configuration, using the two Coppéin_ent Iimitations(capacitance, resistance, and &nof the
wire spirals embedded in each of the silver paint “capacitor”dielectric spectrometer.
plates on the flat surfaces of the disks. Later, for the high- The high-frequency measuremeriteom 1 MHz to 1.8
frequency measurements, disks were drilled out with a diamGH2) were done on a Novocontrol BDS 6000 impedance
eter of 10 mm and polished to a thickness of about 1.5 mn@nalyzer, which consisted of a HP 4291A rf impedance ana-
for insertion in the sample holder of the high-frequency im-lyzer, a Novocontrol sample holder, and a Novocontvei-
pedance analyzer. DETA Software package. After carrying out the calibration
Two-terminal conductivity measurements for samplesProcedure, the samples were inserted between the plates in
with resistances between®and 133 Q were made at room the sample holder, which placed them at the termination of a
temperature (22°C) using a Keithley 617 electrometer in th&oaxial line. The experiments were carried out under the con-
V/l mode, which had been calibrated using standard resis0l of the WINDETA package and the results could be plotted
tors. All measurements were done with the sample placed iRut and stored as the real and imaginary conductivity, imped-
a shielded Faraday box to reduce external noise. Samples @hce, or dielectric constant or tanas a function of fre-
the conducting side (IG-1C Q) were measured using a guency. _
LR400 self-balancing four-terminal bridge, which was preca- The results from the two spectrometers overlapped in the
librated using standard resistors in the appropriate range&nge 1-10 MHz. As the results in this region seldom coin-
The measured dc resistances were divided by the appropriaééded perfectly, the results from the high-frequency spec-
geometric factors to obtain the respective dc conductivitiestrometer were scaled to coincide with those of the low-
which were then plotted as logarithmic conductivity versusfrequency spectrometer in this range.
the conducting powder volume fractionp]. The results
were fitted to both the combined percolation equations and
Eqg. (1) to obtains, t, o, o;, and ¢.. The uncertainty in
these parameters were given by the statistics report of the The results obtained from the measurements and the dis-
Micromath Scientist fitting package. The first measurementsussion of the parameters obtained from the analysis of these
of the dc resistance were made within 24 h of making theesults are presented in the following ord&): The dc con-

IV. RESULTS AND DISCUSSION
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TABLE |. Percolation parameters from the cellular systems. The abbreviations used represent GCB, ground carbon black; GG, ground
graphite; FgO,, Magnetite; NI, nickel; RCB, raw carbon black, GBN, graphite/boron nitride; NbC, niobium carbide. The numbers in
brackets represent the corresponding statistical errors except in.ttend o, rows where they denote corresponding powers of 10. Note
also that due to space constraints, the last significant figure has been omittedsig, tredues for the GCB and RCB systems, which are
0.0122+0.0007 and 0.013%0.0006, respectively.

GCB RCB GG GBN FgO, NbC NI
des 0.032(0.001)  0.045(0.001) 0.09(0.01) 0.034(0.001)  0.030(0.001) 0.06(0.01) 0.07(0.01)
dem 0.020(0.005)  0.028(0.005) 0.08(0.01) 0.025(0.001)  0.025(0.001)  0.009(0.001)  0.040(0.001)
dee 0.012(0.001)  0.013(0.001)  0.035(0.002)  0.033(0.001)  0.025(0.003)  0.065(0.003)  0.025(0.005)
t 2.06(0.10) 2.26(0.11) 1.93(0.06) 2.51(0.12) 4.12(0.23) 5.25(0.67) 1.52(0.15)
s 1.06(0.26) 0.90(0.20) 0.66(0.15) 1.28(0.19) 0.45(0.31) 0.37(0.14) 1.11(0.60)
s’ (0.01Hz) 0.71(0.04) 0.65(0.08) 0.79(0.05) 0.70(0.05) 0.14(0.01) 0.46(0.03) 0.69(0.02)
s' (1 Hz) 0.49(0.04) 0.47(0.02) 0.62(0.03) 0.62(0.05) 0.13(0.01) 0.28(0.01) 0.48(0.02)
s’ (100 Hz) 0.39(0.04) 0.44(0.02) 0.54(0.02) 0.57(0.04) 0.11(0.01) 0.23(0.01) 0.40(0.02)
s’ (1 kHz) 0.36(0.04) 0.43(0.03) 0.50(0.02) 0.55(0.04) 0.10(0.01) 0.21(0.01) 0.38(0.02)
s’ (1 MHz) 0.23(0.03) 0.33(0.02) 0.42(0.04) 0.46(0.04) 0.07(0.01) 0.18(0.01) 0.31(0.02)
Ot 3.80(16) 6.17(10) 2.51(16) 9.12(16) 2.63(10°%) 1.07(16) 1.41(16)
Och 1.00(16) 1.0(16) 9.00(1d) 9.00(10) 4.00(10°3%) 3.33(10) 1.39(16)
Ds (um) 12.84 19.13 40.93 13.10 12.34 25.97 28.80
Dy (m) 7.92 10.89 33.99 9.71 10.00 3.37 15.76
tm 3.31(0.10) 4.51(0.08) 2.29(0.40) 4.14(0.57) 2.13(0.27)
ge 1.08(0.02) 1.76(0.01) 0.44(0.03) 0.71(0.10) 0.29(0.06)
tm— e 2.23(0.11) 2.75(0.06) 1.85(0.45) 3.43(0.96) 1.84(0.61)

ductivity and the percolation thresholy) the dc critical prominent role in determining the conducting properties of
exponents(c) the volume and frequency dependence of thethe composites, even at the highest volume fractions used in
dielectric constantd) dc scaling,(e) magnetoresistance, and this paper (¢=~0.25), a fact we use in our discussion of the
(f) ac conductivity and scaling. Table | contains the param+esults.
eters obtained from the results given and discusse@)in It should be noted that the carbon black used in the
(b), (c), (d), and(e), Table Il the parameters for the f&& present study is the same as that used by Hédegtudies
system as a function of temperature, and Table Il the paramef carbon black—polymer compositeg){.=0.170+0.001,
eters obtained from ac measurements, giveff)inFor com- t=2.9+0.1). From the fitting of his experimental data to the
parison, Table IV contains some parameters obtained fromercolation equations, Hearf8yobtained ac; for carbon
previous measurements. black of 66.7 (2 cm)~ 1, which is closer to the bulk value of
100 (2 cm)~?! quoted in his paper and is an order of mag-
nitude higher than the values shown in Table I. Note also the
significant differences irrg, t, s, ands’ (from dielectric
The dc conductivity] o,(¢,0)] behavior of percolation constant measuremep@nd the small difference i, for
systems is best illustrated by a plot of the logarithm of thethe ground and raw carbon black systems. This implies that
conductivity against the volume fractio] of the conduct- the interparticle contacts have been altered by the grinding,
ing component, which gives the typical op8rurve(called  which has probably decreased the sharpness of the edges or
the “sigmoid” curve by some authoysFigures 1 and 2 show angularity of the ground carbon black particles. Note that the
plots for the graphite and @, systems. Similar plots were lower s and highert for the raw carbon black system are a
done for the other systems and fits to the two-exponent phdittle closer to the very angular NbC and 4&&. The hight
nomenological equatiofEg. (1)] gave the parameters, (or  NbC and FgO, systems, with their hard sharp eddesint
d.e, Which denotes the experimental value éf in this  contacty, show the largest discrepancies between the ex-
papel, t, ands, shown in Table | for all seven cellular sys- trapolated conductivity and the bulk valgies., o< op).
tems studied. Results obtained through fitting the dc conduc- The discrepancy betweer,; andoy, is further illustrated
tivity results to the combined percolation equatipgss. (2) in three graphite-containing systems. In the compacted
and(3)], with a commong,, agree with the results given in graphite—boron-nitride systefmg.; was found to be 77.62
Table |, within the experimental errors. (2 cm) ™! compared to 912.01} cm)~* (obtained from the
The extrapolated conductivityo(;) of the conducting three-component system of graphite, boron nitride, and talc
components obtained from the above fitting is always foundvax) and 251.00  cm) ! (obtained from the graphite—
to be lower than the corresponding bulk conductivity,, talc-wax system Note that when treating the graphite—
[obtained from various sources in the literati@ble )]). boron-nitride coating as an independent, compacted bulk per-
This suggests that interparticle contact resistances play @olation system(see later, o.; was found to be 44.5

A. dc conductivity and the percolation threshold
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(©Qcm) %, reasonably close to the compacted graphite-ever, the¢.. of the ground system is found to be slightly
boron-nitride system.The differences observed in the,, ~ Smaller than that obtained in the ungroufrdw) carbon
values for these systems seem to indicate that the insulatifack system, due to the smaller radius, which would agree
matrix also affects the value of,;. However, in all “three” ~ With the Kusy modef’ The plain graphite and graphite
graphite systems discussed above and a previouly measurBtx€d with boron nitride15%) systems also show the same
one®’ the values of thes andt exponents are fairly close. C”F'Ca.l volume fractlon(wnhln the error limity, which is

The values fob.., s, andt for some other systems are given quite interesting as the latter is essentially a three-component

. : system.
in Table 1V and discussed later. . . . .
The various mechanisms influencing the critical volume While one may believe thac. in the cellular systems is

fracti bl derstodlTh . primarily dependent on the relative size of the components, a
raction (¢c) are now reasonably understoot.INese IN- ¢|nser axamination of the systems shows that there are other
clude the relative sizes of the component partfieS and

. 33 ) important factors involved in determining,,. Take, for in-
shape of the particleS~**While all these mechanisms could giace. the niobium carbide and graphite systems. From their

?nfluenceqsce in the com-posit.e systems studied in this paperean particle sizes~3 um for NbC and ~30 um for
it appears that the relative sizk /D (whereD; andD. are  graphite, the niobium carbide should have a lower critical
the diameters of the insulator and conductor components;olume fraction than the graphite systdaccording to the
respectively of the two components has the largest effect onkusy mode) but the reverse is actually true. In fact, the
the percolation threshold, because of the consistently lowiiobium—carbide—talc-wax composite has the highgst
bee's (<0.065). Therefore, the Kusy modéls now experi-  value of all the systems. It is suggested that the heavy, hard,
mentally examined in detail, using “nonideal” conducting and angular NbC particles are knocked into the surfaces of
powders. Note that the small conductor particles, embeddetthe soft talc-wax particles during sample preparation in a
on the surface of the large insulating talc-wax particles, formway that is likely to reduce the probability of contact be-
conducting link, blob, and node arrays which, in turn, formtween the conductor particles on the talc-wax surface, lead-
the percolation paths or backbones in these 3D systems. ing to a higher¢.. value. The irregular geometry of the
Figure 3 shows the predicted and experimewtghvalues graphite particles, which are in the form of flakes, might also
superimposed on the Kusy theoretical cufttee numerical favor a low percolation threshold, as the relatively light
results are given in Tablg.IThe experimental valuespt,), graphite flakes lie flat on the talc-wax particles, without pen-
which are not functions oD;/D., are given as vertical etrating their surfaces, which allows more numerous inter-
(dashedl lines and the points where they intersect the theoparticle contacts than for a similar volume fraction of nio-
retical curve are examined. The predicted or calculated bium carbide. The nickel and §®, systems have the same
values were obtained from the Kusy formulg.=1/(1  value of ¢, but the reason for such a similar result is not
+KB), whereB=D, /D, andK is a constarif], using the immediately obvious.
measured values of the mean size of the particles for each The extremely low percolation thresholds of the ground
powder from the Malvern size analyzer, and are plotted orand unground carbon black systems also agree well with pre-
the curve. The theoretical pointslenoted by subscripts!  vious studies where carbon black particles were blended into
andS), shown in Fig. 3 and given in Table I, were obtained polymers2®3°3* Connor and his collaboratdfsstudied the
by using the ratio of insulatafwhose average diameter was conductivity of a composite made of highly structured car-
measured to be 30@m) to both the meaitM) and Sauter bon black in an amorphous polymigrolyethylene terephtha-
(S diameters of the conductor particles for each system. Théate (PET)] and obtainedp..=0.011, which is in fair agree-
Fe;0,, ground carbon black, and GBKL5%) system¢.. ment with the critical volume fractions obtained for the
values show good agreement with theory using the meaparbon black systems in this work. The low value ¢@f,
diameter. The angular, but nearly sphericab®gand NbC  observed in carbon black systems has been attributed to the
systems show good agreement using the Sauter diameter. flormation of aggregates by the carbon black particles as
general, thep, values calculated from the mean and Sautemoted by Balberg® Heaney,® and Connor and co-workef$.
diameters 6., and ¢, respectively, in Table)lare always However, this work indicates that the carbon aggregates
greater than or equal to the experimentally determined critiprobably form a cellular structure coating “polymer” grains
cal volume fraction é..). The only exception is the niobium which contain no or very little carbon.
carbide system, where the mean diameter valg, ) is The only previous experiments directly studying the de-
much lower thanp... The results shown in Fig. 3 and Table pendence ofp.. on the relative size of the constituent par-
| illustrate how the difference for the actual shape fromticles of the composite seem to be studies done on,RuO
spherical and size distribution of the conductor particles caiconducting oxide-glass compositewhich gaves., values
give rise to the critical volume fraction of the systems, whichin the range 0.02-0.0%.
differ from those predicted on the basis of spherical and
monosized particles in the Kusy model. Hence the Kusy
model is only a first approximation in estimatirfy, in real
systems, especially where the particles are not spherical The exponents shown in Table | have a range of values
and/or have a wide or abnormal size distribution. falling close to, below, and above the universally accepted
The two carbon black systems show a small difference irvalues ofs andt, taken as 0.87 and 2.00, respectively, for 3D
the ¢, values, which overlap within the error bars. How- percolation systems.® Four classes of the exponenhave

B. dc critical exponents
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FIG. 1. Plot of the logarithm of dc conductivityo,(¢,0)]
results vs the volume fractiong() of graphite for the graphite
system. The solid line is a fit to Eq1) and the fitting para-
meters are ¢.=0.035-0.002, t=1.93+0.06, s=0.66+0.15,

0.=251 Q@ cm) !, ando;=1.10x 10714 (Q cm)~ 2.
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FIG. 3. The Kusy simulation curve with the experimental results
superimposed on it: The Kusy theoretical cufselid line), Experi-
mental (E) values (dotted ling, Sauter mean diametéf) value
(O), and mean diametéM) value (A).

The third class of exponent+{2.5) appears only in the

been identified from the results in Table I. The first categorygraphite—boron-nitride—talc-waxalso referred to as the
consists of the nickel system withtaexponent well below three-componeintsystem. The reason for especially noting
the universal value. Unfortunately, there is no explanation othis t exponent is that it agrees well with the upper limit of
model to account for such a lowvalue, although values the original random void mode* of 2.5 or of the new
below 2.00 have been previously observédt Balberg modet® with the »’ =0 case. This confirms that, in
The second class dfexponents includes the graphite and some systems, the original random void model can be used
two carbon black systems, which givealues very close to as a picture, with the backbone of the percolating conducting
the universal value of 2.00. Recall that according to Kogutpowder providing the necks and the insulating particles the
and Straley; systems with a narrow range of conductancedarge voids. Note that systems involving nickel, carbon
should give universat exponents. It is therefore probable black, or graphite have grains which can be assumed to have
that the carbon and graphite grains form good or reproduclow and/or a narrow range of contact resistances. Previous
ible contacts with each other. results1*>3¢where the conducting powder was carbon black
or graphite all have values in the range 2.0-2.8.
Previous results which givevalues in the range 2.0-2.5
or a little above include those of Deprez and McLacftan
who obtained various values of thieexponent in the axial
and transverse directions during powder compression experi-
ments involving four different forms of graphite. Valuestof
] for the natural flaky graphite used in these experiments were
o 1 (taxiai=1.94+0.05) and {; ans=2.8+0.3), with the same
| ¢ce- For all four powders, the range tf,;, was from 1.5 to
2.7 andt,,,,s from 2.1 to 2.8, indicating the complexity of
graphite systems. Chen and CRbdabtained:=2.3+0.4 and
$.=0.0076 in a carbon-wax mixturén good agreement
with the t value obtained in the raw carbon black system
i 1 while Chen and Johnsdhreported a value of=2.2 and
4 1 ¢.=0.28 for nodular nickel in polypropylene. Wu and
16 ————— ] McLachlar{ obtainedt values of 2.63 and 2.68 in the axial
0.00 0.05 0.10 0.15 0.20 0.25 and transeverse directions of a series of compressed
graphite—boron-nitride pellets¢.=0.150). These results,
plus others, show that most continuum systems lasdues
FIG. 2. Plot of the logarithm of dc conductivifyr,(¢,0)] re- N the range of 2.0-2.5 or even 3.0 and thattthalues are
sults vs the volume fractiong() of Fe;0, for the FgO, system.  not correlated with the critical volume fraction. Recall that
The solid line is a fit to Eq(1) and the parameters used in the fitting the theoretical limit for the RV model is 2.5, and the links
are ¢.=0.025-0.003, t=4.12+0.23, s=0.45+0.31, 0,=2.63 node and blob models give 2.35, while the mean field value
X 1073 (Q cm)~L, ando;=8.51x 10718 (( cm)~ 1. is 3.02% Note that Leeet al1* measured avalue of 3.1 in a

<

log G.,(¢,0) [(Qcm)™]
|
|

volume fraction, ¢
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random-void-like systenfwith a presumably continuous in- with hight values. No simple qualitative correlation between
dium conducting componentwhich is well within the range s andt (egt/s=const) was found.
compatible with Eq(11).
Thet exponents obtained in the carbon black and graphite
cellular composites are well within the range predicted by C. Volume and frequency dependence
the theories discussed above and will henceforth be referred of the dielectric constant

to as lowt (t<3) systems, while those with>3 (discussed In this study, dielectric measurements were made on the
below) will be referred to as high-systems. samples used in the dc conductivity experiments, in the fre-
The last category dfexponents was observed in the mag-quency range of 10°—1C° Hz, as a function ofw, for ¢
netite (FgO,) and niobium carbide systems. These compos— 4 . Thes’ values were obtained from the best linear fits
ite systems show values of the exponertigher than al- {5 the graph of 10 ()€ (0,w)] [the real part of the
lowed by the RV model. These highvalues of the niobium  gjglectric constant, normalized by the dielectric constant of
carbide and magnetite systems are also associated with SOR insulator =0 samplg] against log..— ¢), whereg..
of the smallests values ever reported for 3D systems. Thejs the critical volume fraction of the conductor, obtained
extreme values of theexponents can be accommodated byfrom the dc measurements. Results for all systems are shown
the new Balberg modéﬁ which is an extension of the RV i, Taple |, where it can be clearly seen tsatis frequency
model and allows for higher values of the conductivity ex-gependent, increasing towards its dc or zero-frequency value
ponent than any previous theories. _ ~ (9 as the frequency is lowered. Note that 1000 Hz is the
Extreme values of have also been reported in previous frequency used in most previous dielectric measurements.
experiments. Wu and McLachIérneporteq values of be-  Note also that from standard percolation theory, one would
tween 4.80(axia) and 6.10(transversg in very loosely  eynect that thes' values at the various frequencies would all
packed graphite—boron-nitride powder composites. Wu anfle the same. The results shown in Table | indicate that the
McLachlan attributed the abnormally largevalues of the exponents is usually larger thars’. Note that the largest

pqwders_ to_the presence of a large number of cavm_es anghange ins’ with frequency is for FgO,. However, as NbC
microvoids in the samples, where the actual powder mixturegpo,ys changes similar to the other samples, the changes in
tend to coat the air cavities. Therefore the geometry of thig may not be solely associated with a very angular granular
system is similar to the Swiss-cheese or RV mode]. Note _thaéonducting phase. As these are the only resultssfoas a
the contac_ts_lbetweehn thebloosely phacl?\legcgraprg;e partl(:I(;“flsmction of frequency ever to be published, it is not possible
fles deseribed here, all of which have a very arge range ol° COTIPare them with previous resus.
. X . ' . y large range o The results given in Refs. 8 and 9 show that the experi-
intergrain resistances. Therefore it would appear that conduc- . g ' P
tors consisting of angular particles lead to highalues and me”“"?‘ dielectric congtants, belog, are frequency depen-
low-s values. dent, in agreement with E@l). As the main thrust of Refs.

While a considerable amount of experimental and® @nd 9 was concerned with the dielectric hump abgye
theoretical->7 attention has been focused on the conductivfurther model simulations were carried out to examine the
ity exponent, very little has been done on the dc exporent dielectric behavior belowp. . These simulations confirm the
The results presented here were taken over a wide range of frequency dependence sf for systems whereqe, /o is
values, below and aboves., which enabled the simulta- finite and that foree, /o tending to zero the dielectric con-
neous determination of the exponehnds as well as¢., stant becomes frequency independent and diverges on both
o, ando;. Values ofs given in Table | range from 0.37 to sides of ¢, in accordance with the predictions given in
1.28, with the upper limit given by the three-component sysRefs. 3-5.
tem of graphite, boron nitride, and talc wax. As mentioned Percolation theory as given by various autfor$® and
earlier, the NbC and R©®, systems are among the systemsreviewed in Refs. 3-5 requires that=s’. However, the
with the smallests values ever reported in 3D continuum present results confirm previous results of Wu and
systems. Values in the range 0.65—1.00, reasonably close McLachlan’ who showed that the obtained from dc mea-
sun=0.87, are obtained in the GG, GCB, and RCB systemssurements and the’ (obtained from dielectric measure-
whoset values are also reasonably close to the universamnents are not the same. Wu and McLachlan measwsed
value {,,=2.00). (from dc conductivity measurementnds’ (at 100 Hz and

To the best knowledge of the authors, no previous experid kHz) in the three graphite—boron-Nitride systems de-
ments, in continuum systems, have reported measuremergsribed earlier. The results at 1 kHz are 0.53 for the com-
of the exponens from conductivity measurements other than pacted disks in the axial direction and 0®6J2 and
the work reported in Ref. 7. Reference 7 reported a value 00.91(0.83 for the powders, with 50¥65%) graphite, in the
s=1.01+0.05 in graphite—boron-nitride disk samples andaxial and transverse directions, respectively. Note that the
extremely low values ofs in 50% graphite—50% boron- two graphite—boron-nitride powder systems are the only
nitride (0.42:0.01) and 55% graphite—45% boron-nitride ones so far measured witi clearly larger thars. Other
(0.47+0.01) powder systems. The latter two values wereexperiments that have actually measured the exposent
obtained from measurements done in the afpatssurgdi- have always implied that it was the same as the dc
rection. Note again that low-(and s’) values are associated exponents®3’
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D. dc scaling while those containing carbon black show a negative magne-
In this paper dc scaling, for different, /o, values, has toresistance. The reason for the negative magnetoresistance
) ] (o] )

been done using a real composite system. It was intendel the two carbon black systems is unclear at this stage.

that the ratio ¢ /o) would decrease due to the increase off '9ures 5 and 6 show the combined plots of the relative
the conductivity ) of the FgO, with temperature. How- magnetoresistance and the magnetoconductivity results, re-

ever, in the FgO,-talc-wax composite, it was observed that spectively, for the ground carbon black and graphite systems,

o; of the talc wax increased appreciably faster with tempera!from which the exponentg, andt, were obtained. Note that

ture thane, of the FaO,, which resulted in a net increase in the case of the carbon black systefwhich show negative

: ; toresistangeabsolute values are plotted on thexis.
(rather than a decregse o; /o with temperature, as shown magne
in Table II. Note that all samples for this system were an-12aP!€ | shows the values f, andg. [Egs.(12) and(13)] for

nealed at 140°C for 12 h prior to the measurements. Thié1II systems measured. Prgwous Worké?sobta|ngd agde
yalue around 0.30, prompting speculations thamight be

means that the relative thermal expansions were similaf®. | Althouah ¢ ¢ th ¢ stud
and/or any differential expansion was taken up in the sof niversal. ough some systems Irom the present study
wax. aveg, values close to 0.30, it is clear that the valueygfs

not universal, as most of the systems givg.aconsiderably

The values ofs, t, o;, and o, shown in Table Il, were higher th N hat th ductivi
obtained from fitting the dc conductivity datat different igher than 0.30. Note that t e magnetoconductivity expo-
nent ¢,,) for all the systems is always greater than the ex-

temperaturesto Eq.(1). Unfortunately, due to the changes in ; A :
P &sto Eq.(1) 4 g ponentt obtained from dc conductivity measurements, in

both o and o, the ratio @;/ changed by only two ) X : :
order(srl of ma(gcnitude in thebtler?wcgeratureg rang)e/: fr0r>1l1 ogg K&dreement with previous resulté> Also included in Table |

(25°C) to 393 K (120°C). However, this change in '€ '_[he values d_fm—gc, which, as expecteq, are cloiee.,
(/o) was still sufficient to move the experimental points within the experimental erroygo the experimentally deter-

along the scaling curve, generated by Eb), as shown in m?ned values Ot.' This resul.t i.s in ggreement with that ob-
Fig. 4. The values of; and o, were obtained as the best fit tained on graphite—boron-nitride disk sampfes.
parameters, which also yielded new values diut not ¢,

(Table 11). Note that values of; close to¢=0.00 could not F. ac conductivity and scaling

always be accurately measured, which made it impossible to , ) - )
This subsection reports on the ac conductivity studies

obtain reliable values of the exponexdr to scale the results . . .
below .. The values of the parameters, given in Table II,made on all but the nickel system, which was too conducting

were used to both scale the experimental results and obtalf 91Ve results in thec, or x_=1 regime and are not pre-
the theoretical curves. The small variations in the expothent sented. All the parameters and exponents obtained from ac

observed at each temperature, gave rise to slightly differedPeasurements and some important dc ones are_listed in Table
theoretical curves above. =1 (the solid lines in Fig. # III: Somg of the pgrameters'm Table Il are defined Iatgr in
onto which the experimental results were scaled. These difliS Section. As this subsection covers a number of topics it
ferences are smaller than the experimental errors. The theE'f?S_ been divided intac cor_1duct|V|ty reS.L."tS’ ac scalm_g and
retical curves belowp, are shown merely for the reader’s critical exponents, properties of the critical frequencies, the
benefit, as reliable data could not be taken in this region. Thg)s_f_hangle andgther topics ltsTh ductivi |
scaling of the experimental points shown on the graph can b € ac con UCt'\./'ty resultsthe ac con UCtIV'.ty. results
seen through their movement along the curves as the te or two representative systemigraphltefboron-nltrlde and
perature increases from 298 to 393 K. Note the fact that th |ob|um|carb|de systemare ?hor\]/vn n Flgls. ! andd8, where
experimental points at different temperatures all lie on nearly '€ €& part[om(¢,w)] of the complex conductivity

the same curve. It is also interesting to observe that points iR?m(¢:@)] is plotted as a function of frequency. These re-
the region log(ai/o)[(1— o)t Sd— ) STi<2, slide sults show clearly the difference in behavior between the
I C, C, C. ’

smoothly along the curve. This illustrates the fact that &y. insulating and conducting samples. _Samples above thg per-
can be used to generate valid continuous dc as well as dlation threshold show a frequency-independent behavior at
(Ref. 6 and this paperscaling functions. Standard percola- 'OW frequency. As the frequency of the applied signal is in-
tion theory does not give a scaling expression in the regiorﬁ;reasecj above a certain valwg,. rgferred to here as the
log x and logx_~1. Actually, it only predicts the slopes for crossover frequency, the conductivity starts to increéfreen

x. andx_ much less than and much greater than 1. Note thaifs constant dc valyedue to the extra contribution from the
ns new éxperimental parameters, such asdpe and 0 capacitive regions, which offer ever-decreasing impedance to

used later in ac scaling, are necessary to enable the dc egb—e current flow. There is also a tendency for the_result_s in
perimental points to be fitted onto a single scaling curve. S°M€ systemENbC and FgO,) to show an as-yet inexpli-
cable upward hook at high frequencies. Figure 8 shows this

phenomenon in the NbC system, but the effect is even more
pronounced in the R®, system. It is not clear whether the

In all the systems measured in this study, the change ihigh+t exponentswhich are 4.12-0.23 for the FgO, and
resistance with magnetic fielhagnetoresistant®ebeys the 5.25+0.67 for the NbC systemof the systems have any-
expectedH? (where H is the magnetic field dependence thing to do with the “hooks.” Heaney also observed the up-
with reasonable accuracy. The graphite systems and thoseard hooks in a carbon-black—polyethylene system, with
previously measured show a positive magnetoresistances 2.9+0.1.2°

E. Magnetoresistance
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L . ) (¢p— ¢) for the ground carbon black®) and graphite systems
FIG. 4. dc scaling in a magnetite (§;)-talc-wax composite (A). The solid lines are a linear fit to the data, which yietds

system for samples close to but aboge at three temperatqres —1.08+0.02 for the carbon black system agg=0.44+0.03 for
25°C (O), 80°C (A), and 120°C [J). Note thato, on they axis graphite system.
is either the experimental value or the one generated by(Hat
the different temperature§epresented by the dashed and solid hefore it starts to increase again. Below’ Hy, the dielec-
lines). tric loss term appears to be just a scaled-up talc-wax loss
term, which is due to the conducting clusters enhancing the
The slopes of the conductivity curves for the samples besielectric constant of the insulating components, both real
low ¢, (Figs. 7 and 8 can be explained as follows. Below and imaginary. In this region no effects due to the conducting
¢, there are two dielectric loss terms contributingetg; . component can be identified. However, as the frequency in-
For zero and lowp the dominant contribution is due to the creases above 1Mz, the insulator has a slope considerably
talc-wax insulator £;,) and for larger¢ the contribution lower than 0.9Qcurvea in Fig. 7). This allows the loss due
from the conducting clusterss(,,/e,w) should become vis- to the conducting clusters to be clearly visible abové H@
ible in the Figs. 7 and 8. (curve b in Fig. 7) for the graphite—boron nitride system.
Figures 7 and 8 show that the conductivity curves levelUnfortunately, no quantitative information about the percola-
off at low frequencies, indicating a small but finite dc con-tion loss can be obtained from this or any other system.
ductivity. As all necessary precautions were taken to avoidHowever, for¢ close tog. and at high frequency, the slopes
moisture contamination of the samplés/ storing both the are similar(as expected from theoryo those for the samples
powders and compressed samples in dessicators with siliGbovee.. Previous results in this region, for a G-BN pow-
gel), this finite conductivity is almost certainly not due to der system, which has a very losy, , have been modeled
moisture. Therefore, as it is also present in #e0.00  with reasonable succe$sising Eq.(1).
sample, the finite dc conductivity must be a fundamental ac scaling and critical exponen{sl andv): results and
property of the insulating component. parameters Shown in Figs. 9 and 10 are the scaled results
For low-¢ samples, in the frequency range 12 Hy, the  for the raw carbon black and niobium carbide systems, using
dielectric loss term of the insulatgwith a slope of~0.90),  the normalizations described in Sec. Il. The valuevwpf for
as observed in most dielectric systems, is dominant. Fromach sample was determined from the point where the back-
about 16 to just over 18 Hz, the slope drops below 0.90 ward projection of the high-frequency conductivity curve,

TABLE IlI. Percolation parameters from the & system as a function of temperature. N.B. The fitted
dc(dee) Was always between 0.02%.003 and 0.0250.004 across the temperature range. The results
below ¢ were rather noisy, hence the large statistical errors in

T(K) o.(Qcm) ! o (Qcm)? ailog S t

298 3.21%10°3 3.472x10° Y 1.079< 10" 1.01+0.88 4.24-0.28
333 4.93% 1073 5.458< 1015 1.105< 10712 0.86+0.62 3.91+0.22
353 7.99810°3 1.711x 107 *? 2.140x 10712 1.15+2.21 3.90-0.25
373 1.050< 1072 1.615x10° 13 1.591x 10~ 1* 0.80+1.27 3.76-0.21
393 1.41%10°2 1.105x 10~ *? 7.784x 10”11 0.80+1.05 3.710.21
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FIG. 6. Log-log plot of the magnetoconductivity againgt (
— ¢.) for the ground carbon blackX) and graphite systemgY)).
The solid lines are a linear fit to the data, which yietds=3.31
+0.10 for the carbon black system amg=2.29+0.40 for the

graphite system.

after it had been divided by (®,0), intersected the
log[ oy, @) on($,0)]=0 line. These values ofw.,

log(¢—0.)
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larization modet*8 predicts thatu=t/(s+t). Using thes
andt given in Table Ill, a theoretical exponent,j can be
calculated from the above expression and the values are also
given in Table Ill. For comparison; values, obtained when

s is replaced bys’' (as determined from dielectric measure-
ments at 1 kHy, are also included and are always found to
be closer tau, thanu;. Note that because of the decrease in
s’ with frequency in the cellular systems, the valuesipfat

1 MHz are always found to be greater than those calculated
usings’ (1 kHz) and, hence, show more disagreement with
U values than the 1 kHz results.

As noted earlier, scaling laws require that the scaled ex-
perimental results of the complex ac conductivity on the con-
ducting side of the percolation thresholé¥ ¢.) depend
only on w/w¢, . To test this, Figs. 9 and 10 show not only
the experimental results for the raw carbon black and nio-
bium carbide systems, respectively, but also the theoretical
curves for Ré-, and Re-_. The curves were calculated
from the fitted dc conductivity parameters®f, o;, ¢, S,
andt using Egs.(1), (5), (6), (7), and (8). The F, curve
obtained using’ (1 kHz) and denoted’, is also included
for comparison.

The results shown in Fig. 9 and for the other lowt
<3) systems have some common features. According to
theory, the curvesK ) should have a slope af=t/(s+t)

(1/w..) were then used to scale the conductivity results offor (w/w.)>1 and the experimental results are expected to

each sample along the lag axis, or now thew/w., axis,
until they coincided. The scaling expondgm was obtained

lie on these curves. The scaled experimental results obtained
from the lowt (t<3) cellular systems do lie near the,

from a linear fit to the regions of the scaled plots wheretheoretical curves, as can be seen in the above figures and

log(w/w.,)>1. Table Il gives the experimental values wf

Table Ill. However, the experimental results are found to lie

(denotedu,) for all the systems studied. The intercluster po-closer to theF', curves|with slopes given by/(s’ +t)] than

TABLE lll. Experimental ac parameters measured in this paper. GCB, ground carbon black; GG, ground
graphite; FgO,, Magnetite; RCB, raw carbon black; GBN, graphite/boron nitride; NbC, niobium carbide.

GCB

RCB

GBN FgO, NbC

Ve

Uetve

0.0122+0.0007 0.013%0.0006 0.035%0.002 0.0330.001 0.025:0.003 0.065:-0.003
0.906:0.20 0.66-0.15 1.28-0.19 0.45-0.31 0.370.14
0.43:0.03 0.506-0.02 0.55-0.04 0.16-0.01 0.21-0.01
2.26-0.11 1.93-0.06 2.51%0.12 4.12-0.23 5.25-0.67
0.85:0.01 0.84£0.01 0.770.01 0.73:0.01 0.7x0.01
0.72£0.20 0.74£0.19 0.66:0.13 0.96:0.67 0.93:0.47
0.84£0.10 0.79:0.06 0.82£0.10 0.98:0.15 0.96:0.17
0.0740.003 0.106:0.004 0.05%0.002 0.053%*0.003 0.042-0.002
0.28-0.08 0.25-0.06 0.34-0.07 0.16-0.07 0.070.04
0.16-0.02 0.21-0.01 0.18-0.02 0.026:0.003 0.046:-0.007
0.92-0.01 0.95-0.01 0.83-0.01 0.78-0.01 0.75-0.01
1.46:0.03 0.84-0.01 0.96-0.05 1.06:0.04 1.67-0.13
1.46:0.38 1.34-0.35 1.51-0.30 1.11-0.82 1.070.54
1.19:0.14 1.26:0.09 1.22:0.15 1.03:0.16 1.04-0.18
0.9%0.02 0.92£0.01 0.96:0.01 0.85-0.02 0.79£0.01
3.610.12 3.45:0.10 4.75-0.10 0.29:0.05 1.14-0.05
0.45-0.12 0.40-0.10 0.53-0.10 0.16-0.12 0.16-0.05
0.25-0.07 0.32-0.08 0.28-0.05 0.04-0.03 0.06-0.03
0.236:0.003 0.253*0.003 0.363%#0.005 0.4240.006 0.456:0.006
0.116:0.004 0.116:0.006 0.0930.005 0.086-0.005 0.066:0.003

1.06:0.26
0.36+0.04
2.06-0.10
0.78+0.01
0.66=0.19
0.85£0.14

0.119+0.004

0.34+0.10
0.15+0.02
0.90+0.01
1.47+0.09
1.51+0.44
1.17+0.19
0.92£0.01
5.09+0.15
0.53+0.16
0.23+0.04

0.345-0.004
0.1870.006
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1og G, 0)[(Qem)™']

logio((Real Fy & F. and Gur(9,0)/0m(9,0))

-4.0 -2.0 0.0 2.0 4.0
log @ (Hz)

o logio(@/oe+ & oya.)
FIG. 7. A log-log plot of ac conductivity vs frequency for the

graphite—boron-nitride system over the full experimental frequency g g A log-log plot of the reduced ac conductivity vs reduced
range used{$=0.0000 (J), $=0.0169 ¥), ¢=0.0270 (0),  frequency for the raw carbon black system for the samples
¢:OO333 (X), ¢:00336 @),(]5:00345 @), with 9{)(::0033 =0.01291 (:I), (;5:0.01343 @)’ ¢:0.01351 (<>), and ¢
+0.001]. The sample3b=0.0167f 0.0176, 0.0299, and 0.0351 —0 01334 ¢). The scaling function§ . andF_ (solid lineg are
have been left out in order to avoid congestion. obtained using the dc parameters,=6.166  cm) !, o

= »8.84x10 13 (0 cm)™ !, ¢.=0.0131-0.0006, s=0.90+0.20,
theF , curves. This shows that (1 kHz) is usually in better andt=2.26+0.11. F is obtained using the same parameters but
agreement with scaling theory than the exporeefithis ob-  with s replaced bys’=0.43+0.03. Note the close agreement be-
servation underscores the need to measure batds’ in  tweenF’ and the experimental results.
percolation systems. The highsystems of NbC and £©,
belong to a different category, as the scaled experimenta|y,ious from Table Ill, where the values of, u,, andu!
results lie further away from either the, or F’. curves for the hight systems are very different. !

(refer to Fig. 10 than the lowt systems. This is immediately Below ¢, the exponent is obtained from the log-log

plot of the imaginary part of the ac conductivity
[wen (¢, )] against frequency using the relationship
wemi($,0)x 0l . Alternatively, the exponent can be ob-

T tained from the log-log plot of the real dielectric constant
§ against frequency using the relatiep, (¢, w)*xw Y. Some

. representative plots based on this relation are given in Figs.
11 and 12, which show the results for the raw carbon black
and niobium carbide systems, respectively. The values of
for all the systems range from 0.04 to 0.12, with the lowest
values being obtained from the highand lows systems,
containing FgO, and NbC powders. These experimental
8 values are all lower than values obtained from calculations,
4 based on the intercluster polarization mot# The model
also predicts thatt andv should satisfy the relation+wv

=1. Using the experimental values ofandv in Table III,

log o(d,w)[(Qcm)-1]

49 a0 L1 a4 s 61 s e 10 only the ground graphite, ground carbon black, and raw car-
bon black have values reasonably close to unity. Note that
log & (Hz) these systems haweandt values(Table | close to the uni-

FIG. 8. A log-log plot of ac conductivity vs frequency for the versal values. The rest of the systems have their sumn, of
niobium carbide system over the full frequency randeh andve.exponents well below unity, even when the errors are
=0.0000 (0), $=0.0080 V), $=0.0653 (), ¢=0.0742 O), taken into account. The.+ v, results in Table 11l qlso show
$=0.0799 (), $=0.0831 (0), $=0.0874 (x), with o, a strong tendency to decrease as thexponent increases.
=0.065+0.006]. Notice the upward hooks in the data at high fre- This may be a unique characteristic of the cellular systems.
quency for this system. The samplgs=0.0187, 0.0210, 0.0329, Properties of the critical frequencie$he critical frequen-
0.0485, 0.0610, 0.0670, 0.0714, and 0.0733 have been left out iaiesw., andw._ display certain properties, according to the
order to avoid congestion. equations given in Sec. Il. The first of these is that the fre-
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1.0

0.5

log wen($,m)

0.0 99909

logw((Real F, & F. and Gmr(q).(l))/cm«b;o))

0.5

-4.0 -3.0 -2.0 -1.0 2.0

logio(@/oe & ayox.)
log ® (Hz)

FIG. 11. A log-log plot of the imaginary ac conductivity
[wen(¢p,w)] against the frequencyal) for the raw carbon black
system. The solid line is a linear fit to the data from which the
. value of the exponent, [from wem(p,w)xwl-v] is found
duced regoncy for the riobium carbide systom for e samplel? 2¢ Ve=00740003 [$=001044 ), $=0.01086 0), ¢
= = = -+
$—00714 (), $=0.0733 (1), $—0.0742 (0), —0.0831 0.01077 QA), ¢=0.01134 ¥§), with ¢.=0.0131+0.0006].
(+), andp=0.0874(0O). The scaling function§ ., andF_ (solid
lines) are obtained using the best-fit dc parametess
=1072Qcm) Y, 0;=w8.84x10 ¥ (Qcm) !, ¢.=0.065
+0.006,s=0.37+0.14, andt=5.25+0.67. F/. is obtained using
the same parameters but wistreplaced bys’=0.21+0.01. Note
the disagreement between bdth , F/, and the experimental re-
sults.

niobium carbide system gives.>q;, which seems to indi-
cate that this high-system is itself unique.

Values of w., can also be calculated using.,
=(0/2mege)| p— dc' TS and the dc experimental values
of 0., ¢., S, andt. Since the relative dielectric constant
(&) of the insulator or talc wax is frequency dependent, an

-4 T T T T T T T T

guencyw., should scale with the dc conductivity as
o ($,0)9,53 whereq is an exponent whose experimental
value is denotedy, in this paper. Figures 13 and 14 show
log-log plots of the experimental values af., against
on(#,0) for the graphite and F©®, systems respectively.
Table Il gives the experimental values @f for all the sys-
tems studied. The intercluster polarization model gives the
exponent or g, in terms of the conductivity exponehand E
the dielectric exponents and s’ as q,=(s+t)/t and q; ;
= (s’ +1t)/t, which show thaty; andq; should never be less ~
than unity. Values of), andq; were calculated using the dc
sandt andt with s’ (1 kHz), respectively. The results are
shown in Table III.

The experimental values of(g.) for the cellular systems
can be sorted into two categorie greater and less than
unity. Theq.>1 category includes the two carbon black sys- 14 T T T T T T T T
tems, whosey; and g, values are also in very good agree- ’ ’

ment. Systems witly,<1, in conflict with theory, include
the two graphite systems and the three-compofgraphite—
boron-nitride—talc-waxsystem.

The hight systems of F¢0, and NbC also give), values

log ® (Hz)

FIG. 12. A log-log plot of imaginary ac conductivity
[wen(d,w)] against the frequency «) for the niobium

greater than unity, with the NbC system having the largestarbide system. The solid line is a linear fit to the data from which

value ofq.. The other high- system (FgO,—talc-wax sys-

tem) has a lowem, value which is in good agreement with

the intercluster model for bothands’. In addition, only the

the value of the exponent, [from we (¢, w)*wl-ve is found'
to be v,=0.042-0.002 [ $=0.0329 (d), ¢=0.0610 (O), ¢
=0.06528 @), ¢=0.06705 (+), with ¢.=0.065+0.006].
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8

log w(Hz)

14 A2 0 -8 -6 -4 2
log Sm(@,0)[(Qcm)™]

FIG. 13. Alog-log plot ofw, against dc conductivityo,(¢,0)]
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1.000x 10* (9.573x10%), and 1.00 10° (1.296x 10°)].

No model exists for this behavior. It is also worth noting that
the calculated and experimental valueswef. for the hight
Fe;O, system are reasonably close in comparison with other
systems studied in this paper. Note that the graphite—boron-
nitride disk systefalso gavew .~ w¢, while for the pow-

der system§, w., was at least two orders of magnitude
greater thano.

The loss angl€ ). For a material with complex ac con-
ductivity, the loss angle ) is given by the relation taé
=0m(¢, w)wen (¢, w). Figures 15 and 16 show log-log
plots of the loss tangerttan ) versus frequency for the raw
carbon black and R®, systems, very close to the percola-
tion threshold. Similar results are observed for all six sys-
tems. Numerical simulations using Bruggeman symetric me-
dia theory, done on the conducting side of the percolation
threshold® give the same qualitative result. In the present
systems forg below ¢, tan é is less frequency dependent,
in agreement with intercluster polarization predictidrghe
hight systems show a minimum in taf between 18 and

for the graphite system. The solid line is a linear fit to the data fromj® Hz, after which the curves show upward hooks, similar

which the value of the exponeqt [from w¢, xon(¢,0)d] is found
to beq,=0.84+0.01.

average value of 7.00 was assumeddgrin the frequency
range 18—1¢° Hz, where most of the experimenta}., (de-
notedw.e) values lie. It is observed that systems with lbw-
exponents have..> w. [e.g., for the raw carbon black sys-
tem, wc(we) are 1.99%x10% (3.300x10?), 5.012
X 10% (1.043<10%), and 6.31 10° (1.892<10%), for in-
creasing¢] whereas the oppositav.<w.) is true for the
hight systemde.g., for the FgO, system,w..(w¢;) values
are  1.00K107 (1.640<107), 7.244x<107(1.034x 10,

log ox(Hz)

log Gu(,0)[(Qem) ']

FIG. 14. Alog-log plot ofw,. against dc conductivityo ,(¢,0)]
for the FgO, system. The solid line is a linear fit to the data from
which the value of the exponeqt [from w., * o(#,0)d] is found
to beg,=1.06+=0.04.

to those observed in the ac conductivity plots in the same
frequency range. There is no available explanation for this
result.

Above ¢, tan é§ is highly frequency dependent for all
systems and is expected to obey #wmw * at low frequen-
cies. From their measurements, Chen and JoHfismrstu-
lated that for a sample abowg. and in the low-frequency
regimew<w., tans varies as tad=1/wRC, thus predicit-
ing a slope of—1 (or z=1). In this calculation, it was as-
sumed that the energy loss in the dielectric was only due to
conduction along the backbone, which is known not to be
true where there is a large;(w) such as in the talc wax.
Results obtained in the cellular systems, for samples just
above the percolation threshold, give the slopes from
—0.92 to —0.79 (or z=0.79-0.92) as shown in Table llI,
which do not agree with the predicition of Chen and
Johnsort® The results from the cellular systems also show
that the lowt systems give higher values nthan those with
high t.

The loss angle at.(5.) has been found experimentally
for all systems showing a minimum in ta®) with .. (ex-
perimental 5.) being taken at this poinminimum) for a
sample close to but belo. . In systems with no minimum
in tan & (carbon black systemshe value ofs.. was taken at
10° Hz. These results are shown in Table Il

Clerc et al® predicted thatd, is given by the expression
0= (m2)(1—u)=(ml2)v=(ml2)[s/(s+1)], for w<wq
=o/2meqe;, Which is true if the intercluster polarization
model were obeyed. According to Cleet al,® the value of
d should depend only on the dimensionality of the system
and has a value of 0.54 in three dimensions, whandt are
universal. Using the experimental dc exponents, values of
S:(6.1) were calculated fromS,,= (7/2)[s/(s+1)]. Values
of &;, were obtained whes’ (1 kHz) was used in place of
in the expression fob,;. The values ofs., for the cellular
systems are all, except one, much greater thadthand 5,
values, as well as the universal 3D value of 0.54. It is not
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Table 1l also shows the values éf, and 6., calculated
from the measuredu, and v., respectively, usingd,
1 =(m/2)(1—u)=(m/2)v. These values are usually much
lower thans.. and somewhat lower thas,; and &, in Table
IIl, which indicates that it is the . values which are too low
to giveu.t+uv=1 discussed earlier. This might be a charac-
teristic of the cellular systems or a result of the complex
dielectric properties of the talc-wax insulating component.
1 Other topics We conclude this subsection with a few brief
observations. The first is that when the real dielectric con-
stante (¢, w) results(below and close teb;) of the cel-
lular systems were plotted as log-log plots f (¢, )
versus frequency (1G—10° Hz), the respective dielectric
constants of all systems decrease with frequency and appear
to be converging towards the same value at very high fre-
quencies. It is concluded that the dielectric behavior below
log ® the percolation thresholdé() in all seven systeménclud-
, ing the nickel systemis dominated by the talc-wax insulat-
FIG. 15. A log-log plot of tans againstw for the raw carbon ing component, which is highly dispersive. Therefore no re-

black system. The solid line is a linear fit to the data from a sampleSuItS or discussion is diven because the results are dominated
above ¢. which gives the value of the exponent(from tan & 9

%w~?) to be z=0.91+0.02 [ $=0.01044 [), ¢=0.01290(O), by the talc-wax dispersion and not the percolation properties.

$=0.01291 (J), #=0.01334 Q), $=0.01343 ¢+), with ¢ The three-component system, containing some boron ni-
=0.0131+0.0006]. tride, shows less dispersion than the other systems, as the

talc wax in the¢p=0.00 sample is always coated by the more

clear what gives rise to such a serious discrepancy betwedfsulating and less dispersive boron nitride. Recall that the

the present experimental and calculated results. The previog®nducting graphite progressively replaces the boron nitride

results on graphite—boron-nitride systems studied by Wu an@oating as the volume fraction of the former is increased

McLachlarf gave 8.,=0.22+0.02, 0.13-0.02, and 0.09 from 0.00 to 0.15. These results are presented in detail in

+0.02 for the graphite—boron-nitride disks, 50% graphite,Ref. 39.

and 55% graphite—boron-nitride powder mixtures, respec- For completeness and a brief comparison, the same pa-

tively, which were also in disagreement with but less than theameters as given in Table Ill, obtained from the previous

calculated values of; (8.,). experiment$’536:38n which the largest number of param-

eters were measured, are given in Table V. Points to note are

the following: In spite of the fact that some of the systems

detailed in Table IV have rather differerb, values, the

a range oft values is somewhat similar. Using this and other

I data no clear correlation betweef, andt could be ob-

served. The very limited amount sfands’ (w) data shows

a serious gap in previous experimental work. Despite the

] disagreements between, u;, andu; , experimental values

i of u(u,) measured on the cellular systems are in reasonable

; agreement with some previous studies on other 3D con-

- tinuum percolation systems as can be seen from Tables Il

1 and IV. The results for the low-systems in Refs. 6 and 36

N and the present lowsystems all show good agreement be-

] tweenu, andu; .

1/f noise measurements have also been made on the

GCB, RCB, GG, and GBN systerfi$The results are rather

10 complex, indicating a very complex LNB-type system just
above¢.. The model given in Ref. 40 for the noise param-
eters observed could also be an explanation for the high-

FIG. 16. Alog-log plot of tans againstw for the FgO, system.  values observed for the §@, and NbC systems.

The solid line is a linear fit to the data from a sample A number of graphs were plotted in order to find if there

above ¢, which gives the value of the exponert (from are any correlations between the various exponents given in

tandxw %) as z=0.85+0.02 [ ¢=0.0219 (), ¢=0.0251 ©O), Tables | and lll. No definite trends were observed in these

$=0.0281 (), $=0.0344 ¥), $=0.036 (O ), ¢=0.0485(x), graphs. However, these graphs are available on request and

$=0.0627 ©), $=0.0840 (+), with ¢.=0.025-0.003]. appear in Ref. 39.

log tan 3

log tan &

log ®
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TABLE IV. Parameters from previous studies on percolation systemssThalues in this table, from
previous work by other workers, were measured at 1 kHz. GIBN graphite—boron-nitride disks;
G/BN(50% B, 50% graphite—50% boron-nitride powder; NI/FPP, filamentary nickel in polypropylene; NI/N,
nodular nickel in polypropylene; C/W, carbon in wax.

G/BN(D) @ G/BN(50% P 2 NI/FPPP NI/NPPP Cc/we
b 0.150+0.001 0.126-0.001 0.08:0.01 0.28-0.02 0.0076
1.01+0.05 0.42-0.01
s' 0.53+0.07 0.66:0.01 0.55-0.01 0.62-0.01
t 2.63+0.07 4.85-0.46 3.10.3 2.2+0.1 2.1

®References 6 and 7.
bReference 36.
‘Reference 35.

V. SUMMARY AND CONCLUSIONS [omi(¢,w) on(h,0)] of the conducting samples close ¢
against the normalized frequency/(w..) show that the re-

The first objective of this paper was to measure the elec | b led and that th i il
trical transport properties of a new class of percolationSU!ts can all be scaled and that the scaling exponen

systems—namely, cellular systems—and to examine the pep-e between 0.70 and 0.86 in the systems stud|ed._ The_refore
colation parameters of these systems to try to ascertain which® ¢an conclude that, except for the systems which display
microstrutural features were causing the nonuniversal expd hook forx, >1, Eq.(1) and the standard percolation equa-
nents in thesg¢and other systems. As these cellular systemstions (for x. <1 andx.>1 only) seem adequate to model
have low, values and very similar microstructures, any the experimental results, if one accepts the fitting parameters
differences in the parameters must be due to the properties ®thich are not yet completely understood.
the different conducting powders. A second objective was to As shown in Figs. 11 and 12, the first-order imaginary
check the validity and ability of standard percolation theoryconductivity o,,; below ¢, also behaves as expected from
and a phenomenological equatideg. (1)] to fit or model the  Eq. (1) and the percolation equations. In Ref. 6 these data
results for various ac and dc transport properties in terms olvere of a sufficiently high quality to actually scale according
the standard percolation parameters and the scaling propdp the procedure given in Sec. Il. Therefore, at first sight it
ties of these equations. Conclusions on these objectives aeppears that the first-order ac data can be adequately mod-
given below. eled by Eq.(1) and the standard percolation power laws are

The geometries chosen also allowed one to examine thebeyed. Unfortunately, as shown in Table IlI, there is a seri-
Kusy equation’s ability to model the results fér, in such  ous problem in that for some systems there are not adequate
systems. The conclusion on this aspect of the paper is thanodels(the intercluster polarization or RC modgéb relate
the Kusy equation, which is based on monosized sphericahe dc exponentss(or s', t, and ¢.) with the ac exponents
conducting powder particles, does not accurately fit the refu andv). Probably the most serious anomaly is that in most
sults for real powders. However, it does appear to work betef the systems studied in this work, the respective experi-
ter for the more spherical powders, where the grains makenentalu, andv, exponents do not sum up to unity as they
good contact with each other. should U+v=1) and are therefore in serious disagreement

As Eq.(1) was found to fit the dc dat@eal and first order with all current models. Although new experiments would be
terms only for all ¢ values, in this as well as other perco- useful, new theoretical input is urgently required.
lation systems, and was shown to be a dc scaling function by However, the frequency dependencesgf, as evidenced
varying oj/o., it would appear to adequately describe dcby the different slopes for different frequencies on log-log
percolation systems. Further experiments on systems witplots of e,,, against g..— ¢), shows that the standard per-
high-¢. values and high values of; /o, should be carried colation equations as given in Refs. 3-5 are correct, pro-
out, to see if Eq(1) will model such systems. The standard vided one accepts a frequency dependefable |). This is
power laws also fit the results and give the same exponents cause for great concern as a large number of
as Eq.(1), in the limits in which they are valid. experiments %37 have presented data as sfwere fre-

The first-order ac experimental results presented in thigjuency independent and th&t=s, as implied in Refs. 3-5.
paper and summarized in Table Il are the most compreherMeasurements of the second-order ac conductidiglectric
sive to appear in the literature and the results and exponent®nstant, made on these cellular and other systéfhse-
are in general agreement with previous studies on 3D convealed severe problems with the predictions of the standard
tinuum systemgTable V). However, examination of the ex- percolation equations. Although not discussed in this paper,
perimental errors in the tables of results shows that the agreéhe standard percolation theory’s inability to model
ment is not always very good. The conducting samplgs ( €,,(¢,w) above ¢. (Refs. 8 and P shows that standard
> ¢.) all show the expected low-frequency independent platheory is not able to fit these second-order results for real
teau followed by a frequency-dependent conductivity at highcontinuum composites and that, except in the ideal limits
frequencies. A plot of the normalized real ac conductivityo.=% or o;=wepe;=0 (i.e., for dc measurements only
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standard percolation theory should be replaced by(Eq’ s 2.5 and for the LNB model is 2.35. Table | therefore indi-
Reference 8 has clearly shown that the dependence pre- cates that these models are adequate to explainvéilees of
dicted for the second order conductivifgr dielectric losy  all the systems, except those containing®gand NbC.

term by standard percolation theory, beldy, is not present  The fact thato> o, for all systems indicates that there
and the same is almost certainly the case here. An expressi@f an interparticle resistance, but where the range of these
for this conductivity term in the lows limit, derived from  resistances is small, the original Kogut-Strafeynodel

Eq. (1), is discussed in Ref. 8. Due to the large dielectric 10SSyould indicate that this would not increasesignificantly.
terms in the insulating component in this and other work, ity4)ues oft over 3.0 can be accounted for by the Balberg

has not been possible to clearly identify the contribution of,, j4115.16 However. the authors believe that the highial-
the percolation clusters. '

. . ues over 3.0 are due to RV-type geometric factors, which in
Although the data presented in this paper are the mo ype g

. . his case consist of LNB networks, plus a large range of
comprehensive ever presented and it has been shown that %ﬁterparticle resistances in the §a&, NbC (which have very

(1) more than adequately fits most of this and other percola-
tion system data, it has not proved possible to fully under—anglJIar contacys aqd G-BN powc'jeré.NoFe that. these. are
stand the resulting parametdexponents and their interre- also the systems with the hooks in the dispersion _p(llélg.
lationships. Therefore, one should also explain the exponenfd- Note too that the the smadl values measured in these
in terms of a combination of the random void model, link, SYStems requires an explanation, especially as the basic
node, and blob model, and tunnelifig this case point con- Kogut and Straley model does not allawalues less than
tacty model. Sun- The range and values sf s’ (1 kHz), andt values in

The original random void model and its extensions are thefables I and IM(which contains data from noncellular granu-
most widely used in explanations for nonuniversal exponenttr systemsshow that the mechanisms that determsneg’,
and are based on the geometric structure of a continuougndt in the cellular systems are probably also determirging
conducting component. In our case, one must visualize insws’, andt in all these very complex systems, which all, except
lating spheres with filaments and blobs of the conductor fill-that in Ref. 14, involve a granular conducting component.
ing the spaces between them. Therefore the important differ- Finally the authors hope that this work will encourage
ence for the different cellular systems is that each powdemore experiments and, more importantly, new theoretical
gives rise to its own characteristic link, node, and blob patwork to model the origin of the nonuniversal exponents and
tern, on the surfaces of the insulator. The links and nodethe relationships between these exponents, which will ex-
take the place of the small conducting filaments in the RV omplain the inconsistencies that have been highlighted in this
Swiss-cheese model. The maximtinalue for the RV model paper.
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