PHYSICAL REVIEW B VOLUME 60, NUMBER 18 1 NOVEMBER 1999-1I

Complex ac conductivity of a carbon black composite as a function of frequency, composition,
and temperature
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The complex conductivities between 10 mHz and 1 MHz of a series of disordered carbon-black-polymer
composites have been measured. The carbon black volume fractions span the percolation threshold, with dc
conductivities ranging from 10® to 10 6 (Q cm)~%. The room temperature results are similar to previous
measurements on other percolation systems. Conductivity measurements as a function of temperature on a
composite sample, slightly above the room-temperature percolation threshold, are consistent with the percola-
tion threshold increasing with temperature and becoming equal to the actual volume fraction at about 130 °C.
The real conductivity at different temperatures is shown to scale onto a single curve. An anomalous peak in the
real dielectric constant as a function of composition close to the percolation threshold is also observed.
[S0163-18299)13441-9

[. INTRODUCTION This gives a phenomenological relationship betwegna; ,
and o,,, which are the conductivities of the conducting and
The electrical conductivity and dielectric constant, orinsulating component and the mixture of the two compo-
complex conductivity, of metal-insulator mixtures are thenents. Note that all three quantities, o;, and o, can be
most widely investigated physical properties of percolationreal or complex numbers in E¢l). The conducting volume
systems. Major review articles which include sections on thdraction ¢ ranges between 0 and 1 with= 0 characterizing
complex conductivity are Refs. 1-3. Good percolation systhe pure insulator substance{=o;) and ¢=1 the pure
tems are characterized by a smooth and rapid change of tleonductor substancer(,= o). The critical volume fraction,
dc electrical conductivity in a narrow range of conductoror percolation threshold is denoted By, where a transition
volume fractions. It has been well established, both experifrom an essentially insulating to an essentially conducting
mentally and theoretically, that near the percolation threshmedium takes place, amtl=(1— ¢.)/¢.. Fors=t=1 the
old ¢., the dc conductivityo(¢,0), ¢ being the volume equation is equivalent to the Bruggeman symmetric media
fraction of conductor, follows the power laws(¢,0) (¢ equation. Equatioiil) yields the two limits
—¢.)' as ¢, is approached from the conducting sidé (
>¢.) with t as the conductivity exponent and(¢,0) o2
*(p.— ¢) S, where the exponertt describes the divergent |oe|—oe: Tm= Ti g s d<de, 2
behavior of the conductivity, wheg. is approached from ¢
the insulating side ¢<¢.). The real part of the low-
frequency dielectric constas{ ¢,w~0) of percolation sys-
tems is also predicted to diverge &sp) = | . — ¢| 5, where
s is the dielectric exponent, on both sidesdyf (Refs. 1-5,
and the references thergirA s and as’ are introduced in  Which characterize the exponerstsindt. Note that Eqs(2)
Refs. 4 and 5 as they are found to be different for the experiand (3) are the normalized percolation equations. In the
ments performed on the graphite-boron nitride systemsSrossover region where lies betweeng,— (o /o)™
From early results for computer simulations, model experiand ¢+ (ai/ae) Vs,
ments, and some continuum systems, the critical exponents
ands were first thought to be universal, i.e., they depended o= o STV (4)
only on the dimension of the percolation systdmhich
would requires=s’, which is not always observéd and  The scaling conditions used in this paper, which are based on
not on the details of cluster geometry and intergranular conthose given in Refs. 1-3, are
tacts. This is now known not to be true for some continuum
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In analyzing the data the equation used is UC(‘%‘%@ F_(x_), d<¢ (5)
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where o, can be the theoretical result from E(d.) or the
experimental results. The scaling functiofs(x..) depend
on the scaling parameters,
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omi(d>¢e) and o (Pp<¢¢), which help to resolve this
dilemma, have also been reported. Recall that for
Xi(w/lw, )>1 and Xx_(w/w_)>1 there is agreement be-
tween Egs.(9¢) and (9d) and the equations given in Refs.
1-3, and 6 for both first- and second-order terms. The pre-
viously defined crossover region now corresponds,tand
x_>1.

Unfortunately, analytic solutions to the complex equa-
tions forF, (x,) andF _(x_) are not available for arbitrary
s andt. However, with the values =1 andt=2 ort/s
=2,F.,(x;) andF_(x_) can be calculated from a complex
cubic equatiof. Any t/s value equal to an integer gives a
polynomial equation, which can then be sol¥debr arbitary
t/s EqQ. (1) can be solved numerically. Note that Ed) can
be solved as an implicit equation for arbitrasyandt if o
ando; are reaf This approach, using Eq&)—(8), was suc-
cessfully used to fit the scaled data,(¢>¢.) and o;(¢
<¢,), for the graphite-boron nitride system.

In this paper we report on the experimental studies of the
complex ac conductivity(dielectric constant of carbon

The above expressions fow.. assume a purely real - - -
o.(0;;=0) and imaginaryo;(o; = — wege,, o, =0), as black—polyethylene percolation composites. Composites of
was done in Refs. 1-3, 6. However, it is stressed that afihis type are manufactured by several different companies
results obtained in this section are independent of whethetnd marketed in the form of resetable fuses and self-
the conductances and hence the scaling functiensare  regulating heatert. Three compositions below., with

genuinely complex or real. To ensure that curves drawn fonominal CB compositions of 0, 12, and 17 % and two above
F_. fall on top of each other for different., the normaliza-  ¢., nominal(and actual compositions 17.5%0.1789 and

tion employed in all the equations used in this paper differsl8.65% (0.1885 CB were measured at room temperature.

somewhat from the one used in Refs. 1-3.

As o is varied, theF (X, =iw/w..) and F_(x_
=iwlw;_) curves with differento;/o,, w/w., , and
wlw._ values, but with compensatory changesdiror ¢,
such as to give the same and w/w., or x_ and w/w¢_
values, superimpose for the samands values®® It can be
shown’~%that the limiting slopes of , andF _ againstx. ,
X_, wlw.; andw/w,_ are

ReF . (xy) [and ReF  (—iw/w., )] =1
(for x, or wlw,<1), (99
IMF_(x_) [and IMF_(—iw/w.)] =X_(o/w._)
(for x or w/w.<1), (9b)
F.(xs) [and F(=iwlwe)]oex® 0 (0l 0g,)"TY)
(for x; or w/we,>1), (90
F_(x2) [and F_(—io/we)]=x!"((wfwe-)"")

(for x_ or w/w,_>1). (9d

All of these limits, including both the real and imaginary

components of , andF_ in Egs.(9¢) and (9d), which are

The 17.0% sample was very close to the percolation thresh-
old ¢. at room temperature. The 17.5% sample was mea-
sured between 27 and 134 {@ote the melting point of the
polymer is about 130 °C The real conductivity decreases as
the temperature increases @sand ¢ increase butp— ¢,
decrease®’ It will be shown that the conductivity results
can, to a good approximation, be scaled onto a single curve
using the procedures outlined above. A behavior, inconsis-
tent with the predictions of Refs. 1-3, is observed for the
dielectric constant measured wheee ¢ in that it increases
with ¢— ¢, whereas it should decrease as—{(¢.) 513
Solutions of Eq.(1) show dielectric terms that continue to
increase withy abovee., reaching a maximum somewhat
aboveg,.®

In the remainder of the paper, the experimental proce-
dures are described in Sec. Il. The experimental data are the
discussion and analysis of the data are presented in Sec. Ill.
A summary of the results and the conclusions made are
given in Sec. IV.

Il. EXPERIMENTAL METHODS

The samples are composed of commercial carbon black
and polymer and have been described befbighe carbon

derived analytically in Ref. 8 and shown numerically in Refs.black resistivity is of order 107 2 cm and the polymer re-
7-9, are the same as for the scaling functions defined isistivity about 168 Q) cm. The carbon black consists of 200
Refs. 1-3. However, the second-order terms of the complerRm mean diameter aggregates composed of smaller fused

functionsF, (i.e., ImF,) andF_ (i.e., ReF_) [or o(¢
> ) and o (< ¢.)] differ from those in Eqs(9a) and
(9b) when x, (w/w.)<1 and x_(w/w._)<1. This has

semispherical particles of 80 nm mean diameter. Carbon
black aggregates are known to form larger agglomerates
when melt compounded with a polymer. The largest struc-

been shown analytically in Ref. 8, where measurements dures visible in a transmission electron micrograph which
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may be agglomerates are aboutuin in diameter? The 100 - = -
polymer is high-density polyethylene with a melting point of 0% +12% 217% :17.50% » 18.65%]
130 °C. The preweighed carbon black and powdered polymer - TR

are mechanically mixed and then melt compounded in a
Moriyama batch mixer at 150 °C. Each compound is com-
pression molded into three slabs of nominal thickness 0.025 :
cm and then cut into samples of nominal width 1.25 cm and
nominal length 18 cm. The concentration of carbon black in
the composite is determined by thermogravimetric analysis
of four pieces near the edges of the three stabs.

Before applying the electrical contact, the surfaces of the
samples were lightly sanded using 220 grit emery paper. 10—y L —— b
Strips about 180 mm long, 12.5 mm wide, and 0.2 mm thick 10’ 10° 10° 10° 10° 10°
were used for the more conducting samples and sheets up tc Frequency (Hz)
180x100 mm were available for the samples belgw. , o
Where needed, four resistivity contacts were made by paint- "'G- 1. Experimental values of the permittivity ) are plotted
ing silver current contacts onto the ends and voltage contacf92inst frequency at room temperature for all the carbon volume
about 50 mm from the middle of the appropriate stripconcentrat'ons'
sample. This configuration was used for dc conductivitym
measurements, but two probe ac conductivity measurements
had to be made with the Novocontrol Dielectric Spectrom-
eter. The low-frequency ac and dc resistivities agreed witQin

eacth o:her.w;thlné? fev¥ p?rcent, _mdlc?'t;ng nefgllglgltehc;J:Lentat room temperature, as a function of frequency. The dielec-
contact resistancéin a trial experiment it was found that the ;. e 5 rements are only shown down to 10 Hz, as some

: 0 . .
vglues ofhcapacztdances,f_ mtade t(:n 1d7'b5f’ m;’;\hterla_lll, did n(t) f the results became erratic below this frequency. Compar-
changé when gold was Tirst sputtéred below the Siiver pas fﬁg these results with the various limiting slopes given above
capacitor plates.The capacitor areas were chosen so that th%md in Refs. 1-3 and with the experimental results given in
cgpacnance.ar.]d resistance of the gampl_e were, yvhere PA%%fs. 7 and 13-18, one can conclude from the dispersion
S'bl.e’ well within the measur'emen'g limitatiosapacitance, free dielectric constants and the power-law dispersion of the
resistance, and ta#) of the Dielectric Spectrometer. conductivity of the 0, 12, and 17% samples, that these

The Novocontrol Dielectric Spectrometer is an inStrumenFsamples are insulating. However, the slopes for the conduc-

especially designed for measurements of this nature. Th.lﬁ‘\/ity of the 12 and 17 % samples are almost exactly 1 and

instrument, working from the subhertz to megahertz range, ISot 2 as is to be expected from Refs. 1-3. Note that there
capable of measuring far smaller loss components in the dhﬂust be a real dielectric conductivity or loss term in the
electric or insulating phas@quivalent to 18 Q at 10 2Hz polyethylene itself, which, from Fig. 2, has a power law of
and 160 at 10 Hz.in parallel with an ideal capqcitband about w®° from thé 0% s,ample. This’loss must also be a
has a better resolutlor} Qf loss or pgase ar(lglmgmmum of major contributor to the conductivity observed in the 12 and
tan 50.f >10% and a minimum of 10 )_than the instruments 17 % samples. The dielectric loss term, as it appears in Egs.
used in Refs. 4 and 5 or any previous measurements of ('jl), (5), and (6), is discussed in more detail, withf =s,,

H 3-18
Sm?lllr?‘er r;ﬁl;l;rirements were done in a copper chamber tg Zi(®), In Ref. 8. From the shape of the conductivity
P rves in Fig. 2 the 17.5 and 18.65% samples are clearly

which was attached a 120 W heater. The samples, coaxial’
lead terminations, a thermocouple, and a PT100 platinum
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easurements®>3~18the universal value being 0.87 or even
for ease of computing.

Figures 1 and 2 give the real relative dielectric constant
d conductivity for the 0, 12, 17, 17.5, and 18.65 % samples

10’

resistance thermometer were all mounted on a Teflon plate in 4
the middle of the chamber. The temperature was controlled,s 10" ¢ | * 1?;35% . 1;50%
with air as the exchange medium, using the PT100 resistance§ 102 £ | .o0%
and Lake Shore DRC/93CA temperature controller. A stabil- 2 o8 .
ity during the measurements of plus or minus 0.2°C was o) ’
achieved during measurements, as determined from the tem- 3 107
perature controller and a thermocouple. 3 109 §°°7°°°°
g 1074 R TP
8 10-13 _: uunu=°:::A::::°o 00
Ill. RESULTS AND DISCUSSION 10-15 q. uunuuzjj::Ag;‘,ioa“
Extensive room-temperature dc conductivity measure- 4047 Filoooct
ments have previously been made on the samples describer 1072 10'0 10‘2 10'4 10°

above and other samples in this sefieShe important re-
sults from this paper are that=2.9+0.1 and that 0.1676
<¢.<0.1789 for this system. As has not been measured  FIG. 2. Experimental values of the conductivity,{,) are plot-

for this system, one can only assume a value of betweeted against frequency at room temperature for all the carbon volume
about 05 to 0.9 from other ac dielectric concentrations.

Frequency (Hz)
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10% g e e — The slope of the 122 °C curvevhere ¢> ¢.) at high fre-
] quencies is 0.94, somewhat higher than is to be expected.
0006, [Note t/(s+t)=2.9/(0.5+2.9)=0.85, withs=0.5, this be-

1 ing a reasonable minimum valyeThe dielectric constant
decreases with frequency. At the lower temperatures the di-
electric dispersion curve is not a simple power law but
evolves into a power law as the temperature increases. At
122 °C there is a power-law dependence -08.1 (s/s+t
=0.15 with t=2.9 ands=0.5. According to Refs. 1-3
these results fog,,,, should show no dispersion. Note that as
Fig. 4 clearly shows the sample to be conducting, the 122 °C
sample is not in the crossover regi¢@/w.. and w/w;_
>1) where Egs(9c) and (9d) are obeyed.

An alternative interpretation for the above exponents is
that these composites are exhibiting mean-field behavior in
their ac electrical properties. This interpretation is consistent

FIG. 3. Experimental values of the permittivity {,), are plot- ~ With earlier experiments on the dc electrical properties of
ted against frequency for the 17.5% sample at various temperaturedlese same compositEsyhich also found critical exponents
[27.1°C ($), 80°C (O), 100°C (A), 110°C (X), 115°C, (),  In excellent agreement with the predictions of mean-field
118°C (O), 120°C (1), 122°C (¢), 126°C (W), 128°C (A), theory. The values for the critical exponents for mean-field
130 °C (@), 134 °C(x)]. theory are identically the Bethe lattice values. Using the

mean-field values in the intercluster polarization model gives
conducting. The permittivity data, as a function of frequency,t/(s+t)=1. Using the mean-field values in the anomalous
for these two conducting samples are not understood, bufiffusion model also gived/(s+t)=1. These theoretical
very few data of this nature exist in the literature. However,mean-field values are in very good agreement with the ex-
the dielectric constants of these two samples are increasingerimental values fot/(s+t)<1 [and s/(s+t)~0] mea-
with ¢ above ¢, (i.e., ¢—¢) for all frequencies, in clear sured in this paper. These theoretical mean-field values are
contradiction with the ¢—¢.) " dependence predicted in also in excellent agreement with the experimental value
Refs. 1-3. t/(s+1)=1+0.05 measured in percolative gold films at

Figures 3 and 4 show the real dielectric constant and conroom temperature in the intermediate frequency regime by
ductivity as a function of frequency, for the 17.5% sample inHundley and Zettf®
the temperature range 27.1-134°C. From the shape of the The metal insulator transition occurs at about 130 °C, the
conductivity curves the sample below 130°C haye ¢.,  exact value depending ap!’ Therefore at and near 130 °C,
but the decrease in conductivity with temperature shows ( one might expect the sample to be in the crossover region
—¢.) is decreasing with temperature. This is to be expectegvhere Eqs(9a) and(9b) should be obeyed. The slopes of the
as ¢, increases more rapidly thapwith temperaturé® The 128, 130, and 134 °C conductivity curves in Fig. 4 are at first
origin of the slow oscillations in the low-frequency data is sight consistent with this, except for the fact that all the
not known. Note that the dielectric constant aboyg  slopes are again much closer to 1 than the expected value of
(134 °Q is again increasing withg— ¢.), asitdid in Fig. 1.  about 0.85. Note too that all three dielectric constants are

nearly dispersion free, whereas they should have a slope of

W {O¥* X > 0O ©
He 1Ox x > O O
He +O¥ x > 1 ©
He JO*x x > OO
He +O%x D> 0O
e +O*x D> OO
He +O¥x > OO
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Q
N
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B HO* X0 O
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Re +O¥Xx > [
e +Oxx D> O ©
e +tO%xxD> O ¢
He iO*xxD> O O
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e +O%xx D> O O
e +O0%x x> DO O
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Be +O0% x> 0O ©
He +O%x x P 0O O
e +OX x D> 3O
L@ > He LOX X B,

100 T T T T T
10° 10
Frequency (Hz)

10™ gy —s/(s+t), with a reasonable minimum of 0(8/5+2.9

10-5_; 00035 =0.147, if they were in the crossover region. Thgrefore_, it
< 10-6_%.ooooooooo@000000000000000000oooooooooooggggge_ unld appear that these samples must be classified as insu-
’g ) 0_71: Dnuuugggﬁzeggz !atlng and that the temperature range where crossover behav-

_8:E‘””“””“““””“”“'3DDDDDDDDDDDDD”DDDQQQQQOOQu* ] ior could be observed must be very narrow. dc scaling also

.g 10 E AAQQQQQOOO:ﬁ” 1 suggests a very narrow crossover regih@he increase in
<) 10'9?AAAAAAAAMAAAAAAAAAAA:iiﬁ**an°f++* E the real dielectric constant and conductivity for the sample at
21074 H******:Oog?gf++++ 3 134 °C, above those at 130 °C, is almost certainly due to the
e L 000339::1+*+ 1 sample having melted. Samples recovered from this tempera-
§10‘12~; " oo°°fifﬁz+++ _ ture were always s_ev_erely dist_orteCNote tha_t as these
810" oo jf.::'u* ] samples are not radiation crosslinked, they will flow above

10.14_§a9:::++++ 3 melting point)

e I E As the conductivity data curves are qualitatively similar to

T T NN RN RERLELELLLAL B

what has been observed before it is interesting to see if the
curves can be scaled as in Refs. 5 and 7. Firdt afw/w.)
curve was calculated, using Egd), (5), and (6), with s
FIG. 4. Experimental values of the conductivity,{,), are plot- ~=0.5 andt=2.9 to get the reasonable maximum slope
ted against frequency for the 17.5% sample at various temperatured).85. The other values used wesg=6666Q 'm*,* 2.1
[21.1°C (), 110°C (0), 120°C (A), 126°C (+), 128°C(O), (&, from Fig. 1 xeoxw, and ¢,=0.17}* w and ¢ being
130°C(+), 134°C(+#). The 80, 100, 115, 118, 122, and 126 °C varied over a sufficient range to generate a overlapping
plots have been omitted for clarify. as was done in Refs. 7 and 9. To obtain the experimental

10° 10" 10 10® 10* 10° 10°
Frequency (Hz)
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FIG. 6. The experimental values af,, are plotted against the

FIG. 5. The scaled conductivitiesn (¢, @)/ om(¢,0) plotted  measured de conductivity.

against the log of the scaled frequengiw,. . for the 17.5% sample
at various temperatures. The origin of the plot shown, displaced - . .
to the right in the figure, is discussed in the text. can be clearly seen in Fig. 1, while Fig. 3, whese- ¢ for
T>130°C, showsg, increases with¢— ¢.), being a maxi-
points the results for the conductivity data at and belowMuUm at the lowest temperature. While the behaviorepf
122 °C, shown in Fig. 3, were first divided by the conductiv-Shown in Fig. 3 has not been emphasized in previous work, it
ity at the lowest frequencigsvhich is very close to the mea- IS consistent with the behavior @f shown in Fig. 1. The
sured dc value The resulting curves were then slid along theSmooth increase i, with ¢ beyonde. has recently been
N[0 (¢,)lo(@0)]=0 axis, by a scaling factor S€en in graphite-boron nitrifleand a number of systems
1w (expt), until the experimental curve coincided with the Where fine conducting powders are impregnated on the sur-
calculatedF ;. at w/w.= 1. The experimental results afd. face of Iarger almost sphgrlcal grains, bef_ore thg grains are
are shown in Fig. 5. Note that the experimental curves do ngtompressed into a three-dimensional continddrfihis phe-
overlap particularly well and certainly not as well as thosenomenon has also been seen before for Al spheres in epoxy
given in Refs. 5 and 7. Note too that the limiting slope for eSirf* and probably many other systems. Attention was
large w/w, decreases with temperature but is always largeProbably not called to, nor paid to these and other similar
than one which is in conflict with Refs. 1-3 and 6 and other€SUlts, as they are in conflict with standard percolation
experimental results’13-18 theory as given in Refs. 1-3.

The present experimental system differs from those dis- Figure 7 shows the experimental. results between
cussed in Refs. 5, 7, and 13—18 as in a CB-polymer systerﬁzo-?s and 0.19 at 1 kHz and calculations made using Eq.
some or all of the grains may be wet and continuously coate8il) With ¢c=0.172, 0,=6666 (2 m) *, &;=2.1, t=3.0,
by the insulator(polymey. This is not the case for the sys- ands=0.6 (dashed linegsand 1.0(solid lineg at 1 kHz.(the
tems discussed in Refs. 5, 7, and 13—18. However, worklore peaked curyeand 1 MHz. These parameters, except
done over an extremely large frequency range on anothdPr S @ll were obtained from previous measuremengimi-
class of carbon black polymer sampfégjives values for the !ar resu_lts for graphlte?boron nitride gnd NbC coated ms_ulat-
high-frequency slopes of log conductivity versus log fre-ing grains together with more details of the computational
quency graphs that are less than 1. This shows that the berocedures are given in Ref. 8. o _
havior of different carbon b|ack_po|ymer Systems are not It is ObV|0.US that the fit is at best quallta.tlve. BeFter fits
necessarily the same. Indeed the electron transport methé@n be obtained if the parameters are varied, for instance,
mechanism in conductor-polymer composites is still in seriincreasingec, which will obviously move the plots to the
ous disputgRef. 21, and references thergin

In spite of this only semiquantitative agreement with the 300
predictions of scaling, a plot of la; against Ino,,,,(¢,0) was ]
made and is given in Fig. 6. Note that at the highest tempera- 7250F
tures a straight line with slope 0.925 is obtained. Note too >5001
that Eq.(8) predicts that the slope should loe=(s+t)/t, E

which is always greater than 1. Experimental res(is:1"18
give slopes both greater and less than 1 but always less than Hicot
the value ofg expected from the measured valuespf and

or t/(s+t). Note too that the value ab, (calc) calculated 0y T RO
from Eq. (8) at 27.1°C, wherep— ¢ is known, with the 0 o e
exponents given above is many orders of magnitude greater 0.15 0.16 0.17 0.18 019

than w.(expt). Widely different values ofw.(calc) and VOLUME FRACTION

wc(expt) has been noted in Ref. 22 and discussed in Ref. 7. FiG. 7. Experimental values of the permittivity,,) for the 17,
The even lower slope obtained at lower temperatures is nat7.5, and 18.65 % samples, at room temperature and 1 kHz, plotted

understood. against the volume fractiofw). The nature of the theoretical curves
The smooth increase ia, with ¢ up to and beyondr,  and the parameters used are given in the text.
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right. Theoretical plots for various combinations show thatsamples shows that this is probably the case. The permittiv-
the peaks, at a fixed frequency, broaden and the peak heigity data in Fig. 3 decreases with temperature, consistent with
drops ifiwege, /o, decreases and and/ort is increased. the data in Fig. 1 and a decrease in<¢.) with tempera-
This combines to indicate that this “hump” occurs in the ture.
crossover regiorii.e., the region between wherg, (¢ The conductivity data can be scaled as described in the
— ¢t and e, (¢.— @) ~° hold], the width to which it is  theory section and done in Ref. 7. However, the slopes ob-
proportional weqe, /o)**Y, also broadens. This seems served in the crossover regiom{w..>1) are greater than
intuitively correct to the authors as in the crossover regionl whereas the maximum value, according to percolation
the properties of both components play nearly equal roles itheory and Eqs(9a and (9b), must be less than (or t/s
determiningo,, or e,,. For ¢> ¢, EqQ. (1) predicts that +1). It is therefore somewhat of a surprise that plotted
Tmi* @ ande % 179/ 8 against the dc conductivity gives a straight line at the higher
temperatures, where linear against frequency plots are ob-
IV. SUMMARY AND CONCLUSIONS tained. The value foqg is consistent with previous experi-
ments but not theory. The only conclusion is that scaling is a

The conductivity data shown in Fig. 1 clearly show thatyery universal phenomenon, but our ability to understand it
the 0, 12 and 17 % samples are below the percolation thresks still limited.

old while the 17.50 and 18.65 % ones are above. This agrees The smooth increase iry with ¢ aboveg, is at first sight
with the range ofp.s(0.1676—-0.1789) given in Ref. 11. The gyrprising, but it is found to also have been observed in a
o dependence observed for the insulating samples is in linBumber of different systems, with both a polymer and non-
with those seen in most previous wdrki~**The o, lines  polymer insulating component. An explanation must be
are fairly parallel to the pure polyethylene sam{@6) and  sought. This will certainly not come from percolation theory
as pointed out in Ref. 8 the other two lines are probablyas given in Refs. 1-3. Equatidfi) provides, at best, only a
dominated by the percolation enhanced polyethylene losgyalitative model for the data in Fig. 7 unless parameters
The dielectric constant of the insulating samples is consiste%c, oi, @c, S, andt) very different from those measured in
with percolation theoryy > but that of the conducting samples 4 function ofe experiments are used. An explanation of this

is not, neither as a function of frequency rEquation(1)  phenomenon obviously requires further thought, modeling,
does allow for an increase #Y,, abovee, butis certainly  and experimentation.

not quantitatively correct using previously measured param-
eters.

The changes in the conductivity with temperature, shown
in Fig. 4, are consistent with the model that the sample is
approaching the insulating stdiee., ¢.> ¢) at 134 °C, asp, The authors would like to express their appreciation for
increases with temperature faster thanFrom the conduc- the hard and enthusiastic work that their two vacation stu-
tivity data it is not certain if the insulating state is reacheddents, Ivan Stegic and Robert Ambrosi, put into taking and
but the almost complete lack of dispersion in the 134 °Cplotting the data.
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