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Abstract—The impedance spectra of composite materials based on the high-molecular poly(ethylene) mod-
ified by carbon nanotubes have been investigated. A numerical method has been proposed for reconstructing
the relaxation time distribution function of the active (R) and reactive (C) elements of a sample directly from
the experimentally obtained frequency dependence of the real and imaginary components of the impedance.
It has been shown that, with an increase in the concentration of carbon nanotubes, the electrical conductivity
of the samples under study increases and their impedance characteristics are described by a nonmonotonic

relaxation time distribution function.
DOI: 10.1134/S1063783410030303

1. INTRODUCTION

Composite materials based on the poly(ethylene)
modified by carbon fillers (carbon black, fullerenes,
carbon nanotubes) are the subject of numerous studies
in view of their application in electrical engineering
and electronics [1—3]. Fillers prepared from carbon
nanotubes are of special interest, because mechani-
cally strong fibers of nanotubes increase the wear resis-
tance of the material as a whole and the spatial net-
work of conductive chains formed in the poly(ethyl-
ene) matrix provides a high conductivity of the
composite with a relatively low content of the filler.
The electrophysical properties of these conductive
polymer composites can be conveniently studied by
measuring the impedance Z* = Z' — iZ" of a measur-
ing cell with a sample. Here, Z'and Z" are the active
(real) and reactive (imaginary) parts of the impedance
vector, which make it possible to determine and ana-
lyze both dielectric and conductive properties of mate-
rials [4]. However, the determination of these charac-
teristics is a difficult problem, which consists in estab-
lishing the relationship of the conduction and bias
current to the physical properties of the materials
under study. The main method for these studies con-
sists in constructing a model of an electric circuit in
which the active and reactive elements in their sense
correspond to the simulated processes that proceed as
the alternating electric current flows in the sample.
The choice of one or another electric circuit is deter-
mined individually according to the behavior of |Z],
the phase shift ¢ between the current and voltage, and
the impedance locus constructed in the coordinates 2
and Z" (the Nyquist diagram) [5]. Since the response
of the system under study to an alternating electric

field is caused by numerous factors, e.g., the heteroge-
neity of the medium and volume or near-electrode
polarization, all models are limited to some extent. In
the present work, we investigate the impedance of
samples of ultra-high molecular weight poly(ethylene)
(UHMWPE) with carbon nanotubes (CNTs) and
consider some methodological problems of the analy-
sis of the data obtained.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

A powder of UHMWPE with a molecular mass
M >10° g/mol was mixed with a carbon-containing
mixture partially cleaned from nanodispersed particles
(81 vol % CNTs and 19 vol % of nanodispersed car-
bon). The amounts of the UHMWPE powder and the
above mixture were calculated so that the maximum
volume content of nanotubes in the UHMWPE sam-
ples did not exceed 8%. The UHMWPE + CNT mix-
ture was heated to the softening temperature of
poly(ethylene), 7'~ 130—140°C, directly in a press-
mold under a pressure of 80 bar. Disks with a diameter
of 14 mm and a thickness of 0.5 mm were produced.
The samples were held at a temperature 7= 100°C for
several hours for the stabilization of their properties.

In this work, a lumped measuring cell was an elec-
tric capacitor formed by two circular metal electrodes
with a diameter of 14 mm, between which the sample
under study was clamped. The end surface of the sam-
ples was covered with graphite in order to reduce the
electrode resistance. The cell in a special holder was
placed in a thermostat with the temperature controlled
from 20 to 150°C and was connected by transmission
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Fig. 1. Equivalent circuits.

lines to WK 4270 and BM 538 T impedance meters
operating in the frequency ranges f=0.0001—1 and 1—
100 MHz, respectively. The additional capacitance of
the conducting transmission lines was compensated
for by automatic calibration of the impedance meters
with the disconnected measuring cell.

3. RESULTS AND DISCUSSION

In the experiment, we measured the magnitude of
the impedance |Z| and the phase shift ¢ between the
current and voltage. Then, we calculated the real (Z' =
|Zlcos¢) and imaginary (Z" = |ZJsing) parts of the
impedance. In order to construct the equivalent cir-
cuit and to calculate the resistance—capacitance prop-
erties of the composites under study, the substances
used in our work should be considered strongly inho-
mogeneous media in which the fibers of nanotubes
form complex labyrinth structures. Fibers connected
to one another over the depth of the sample can be
treated as an active resistor connected between the
electrodes (the leakage resistor). Since the nanotubes
have a high conductivity, we can assume that the main
contribution to the impedance is made by the contact
between the nanotubes. The regions of the sample
containing isolated clusters of nanotubes form con-
ducting inclusions chaotically distributed in the
poly(ethylene) matrix. In the alternating electric field,
accumulation and redistribution of charges should
take place at the boundaries of these inclusions, which
distorts the initial internal electric field. This process is
called the Maxwell-Wagner interfacial or volume
polarization [5]. At low frequencies, the surface
charge has time to follow the field and the dielectric
losses are small. In the high-frequency range, the
dielectric losses are also small because the polarization
has no time to be attained for the half-period of the
field. In the intermediate frequency range, the permit-
tivity and impedance dispersions characterized by the
relaxation time (1) = RC manifest themselves. Here, R
and C are the mean values of the resistance and capac-
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itance of clusters, which in the initial approximation
can be simulated by a parallel RC circuit. However,
numerous studies of heterogeneous media show that
highly conductive parts of the sample form statistically
inhomogeneous regions with different relaxation
times. In some cases, experimental values of Z(®) can
be approximated by an equivalent circuit involving
multilink parallel R,C, circuits, whose impedance can
be written in the form

Zo) = 3 (R +joC) )
k=1

where m is the number of links and j is an imaginary
number. However, a more effective approach to the
approximation of experimental impedance spectra is
to use universal frequency-dependent elements simu-
lating a wide class of electrotechnical materials and
electrochemical systems. One of these elements is,
e.g., the constant phase element (CPE), for which the
impedance is described by the expression [6]

Zepe = 1/[Y,(j0)"], (2)

where ¥ is a frequency-dependent factor and # is the
exponent determining the character of the frequency
dependence of the impedance. For the integers n = 1,
0, and —1, the constant phase element degenerates
into elements with RCL lumped parameters. Forn <1,
the constant phase element describes a frequency-
dependent element lumped C(®).

In the analysis of some objects, Eq. (2) can be mod-
ified to a more complicated form, e.g., to a constant
phase element with a given conductivity at ® — 0
(the Warburg element W) [7]. Typical equivalent cir-
cuits using these elements for the approximation of
experimental impedance spectra Z(w) are shown in
Fig. 1. The numerical values of the active and reactive
parameters of these circuits were determined by means
of the specialized EIS Spectrum Analyzer program. A
specific evaluation for the quality of approximation of
the experimental values Z' = |Z|cos¢ and Z" = |Z]sin@
and the calculation is a comparison between the corre-
sponding loci. For example, Figs. 2a and 2b show the
loci for the UHMWPE samples containing 4 and
6 vol % CNTs, respectively. In this case, the equivalent
circuits used for the samples with 4 and 6 vol % CNTs
are shown in Figs. 1a and 1b, respectively. It should be
noted that, at ® — 0, the value of Z coincides with
the static resistance, which is R = 49700 and 4700 Q
for these two samples. With an increase in the fre-
quency of the electric field to 100 MHz, the imped-
ance of both samples decreases to ~50—80 Q and is
almost equal to the reactance. It can be seen from
Fig. 2 that the loci obtained from the experiment and
constructed with the use of the equivalent circuits for
both samples coincide and have the same form of a
distorted arc of a circle with the center lying below the
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abscissa axis. For the sample with 4 vol % CNT from
Fig. 2a, we obtained the following parameters of the
elements of the equivalent circuit: R = 49700 €,
Zcpg =2 x 107, and n = 0.895. Here, the coefficient n
determines the displacement of the center of the semi-
circle with respect to the abscissa axis. For the second
samples with 6 vol % of CNTs (with a lower resis-
tance), the locus is characterized by an asymmetry,
which is taken into account by introducing the Wart-
burg element W, into the equivalent circuit. We
obtained the following parameters of the equivalent
circuit: R = 4900 Q, Zepg =2 x 107°, n = 0.895, and
the active and reactive Wartburg components W, =
150000 and W, = 0.006.

As can be seen, the calculated loci well approxi-
mate the experimental impedance spectra, which
indicates that the samples contain clusters that differ
statistically in the resistance and mutual capacitance.
In this case, it is important to know the range in which
the relaxation times are distributed. In the general
case, the character of the relaxation time distribution
should be described by introducing an analytically
specified relaxation time distribution function g(t)
into the dispersion relation for the impedance [8, 9]:

75 = R, +A (8107 g0y, 3
ot J.l+io)r(nt) 3)
0

Here, AR = R, — R, where R, is the resistance of the
sample at the direct current and R, is the resistance at
ultimately high frequencies. The normalization con-
dition is written in the form

Ig(lnr)d(lnr) = 1. (4)
0

It should be noted that a microscopic model of com-
plex polarization and conduction processes in strongly
inhomogeneous heterogeneous media can be con-
structed and analytically appropriate relaxation time
distribution function for the approximation of imped-
ance spectra can be specified only in exceptional
cases. Therefore, in world practice, it becomes espe-
cially important to develop numerical methods for
determining the relaxation time distribution functions
directly from the experimentally measured spectra of
the permittivity or the impedance components [10—
12]. In [13], a specialized algorithm using a regulariza-
tion procedure for determining the relaxation time
distribution functions has been developed for the anal-
ysis of the dispersion in the real part of the permittivity
of liquid crystals. In the present work, this algorithm
was modified for finding the relaxation time distribu-
tion function from the data on the dispersion of the
real and imaginary parts of the impedance. In this
method, the impedance spectra are represented by
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Fig. 2. Impedance loci for the UHMWPE samples with
(a) 4 and (b) 6 vol % CNTs. Points and solid lines indicate
the experimental data, and dashed lines represent the
results of the calculations.

histograms constructed by separating the frequency
range of the spectra Z'(®w) and Z"(w) into a given
number N of equal intervals. In this case, each rectan-
gle in the histogram corresponds to a mean frequency
®; and the corresponding relaxation time t,, The
sought distribution function is reconstructed by mini-
mization of the functional

N

1(8) = D A2 () £AZ ()]~ Zwe(©)}, (5)

i=1

where Z'(w) is the experimental spectrum smoothed
by an appropriate approximation and Z_,.(®) is the
impedance calculated by expression (3) in which the
integral is replaced by the corresponding sum. As the
initial relaxation time distribution function, the values
of Z"(w) are used. In Eq. (5), AZ'(w) is the regulariza-
tion parameter providing the stability of the algorithm.
This parameter simulates the artificial measuring error
by generating small random numbers +6;~ 0.05—0.15,
which are added to the smoothed spectrum Z'(w).
The relaxation time distribution functions obtained
for two samples are presented in Fig. 3. It can be seen
from this figure that, for the sample with 4 vol % CNTs
(Fig. 3a), the relaxation time distribution function has
the form of an almost symmetric Lorenz curve with
the “wings” extended to the regions of short and long
relaxation times. The maximum of this curve corre-
sponds to the relaxation time 1t~ 6.2 x 10~° s, which is
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Fig. 3. Relaxation time distribution functions for the
UHMWPE samples with (a) 4 and (b) 6 vol % CNTs.

close to the value 1 = 5.86 x 107 s that is observed at
the frequency at which the maximum of the half-circle
of the locus is situated (Fig. 3a). The broadening of the
relaxation time distribution function is associated with
the existence of a set of additional relaxation times in
the range 3 x 10°<t<1x 10 %s.

For the UHMWPE sample with 6 vol % CNTs
under investigation, the relaxation time distribution
function (Fig. 3b) exhibit two maxima, which corre-
spond to the times 7,,=9.0 x 10~7and 1.4 x 10~ s. This
transformation of the relaxation time distribution
function was typical of all check samples with a high
through conductivity.

It is of interest to study the UHMWPE sample with
8 vol % of carbon condensate containing only 40 vol %
CNTs as a function of the temperature. The results of
the measurements are presented in Fig. 4. As can be
seen from this figure, only one maximum in the relax-
ation time distribution function is observed (t = 8 x
107> s) at room temperature. In this case, the dc resis-
tance of the sample is Z(0) = 27000 Q. With an
increase in the temperature to 100°C, the relaxation
times decrease to T = 1 x 107° s. At T'= 120°C, the
relaxation time distribution function already has two
maxima with the relaxation times 1, = 8 x 10~° s and
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Fig. 4. Temperature dependence of the relaxation time dis-
tribution function.

T, = 1.2 x 107® s. The resistance of the sample at this
temperature decreases to Z(0) = 2200 Q. These
changes show that the nonmonotonic form of the
relaxation time distribution function and the addi-
tional relaxation times in the range of higher frequen-
cies can arise not only with an increase in the concen-
tration of the impurity but with an increase in the tem-
perature as well.

4. CONCLUSIONS

Thus, in this work, we have proposed a method that
allows one to determine the typical relaxation times of
the active and reactive elements of the material under
study by reconstructing the relaxation time distribu-
tion function directly from the experimentally mea-
sured frequency dependences of the impedance. This
makes it possible to avoid a complex and time-con-
suming search for an appropriate equivalent circuit
simulating dielectric and conductive properties of a
material. The pronounced maximum in the relaxation
time distribution function for samples with a limited
conductivity (R > 48000 Q2) most likely corresponds to
the averaged relaxation time of CNT—-UHMWPE—
CNT conductive inclusions statistically distributed
over the volume of the sample. The appearance of the
second relaxation time with an increase in the filler
concentration or in the temperature can be caused by
the existence of more complex inclusions, containing,
e.g., carbon particles. One more factor responsible for
the appearance of this maximum can be a specific
transition layer at the interface between the matrix and
the filler [14]. This question calls for additional studies
of both electrical and dielectric properties of this type
of composites.
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