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ABSTRACT: Dielectric properties and ac electrical con-
ductivity of Acrylonitrile Butadiene Rubber-poly(vinyl
chloride)/Graphite Composite were studied at different
frequencies (10°-~10° Hz) in the temperature range (298-
423 K). The results show that the dielectric constant (¢),
dielectric loss ("), ac electrical conductivity (c,.) and, the
electric modulus are strongly dependent on the frequency
and temperature. The dielectric constant ¢ increases with
temperature and decreases with frequency, whereas the
dielectric loss €” displays a broad maximum peak whose
position shifts with temperature to a higher frequency
region. Cole-Cole diagrams have been used to investigate
the frequency dependence of the complex impedance at
different temperature and graphite loading. Interfacial or
Maxwell-Wagner-Sillars relaxation process was revealed in

the frequency range and temperature interval of the meas-
urements, which was found to follow the Havriliak-Negami
approach for the distribution of relaxation times. At constant
temperature, the frequency dependence of ac conductivity
was found to fit with the established equation c,(®) = Aw®
quite well. The values of S for the investigated samples lie
between 0.88 and 0.11. The conduction mechanism of ac con-
duction was discussed by comparing the behavior of the fre-
quency exponent S(T) with different theoretical models. It
was found that the correlated barrier hopping (C.B.H.) is
the dominant conduction mechanism. © 2011 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 122: 1226-1235, 2011

Key words: dielectric properties; composites; poly(vinyl
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INTRODUCTION

In recent years, several polymer blends have been
commercially exploited. Their importance arises
from the new and desirable properties absent in the
homopolymers. The production of such polymer
blends makes it possible to improve the physical
properties of the individual polymers and, conse-
quently, offers an economical way of designing new
polymeric materials with improved properties. Poly-
meric blends are well established in the field of
high-temperature insulation due to their low cost,
ease of availability, and their outstanding electrical,
chemical, and high-temperature resistance proper-
ties. A conducting polymer composite can be formed
by dispersing conducting filler in sufficient quantity
in a polymeric resin. Graphite powder' ™ and carbon
black,”™® have been used extensively as conducting
filler. The electrical conductivity of conducting poly-
mer composites can be increased with the addition
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of conducting filler. The composites undergo an in-
sulator-conductor transition at a certain filler concen-
tration, which is known as the percolation threshold
(Pc). Insulator-conductor transition behavior of the
composites near the Pc is explained by percolation
theory.”'* Besides electrical conductivity, the pres-
ence of conducting additive particles affects substan-
tially the dielectric behavior of the final composite.
Maxwell-Wagner interfacial polarization resulted in
moderate increases in ¢ and ¢’ below Pc. The dielec-
tric constant of conducting polymer composites also
increases with the addition of conducting filler.
Especially, near the percolation threshold, a sharp
change in the dielectric constant is observed. At the
percolation threshold, many conducting particles are
isolated by thin insulating layers. Therefore, near the
percolation threshold, the composites can become a
capacitor and consequently, can be applied in charge
storing devices, and decoupling capacitor applica-
tions. Dramatic increase of dielectric constant close
to the percolation threshold observed in the insula-
tor—conductor percolative system arouse interest of
developing conductive metal/polymer composites
for embedded capacitor applications. Various metal
fillers, such as silver, aluminum, and nickel have
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TABLE I
Formulation of (NBR-PVC)/Graphite Composite

Sample ingredients (phr)a GO Gl() GZO Ggo G40 G50 G60 G70
NBR 30 30 30 30 30 30 30 30
pvC 70 70 70 70 70 70 70 70
Graphite 0 10 20 30 40 50 60 70
Stearic acid 2 2 2 2 2 2 2 2
Zinc oxide 5 5 5 5 5 5 5 5
DOP® 35 35 35 35 35 35 35 35
MBTS® 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
TMTD 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
PBN 1 1 1 1 1 1 1 1
Sulfur 2 2 2 2 2 2 2 2

“means all ingredients in (phr) relative to NBR.

"Dioctyle phthalate.

“MBTS is dibenzthiazyl disulphide.

4PBN is phenyl-f-naphthyl-amine, a possible carcinogenic compound.
been used to prepare the metal/polymer compos- 163,376, glass temperature = —36°C], suspension

ite.!’”'® This material option represents advanta-
geous characteristics over the conventional ceramic/
polymer composites, especially ultra-high dielectric
constant with balanced mechanical properties
including the adhesion strength. Polymer/graphite
composites are promising materials for embedded
capacitors. They combine the high dielectric constant
of graphite powders and the process capability and
flexibility of polymers. The electrical conduction
properties of golymer—graphite composites have
been reported,'™ whereas the dielectric behavior has
not been extensively reviewed.'” In our recent
work,'®1? we examined the basic characteristics of
the thermophysical properties (thermal conductivity,
thermal diffusivity, and heat capacity) of nitrile rub-
ber (NBR)/poly(vinyl chloride) (PVC) blends were
measured in the temperature range of 300-425 K.'®
In the same work, the Agari-Uno model best pre-
dicted the effective thermal conductivity for the
whole range of blend ratios and for the whole range
of graphite contents in NBR/PVC (30/70)/graphite
composites.'” Have reported on the electrical proper-
ties and transport conduction mechanism of NBR/
PVC Blend. The present work is a continuation of a
program to study the dielectric properties of (NBR/
PVC)/Graphite Composite in the aim of finding
some suitable applications. Dielectric constant,
dielectric loss, impedance, and ac conductivity have
been determined and analyzed at different tempera-
tures and frequencies.

MATERIALS AND METHODS
Composites preparation and properties

NBR [density 0.98 g/cm? acrylonitrile content =
34%; Mooney viscosity ML (1 + 4) at 100°C = 45 +
5 (ASTM D 1646); Average molecular weight =

polymerized PVC in a powder form [density = 1.38
g/ cm3; K value (molecular mass) = 66-69; melting
point = 80°C; glass temperature = 87°C], and the
other compounding ingredients listed in Table I and
used for preparing the blends were supplied by
Transport and Engineering (Alexandria, Egypt).
Graphite powder from Merck (Germany) with a
bulk density of 20-30 g/100 mL and a particle size
of less than 50 mL was used too. The formulations
of the blends are shown in Table I. The blends were
prepared on a conventional laboratory-size rubber
mill with a diameter of 150 mm, a working distance
of 300 mm, a slow roll speed of 18 rpm, and a gear
ratio of 1.4. The mixing occurred for 40 min at 298
K, and it was left for 24 h before vulcanization.
Crosslinked samples of the desired thickness were
produced by compression molding at 425 K and
about 0.4 MPa for 30 min in an electrically heated
press (Karl Kolb, Germany).

Measurements

Dielectric measurements

Dielectric relaxation spectra of the samples (discs of
10 mm diameter were cut from the molded plates)
were obtained by a Hioki 3531z Hitester, Hioki,
Japan, LCR, which is fully computerized with guard
electrodes in the frequency range of 10°>-10° Hz. AC
conductivity (o,.) has been evaluated from dielectric
data in accordance with the relation:

G = Wgpe tan § (1)
where o is 2nrf (f is frequency), gy is permittivity of
the vacuum and dielectric constant (relative permit-
tivity) &’ where C,, is the observed capacitance of the
sample and C, is vacuum capacitance of the cell and
is calculated using the expression gA/d (A and d
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Figure 1 SEM photomicrographs of NBR-PVC/graphite
for, (a) 20 phr and (b) 50 phr graphite.

are the area and the thickness of the sample, respec-
tively), and tan 9 is the dielectric loss tangent. Meas-
urements were made at 25 K temperature intervals
in the temperature range (298-423 K), maintaining a

temperature rise of 1Kmin .

Scanning electron microscopy testing

Blend samples were fractured after cooling in liquid
nitrogen. The morphology of freeze fractured and
microtome surfaces were characterized by using a
JEOL 5410 scanning microscope (SEM). For scanning
electron observation, the surface of the polymer was
mounted on a standard specimen stub. A thin coat-
ing (~ 10°° m) of gold was deposited onto the poly-
mer surface and attached to the stub prior to exami-
nation in the microscope to enhance the conductivity
and secondary electron emission characteristic of the
overgrowth. Figure 1 shows the SEM micrographs
for 20 phr [Fig. 1(a)] and 50 phr [Fig. 1(b)] graphite
incorporated (30/70) NBR-PVC systems, respec-
tively. The graphite, which appears as the inserted
phase and separated by strands of polymer, is

Journal of Applied Polymer Science DOI 10.1002/app
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clearly noticed for 20 phr graphite loaded system.
Further increase in graphite content shows the
growth of second phase.

Fourier transforms infrared spectroscopy

The samples for FTIR were first prepared by using
an attenuated total reflection technique. The FTIR
spectra were obtained using a JASCO 460 FTIR spec-
trometer. The spectrum resolution was 4 cm ' and

the scanning range was from 1400 to 4000 cm ™.

RESULTS AND DISCUSSION
Infrared spectroscopy analysis

It is well known that FTIR is a particularly suitable
method to determine the presence of specific interac-
tions between various groups in polymer blends
from the force constants and it is sensitive to both
inter- and intramolecular interactions.?® In this work,
we have used this technique to confirm the compati-
bility of the two components NBR/PVC.

Figure 2 shows the comparison of FTIR spectra of
pure PVC, NBR before mixing and (50/50 PVC/
NBR) after mixing blend. Pure PVC shows peak at
1641 cm™!, which is due to the carbonyl groups
(C=0) formed during the manufacturing stage,’'
and the polymer backbone defects,”” and peak C—H
stretching frequency just above 2900 cm ™', The broad
peak at 3433 cm™' may be due to the formation of

(€)

(b)

Transmittance (%)

4000 3500 3000 2500 2000 1500

Wavenumbr (cm'1)

Figure 2 FTIR spectrum of PVC and NBR pre-mixing (a,
PVC; b, NBR) and ¢, (50-50 NBR-PVC) post-mixing
blends.
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Figure 3 The relationship between the heat of mixing,
and the weight fraction of PVC.

—OH groups during the degradation.”® For pure
NBR, the peak at 1646 cm ™' corresponds to the tria-
zine functionality generated as a result of the cycliza-
tion of adjacent nitril groups,** the peak at 2237 cm ™"
is due to the stretching vibration of the —CN group
and the broad peak at 3434 cm ™' may be due to the
formation of —OH groups during degradation. For
PVC/NBR exhibits peaks at 1455 cm™' corresponds
to the CH, bending vibration, the peak center at 1734
cm™! represents the carbonyl groups of ester from
DOP, the olefinic C—H stretching frequency just
above 2900 cm '. The peak appearing at around
2237 ¢m ', is attributed to the CN group from the
NBR structure. The broadening and the increased
absorption at 3500-3200 cm ' show the formation of
O-H and N-H group in the system, due to the hydro-
lysis of the nitrile group.” The results from FTIR
analyses revealed strong inter-association hydrogen
bonds between the nitril groups of the NBR and the
carbonyl groups of PVC. This confirms the complete
homogeneity of these two components with each
other.

Heat of mixing method

The calculation of the heat of mixing is considered
to be a tool for the determination of the degree of
compatibility between polymer blends. Polymer
compatibility in the solid state might occur if the
heat of mixing is below 41.85 x 107> J/mol. The
heat of Mixing, AH,,, was calculated for the system
under investigation with the Schneier equation*:

AH,,=

\/XlMl p1(S1 —52)2{X2/<(1—X2)szz+(1—X1)M1 P1>2}
)

where X, p, and M are the weight fraction of the
polymer, the density, and the monomer unit molecu-
lar weight, respectively, and 6 is the solubility
parameter of the polymers. The obtained values are
illustrated graphically in Figure 3. It is clear that the
NBR-PVC blends are expected to be compatible
because the calculated heat of mixing lies below the
upper limit of compatibility.

Dielectric properties

The ¢ and €” for the composite with a conductive
graphite are shown in Figure 4(a,b), respectively.
Both ¢ and &” increased with increasing the graphite
content at the same frequency. The larger difference
of the constant values in the low frequency range
was shown by the increase of graphite while at the
high frequency range the difference was lowered.
This means that the frequency dependence of dielec-
tric constants was generated by the addition of
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Figure 4 Complex permittivity versus frequency of PVC-
NBR/graphite composites: (a) Real part of dielectric per-

mittivity €, and (b) dielectric losses ¢&”; of samples
indicated on the plot.
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Figure 5 Logarithmic plots of complex permittivity
versus frequency of PVC-NBR, with (40 phr) graphite at
different temperature.

graphite. This small change of ¢ with frequency
may be due to electronic interfacial polarization (the
Maxwell-Wagner process) of the graphite.”” The
graphite is a semi-conductive material and does not
work as dielectrics by itself. If it is covered with
insulation materials, however, it shows a dielectric
property by generating the space charge polarization
at the interfaces. This can also be explained by Max-
well-Wagner-Sillars theory, which accounts for the
dielectric loss due to the interfacial polarization of
heterogeneous materials having the volume fraction
of conductive filler lower than the percolation
threshold.?® The interfacial polarization can be more
easily occurred at the lower frequency and/or with
the number of interfaces between the graphite and
matrix and, consequently, contribute to the improve-
ment of dielectric properties of the composite filled
with graphite. As the frequency is increased, the
time required for the interfacial charges to be polar-
ized or for the dipoles to be arranged is delayed,®
and thus the frequency dependence of dielectric con-
stant can be noticed. The sharp increase in ¢’ noticed
in lower frequency range is attributed to the increase
in contribution of both interfacial polarization and
conductivity while that for higher content of graph-
ite is mainly due to conductivity.*

To study the dielectric relaxations, the frequency
dependence of the total loss factor ¢’ and the real
part of permittivity, €', for Gy, various temperatures
is represented in a log-log scale in Figure 5. All &’
curves exhibit in the low frequency range (f < 10°
Hz) a linear increase when the frequency is
decreased. The experimental data are suitably fitted
to the law: &’ = A/2neyf" where f is the frequency of
the applied electric field, the exponent 7 is close to 1
and the constant A is assumed to be equal to 64" €
increases with temperature and was higher for the
low frequency range. Such high values of & was

Journal of Applied Polymer Science DOI 10.1002/app
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attributed to the interfacial effects within the bulk of
the sample and the electrode effects.’” In the high
frequency range, ¢ shows a relaxation behaviour
described by a sudden decrease limited by two
approximately constant values of permittivity in the
two sides of the relaxation frequency. For the &’, a
broad relaxation loss peak is recognized and prob-
ably associated with the relaxation of charge carriers
in the bulk polymer moving via intrachain and inter-
chain hopping.” When the temperature is increased,
this peak shifts toward high frequencies meaning
shorter relaxation time.

At low frequency range, the dc loss effect is domi-
nant (Fig. 4) and can obscure other effects; we have
then represented our data using the electric modulus
defined as

Mt = 1/8* :M/ _|_iM// (3)

Figure 6 shows the variation of the imaginary part
of the modulus as a function of frequency at increas-
ing filler loadings. The low value of M” in the low-
frequency region suggests that electrode polarization
makes negligible contribution to electric modulus at
these frequencies. It can also be observed that with
increase in filler loading, M” peaks in general exhibit
increasing peak heights and peak maximum shifts to
higher frequencies. The M” peaks are asymmetric
and the widths are broader than ideal Debye peak
thus indicating increasing Maxwell-Wagner-Sillar’s
polarization. The variation of M” with increasing fre-
quencies also shows a nonmonomodal distribution
of electric modulus. At low filler loadings, the value
of M” reaches a peak value in the range of 10°> Hz at
20 phr and around 10* Hz in case of 30 phr loaded
samples. Further increase in filler loadings is shifting
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Figure 6 Variation in complex part of electric modulus
with frequency at increasing graphite loadings in NBR-
PVC/graphite composites.
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Figure 7 Frequency dependences of Z' and Z" plot for
Gygo at 298 K together with the corresponding Cole-Cole
plots in the insets.

the peak maximum to higher frequency region and
could not be found due to instrumental limitations
but from the trends of the graphs indicate that with
increase in filler loading, the appearance of maxi-
mum value of M” occurs at increasingly higher
frequencies, which is an indication of enhanced DC
conductivity as predicted by theory and given by
the expression:

4)

Ode = Moo (‘E)

where M, is the frequency at which the peak maxi-
mum occurs, (1) is the relaxation time calculated by
the expression :
1
T =
2Tl:fmax

©)

Impedance analysis

The measured impedance and phase angle were
used to calculate the real (Z') and imaginary (Z")
parts of the complex impedance. Figure 7 shows
the complex impedance plotted as a function of
frequency for Gy at 298 K. From the Figure it can be
observed the curve is broader than the ideal Debye
curve and asymmetric. The insets show the corre-
sponding Cole—Cole plots where an almost symmet-
ric semicircle indicates the presence of a Debye-like
relaxation. Figure 8 shows the variation of the imagi-
nary component of the complex impedance (Z")
with frequency as a function of increasing filler load-
ing in graphite reinforced vulcanizates. From the
Figure it can be observed that with increase in
frequency there is a gradual increase in complex
impedance for all the vulcanizates. From the Figure,
it can also be observed that with increase in filler

loading there is a gradual shift of frequency, but the
intensity of this shift is more pronounced at lower
filler loadings than at higher filler loadings which
can be attributed to the occurrence of percolation
phenomenon. As graphite loading increases, the
peak frequency shifts to higher values. Absolute val-
ues of the impedance get smaller with increasing
graphite concentration, consistent with higher con-
ductivity. Figure 9(a,b) shows the Cole—Cole plots of
various composites as a function of filler loadings
and measurement temperature. The radius of semi-
circle Z' indicates the electrical resistance of the com-
posite. The Cole—Cole plot shows a semicircle for
each case, which indicates a single relaxation mode
and a resistive and capacitive network structure of
the composite. The radius of the semicircle decreases
as the amount of graphite increases and temperature
decreases.

The measured impedance can be modeled by the
equivalent circuit model as shown in the inset of
Figure 10. To determine the nature of relaxation
peak, we have analyzed the data using the imped-

ance analog of the Havriliak-Negami function®:

& — €

— (6
+(1+(im)°‘)B ©
where 1, o, and B are the average relaxation time,
the symmetrical and asymmetrical distribution
parameters for the considered relaxation peak, .
and & are the dielectric constants at sufficiently
higher and lower frequencies, respectively. The
parameter o represents the width of the distribution
while B describes the skewness of this distribution.
Both parameters can take on values in the range from
0 to 1. In the case oo = 0 and B =1 we have the
well-known Debye process. The Havriliak-Negami
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frequency at increasing graphite loadings in (NBR-PVC/
G) composites.
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Figure 9 Complex impedance diagrams of the NBR-
PVC/graphite composites as a function of graphite content
and temperature: (a) at increasing graphite loadings in
(NBR-PVC/graphite) composites; and (b) Gy at different
temperature.

empirical relation can be represented by the imped-
ance quantities since the frequency dependent data
goes in the same anticlockwise direction as does for
the permittivity data. Rewriting eq. (6) in the form of
impedance terms:

* o Zs - Zoc
ZH o) = Zoo + Tt Go) P (7)

Separating real and imaginary terms for eq. (7):

Z' = Zoo 4+ (Zs — Zoso )AL cos Bo (8)
7' = (Z; — Z.)A 'sin Bo ©)
where
T 2 B/Z
A= [l +2(w1)”* cos (7) + (o1) u} (10)
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¢ = arctan{ (wr)"sin(3) )} (11)

1+ (01)” cos(%

To obtain parameters describing the relaxation
mechanism in our fitting procedure we have used
the complex series impedance. The fitted curves are
represented in the Cole—Cole diagrams for Gy
Figure 10. It is worth noting that at low frequencies,
the fitted curves are in good agreement with the ex-
perimental data. The coincidence of the beginning of
the semicircles with the origin of the graph provides
a clear indication that no other relaxation process is
present at lower frequencies, in the studied systems.
On the other hand, the variation of the semicircles’
radii is the result of the changing temperature. The
parameters evaluated from the fitting procedure are
listed in Table II.

AC conductivity analysis

Figure 11 shows the variation of electrical conductiv-
ity with frequency at different filler loadings. At low
levels of filler loading the conductivity of the com-
posite is slightly higher than that of the base poly-
mer, since the filler particles are isolated from each
other by the insulating polymer matrix. When the
loading of filler is low, the conductivity between the
grains of filler is expected to be primarily via hop-
ping and tunneling mechanisms. In this mode of
conduction, the electron transport may be coupled
strongly with the molecular and ionic processes in
the insulating polymer matrix. Usually, hopping
transport between localized sites is the main reason
for the frequency dependence of conductivity in
polymer composites. The dispersion of filler is
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x 373K
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Figure 10 Cole—Cole plots of the electrical impedance of
NBR-PVC with 40 (phr), graphite at different temperature:
Solid curves are produced by best-fitting experimental
points to the Havriliak-Negami approach (Inset: the equiv-
alent circuit).
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TABLE II
Parameters Used/Evaluated for the Havriliak-Negami Function

Graphite loading (phr) Z (Q) Zs (Q) o B T (s)

Goo 1,20,000 70 0.8 0.82 523 x 107°
Gso 41,000 60 0.78 0.71 3.28 x 107°
Guao 4520 41 0.85 0.93 215 x 107°
Gso 200 38 0.64 0.51 392 x 1077
Geo 78 32 0.74 0.93 416 x 1077
Gro 31 19 0.86 0.95 8.43 x 1077

heterogeneous, localized and disordered. This disor-
der results in a wide distribution of hopping rates,
giving a strong dispersion of the ac conductivity.**?
At low frequencies, a frequency independent con-
ductivity is recorded, which is attributed to resistive
conduction through the bulk composite. On the
other hand, at high frequencies, conductivity
appears to be proportional to frequency due to the
capacitance of the host medium between the con-
ducting particles or clusters (conductivity is due to
trapped charges which is only active at higher
frequency region).’® The frequency dependence of
conductivity was increases as the additive concentra-
tion decreases (Fig. 11). It is generally thought that
the observed ac conductivity takes the form>”:

6 =06, + Ao’ (12)
where ® = 2nf is the angular frequency, A is con-
stant and s are exponential parameter. The values of
A and s calculated for increasing graphite concentra-
tions and are shown in Table III. From the Table, it
can be observed that the value of A increases and s
decreases on increasing filler loading, but the inten-
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Figure 11 Frequency dependence of ac conductivity of
NBR-PVC/Graphite composites for different graphite con-
centration at room temperature.

sity of this increase is less at higher loadings of filler
which indicates the occurrence of percolation due to
the formation of continuous filler network.

To better understand the influence of the tempera-
ture on the ac conductivity, the logarithmic plots of
ac conductivity o,. versus temperature for PVC/
NBR blend with 40 (phr), graphite is shown in
Figure 12. It is evident that the ac conductivity is
both frequency and temperature dependent and
enhanced with increasing of both the frequency and
the temperature. This indicates that there may be
charge carriers, which can be transported by hop-
ping through the defect sites along the polymer
chain.?®® Several theoretical models have been pro-
posed for the ac conduction in amorphous semicon-
ductors such as classical hopping and quantum
mechanical tunneling of charge carriers over the
potential barrier separating two ener§etically favor-
able centers in a random distribution.”*° In electron
tunneling model, s is independent of T. In case of
small polaron tunneling, s increases as T increases.
The variation of s with T in the examined compo-
sites systems was shown in Figure 13, It is observed
that for the samples with Gy Gy and Gzp, s
decreases with increasing temperature, while for the
other samples, with higher graphite contents > 40
phr, the curves of s exhibit a broad maxima followed
by decrease of s with further increase of tempera-
ture. The small polaron hopping conduction mecha-
nism is predominant at low temperature and

TABLE III
Comparison of Parameters Obtained From Fit the
Experimental Data to ¢ = ¢, + A®® of NBR-PVC for
Different Graphite Concentration at Room Temperature

Graphite loading (phr) S A

0 0.88 8 x 1071
10 0.85 1 x 10710
20 0.66 7 x 1077
30 0.55 6 x107°
40 0.46 3 x107*
50 0.27 2 x 1073
60 0.20 4 x 1072
70 0.11 1x 1071
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Figure 12 The ac conductivity (logo,.) versus logwm of the
composite with 40 phr in graphite content, at various
temperatures.

followed by correlated barrier hopping conduction
mechanism for high temperature (T > 350 K). The
decrease in the values of s has been interpreted by
the correlated barrier hopping (C.B.H.) model.*'

CONCLUSIONS

The dielectric studies of the acrylonitrile butadiene
rubber-poly(vinyl  chloride)/graphite =~ composite
clearly showed that the values of dielectric parame-
ters, complex impedance and ac electrical conductiv-
ity are strongly depend on the frequency, tempera-
ture, and graphite loading. With increasing the filler
loadings, the non semicircle nature of the Cole—Cole

10
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— 0
S —e— 20
—— 30
—e— 40
B —— 50
06 —a— 60

70

w
04+
0.2
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Figure 13 The variation of the parameter s with the tem-
perature for all samples.
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plots was found. This finding was based on the
analysis of the resistance-capacitance circuit. The
observed relaxations have been found to follow the
Havriliak-Negami approach for the distribution of
relaxation times. In all the investigated systems, ac
conductivity exhibits a strong dispersion. At low
frequencies; the conductivity tends to be constant,
while at higher ones it becomes strongly frequency
dependent varying approximately as a power of fre-
quency. Interfacial or MWS relaxation in the dielec-
tric spectra of the examined systems is due to the
interfaces introduced by the graphite particles.
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