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Abstract. The main aim of this study is to produce added polypyrrole (PPy) borax composites with high dielectric properties
for technological applications. For this purpose, PPy—borax composites with different borax concentrations varying from 10 to
50 wt% have been prepared. To reveal their structural and morphological attributes, the composites have been characterized
by Fourier-transform infrared spectroscopy and scanning electron microscopy. The real and imaginary parts of complex
dielectric function, the imaginary component of complex electrical modulus and ac conductivity have been investigated
at room temperature as a function of frequency in the range 100 Hz—15 MHz. It has been found that addition of borax
increases the dielectric constant of pure PPy. In this respect, PPy—borax composites with the highest dielectric constant
at low frequency may be utilized in charge storing devices. On the other hand, the dielectric loss is also very high in
low-frequency region for the composites with high borax content. Exploiting this property, the material may also be used
in decoupling capacitor applications. The relaxation mechanisms of the samples have also been determined as non-Debye
type. The Nyquist curves of the samples have been analysed for calculating the grain and grain boundary resistance and
capacitance values. In conclusion, borax has a promising potential to be used as a cheap and effective filler for improving

the dielectric properties of PPy polymer.
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1. Introduction

Conducting polymers have become a highly preferred class
of electronic materials because of their facile synthesis,
good environmental and thermal stabilities and high elec-
trical and optical properties [1]. In particular, conjugated
polymers such as polypyrrole (PPy) exhibit conducting or
semiconducting properties. These materials combine elec-
trical properties of metal or semiconductors along with the
advantages of polymers such as lighter weight, resistance
to corrosion, lower cost, etc. Moreover, conducting poly-
mer composites have adjustable electrical properties, less
weight, resistance to corrosion, flexibility and processability.
Due to these remarkable features, conducting polymer com-
posites have also received increasing interest for wide tech-
nological applications, including solar cells, electrochromic
devices, sensors and rechargable batteries [2,3]. Therefore,
considerably huge number of research focused on devel-
oping new polymer composites, and also creating polymer
composites containing various fillers and/or reinforcements
[4,5].

As a polymeric composite compound, different materials
such as polyethylene (PE), polyurethane (PU), poly(m-
aminobenzenesulphonic) acid (PABS) functionalized single-
walled nanotubes (SWNT) (PPy-SWNT-PABS) have been
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tried for improving both the electrical and mechanical prop-
erties of PPy [6-8]. On the other hand, boron compounds
have been utilized in various applications for almost 40
years, since these compounds are nontoxic and also have
high thermal and mechanical stabilities. The compounds of
boron are broadly utilized in polymers, wood and wood prod-
ucts as fire retardants. In particular, some research works
have been carried out on the utilization of a combination
of borax and boric acid in wood composites and cellulosic
materials. Also, boron compounds have been mostly added
directly to polymer matrix as a filler [9]. Among boron powder
compounds, borax has remarkable properties such as being
eco-friendly, nontoxic and having high dielectric and mechan-
ical properties. Especially, as a filler or additive material for a
polymeric composite, borax has remarkable properties such
as polar —OH groups, which facilitate strong interactions and
mechanical stability [10]. Due to its highly crosslinking capa-
bility, borax has been used with poly(vinylalcohol) [11] and
glucomannan [12]. Kim et al [13] have investigated morphol-
ogy and rheology of hyaluronate—poly(vinyl alcohol)-borax
polymer blends. They reported the formation of H-bonding
with hyaluronate aggregates, through PVA—borax crosslink-
ing as a bridge, leading to a network structure. From this point
of view, borax has been used as a very-low-cost filler material,
which has been extensively used for fire retardant, to control
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and improve the dielectric properties of PPy for electronic
applications.

2. Experimental
2.1 Materials

Pyrrole (C4HsN) and anhydrous iron (III) chloride (FeCls)
were purchased from Merck (Germany). Chloroform (CHCl3)
and methanol (CH3;OH) were supplied from Sigma Aldrich.
For the synthesis of polypyrrole (PPy), 0.02 mol pyrrole was
dissolved in 70 ml chloroform; 0.055 mol FeCl;, dissolved
in 180 ml chloroform, was added into the afore-mentioned
solution in a dropwise fashion and then stirred 24 h at
room temperature. After polymerization, the solution was
filtered and washed with chloroform and methanol, respec-
tively. The black powder was dried in an oven at 60°C
for 24 h.

Disodium tetraborate, i.e., borax (Na,B407) (Product Num-
ber: 221732) has also been purchased from Sigma
Aldrich.

2.2 Preparation of composites

To obtain PPy-borax composites, Na,B4O; mineral was
mechanically added to the related polymer at different weight
percentages (10, 25 and 50 wt%). To homogenize the mix-
tures, each blend was ground with an IKA All basic
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analytical mill at the rotational speed of 10000 rpm for
15 min. For dielectric measurements, the homogenous com-
posite mixtures prepared were compressed with a cold press at
room temperature. Each pellet was of 13 4= 0.02 mm diameter,
0.500 £0.050 g weight and 1.9-2.2 mm thickness. Finally,
the samples were annealed at 80°C for 2 h.

2.3 Fourier-transform infrared spectroscopy of composites

Fourier-transform infrared (FT-IR) spectroscopy analysis has
been performed on a Perkin Elmer Spectrum 100 one FT-
IR spectrometer. All spectra of CPs—borax composites have
been taken in the 4000-650 cm~! range, with a resolution of
2cm™~! after 4 scans. The measurement was also performed
in the transmittance mode.

The FT-IR spectra of pure PPy and borax have been presented
in figure la. The characteristic vibration peaks for pure PPy
and borax are in good agreement with scientific literature [10,
14-20] and listed in table 1.

As shown in figure 1b, the PPy-borax composites display
the bands between 3600 and 3200 cm ™!, which represent the
coordination of OH groups in borax and hydrogen bonding
between OH groups [21]. The bands at 1695 and 1650 cm™!
are also assigned to the H-O-H bending mode, which shows
the compound containing the water of crystallization. The
band at 1425 cm™! belongs to the antisymmetric stretching
vibrations of BO;3 [20]. In addition, a new band at 1190 cm™!
has been observed for PPy—borax composites. This new band
is assigned to the in-plane bending of B-O-H [21]. The band
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Figure 1. FT-IR spectra of pure PPy and PPy—borax composites.
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Table 1. IR transmittance bands of PPy and borax [10,14-20].
Wavenumber (cm™') Type of vibration

PPy 781 C-H wagging vibration

909 C-H out-of-plane deformation

1045 C-H in-plane vibration

1411 C-N stretching vibration

1596 C=C/C—C stretching vibration

3381 Broad band N-H stretching vibration
Borax 815, 834 BOH in-plane bending vibration

948 Antisymmetric stretching vibration of tetrahedral BO4 groups

1130 B-0O bonds in tetrahedral geometry

1353, 1420 Antisymmetric stretching vibration of BO3 groups
3323 OH stretching vibration

Figure 2. The SEM micrographs of (a) pure PPy and (b) PPy—50 wt% borax composite.

over 790-670 cm~! is due to the out-of-plane bending of
B-O-H.

2.4 Scanning electron microscopy of composites

The surface morphology of the PPy—borax composite samples
has been visualized using a Zeiss-EVO® LS 10 scanning
electron microscope (SEM). The SEM micrographs for pure
PPy and PPy-50 wt% borax composite have been shown in
figure 2.

Ttis clear from figure 2 that the micrograph shows a very irreg-
ular surface for pure PPy and PPy—borax composite samples.
In figure 2a, the surface for pure PPy was enlarged 20000
times. Pure PPy displays a typically cauliflower-like structure.
On comparing the SEM images of pure PPy and PPy—borax
composite samples, borax heaps in the structure can be eas-
ily seen. This means that borax did not diffuse into the PPy
and also did not dissolve but borax additive resulted in the
formation of a composite structure. Dielectric results, which
are presented later, change with borax concentration. There-
fore, borax additive is effective on the properties of composite
material.

2.5 Particle size of composites

The particle size distributions of pure PPy, borax and PPy—
borax composite have been determined using a Mastersizer,
Malvern Hydro 2000MU model VBR and are shown in fig-
ure 3. As seen from figure 3

e size of 90% of the PPy particles is smaller than 266.243
um, 50% of the PPy particles is smaller than 110.346
pm and 10% of the PPy particles is smaller than 37.938
pum;

e size of 90% of the borax particles is smaller than
481.982 pm, 50% of the borax particles is smaller than
115.173 pm and 10% of the borax particles is smaller
than 15.185 pm;

e size of 90% of the PPy—borax composites’ particles is
smaller than 122.419 pm, 50% of the PPy—borax com-
posites particles is smaller than 40.165 um and 10%
of the PPy—borax composites particles is smaller than
10.851 pm.

According to Mastersizer measurements results, the 50 wt%
borax- doped composite material has lower particle sizes rel-
ative to pure PPy and borax.
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Figure 3. Particle size distribution of (a) pure PPy, (b) pure borax
and (¢) PPy—50 wt% borax composites.

3. Results and discussion

3.1 Dielectric measurements

Dielectric measurements have been performed using a HP
4194A Impedance Analyzer in the frequency range between
100 Hz and 15 MHz at room temperature with a high accu-
racy (0.17% typically). In this work, the overall errors in the
dielectric measurements were 2.5% and the RMS amplitude
of the instruments was ~500 mV. The samples were placed
between two gold electrodes as a sandwich (Au-samples—
Au) whose surfaces wholly overlap the faces of the pellets.
The dimension of the electrodes was 25x20 mm?. The active
electrode area was 1.327x 10~ m>.

3.2 Complex dielectric and modulus analysis

The complex dielectric function of the samples has been
described by £*(w) as follows:

e*(w) = ¢'(w) —ie" (w), (1
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where i = —1; ¢/(w) and &” (w) represent the real and imag-
inary parts of complex dielectric function, respectively. As
is known, while the real part of complex dielectric function
indicates energy storage ability, the imaginary part of com-
plex dielectric function identifies energy loss. In addition, the
real and imaginary components of complex dielectric func-
tion depend on each other through the loss tangent tg § as
follows:

& (w) = &' ()18 (2)

&' = f(w)and&¢” = f(w) curves of pure PPy and PPy-borax
composites have been presented in figure 4a and b, respec-
tively. As seen from figure 4a, the real component of complex
dielectric function decreases with increasing frequency and
then saturates to its lowest value in the high-frequency region.
The general dispersive behaviour of ¢ = f(w) curves in
low-frequency region (628 rad s™' < @ < 10°rads™')
can be explained by the fact that the electric dipoles in the
materials orient themselves along the electric field applied,
which corresponds to a polarization process. However, the
nearly constant value of ¢’ observed at high frequencies can be
attributed to the fact that the electric dipoles hardly be able to
orient themselves in the direction of the electric field applied
above 10° rad s~!. The low- and high-frequency behaviours
of the real part of complex dielectric function of the samples
can be explained by the bi-layer structure of the dielec-
tric material proposed by Koop [22-24]. According to his
model, dielectric material is considered as good conducting
grains surrounded by the poorly conducting grain boundaries.
From this point of view, charge carriers of the material can
move to grain boundaries by hopping or another conduct-
ing mechanisms at low frequencies. If the resistance of grain
boundary is very high, charge carriers start to accumulate
at the grain boundary, resulting in a high-order polariza-
tion. The polarization in this case is also called as ‘space
charge polarization’. The pile-up of electrons at the grain
boundary manifests itself as an observation of high &’ val-
ues at low frequencies. On the other hand, the probability of
electrons reaching the grain boundary decreases at high fre-
quencies, which results in a reduction in polarization. The
decrease in polarization at high frequencies is characterized
by a behaviour of &’ that is approximately independent of
frequency.

On the other hand, while 10 wt% borax additive slightly
decreased &’ values at low frequencies, 50 wt% borax additive
enhanced &’ values by 103 times. In this context, the max-
imum charge storage ability has been achieved for PPy-50
wt% borax composite. The same behaviour has been observed
for polypropylene—graphite composite by Panwar et al [25].
From this point of view, PPy—50 wt% borax composite may
be utilized in charge storing devices.

To investigate the dielectric relaxation mechanism of PPy
and PPy-borax composites, ¢ = f(w) curves have also
been fitted by Origin Lab 8.5 graphic program in terms of
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Figure 4. Angular frequency dependence of (a) the real part and (b) the imaginary part of complex dielectric function

of pure PPy and PPy—borax composite samples.

Table 2. Absorption coefficient («), relaxation times (7g), the high and low limiting angular
frequency dielectric constants (¢ and &) and relaxation strength (Ae¢) values for pure PPy and

PPy—borax composites.

Sample R2 A T (ms) & £00 Age

PPy 0.8340 0.1542 7.21 61255.77274 554305  61200.3422
PPy-10 wt% borax  0.9867 0.1657 6.09 29992.07482 409117  29951.1630
PPy-25 wt% borax  0.9958 0.1601 4.86 43140.45374  34.7351  43105.7186
PPy-50 wt% borax  0.9994 (.1584 2.70 1.14292 x 107 11.2460 1.1429 x 107

the Cole—Cole equation. The Cole—Cole equation is given as
follows:

8/(0)) = &x0o
1 4 (w79)'* sin %an
1+ 2(wt0) '~ sin Jar + (wrp)21-0"

3)

+(<95 - goo)

where €, and g are the high and low limiting angular fre-
quency dielectric constants; ty and « represent relaxation time
and absorption coefficient, respectively [26,27].

The absorption coefficient takes values between zero and one
(0 < o < 1) when adsorption coefficient equals zero, it cor-
responds to standard Debye-type relaxation. The non-Debye
type also occurs when the value of absorption coefficient
varies in the (0, 1) region [28]. The fitting results in accor-
dance with Cole—Cole equation have been listed in table 2.
As seen from table 2, absorption coefficient values of all
samples are greater than zero. Due to this reason, relaxation
mechanism has been considered as non-Debye type for all
samples. In addition, the relaxation strength Ae, which is a
measure of overall polarizability of the dielectric material, has
also been calculated as follows:

“

Ae = & — €0o.

According to table 2, while PPy with 10 and 25 wt% borax
added samples have lower relaxation strength values rela-
tive to pure PPy, 50 wt% borax composite has the highest
relaxation strength value. The high relaxation strength value
observed for 50 wt% borax additive composite can be asso-
ciated with occurrence of high population of a very mobile
group of dipoles in the sample [29]. In other words, 50 wt%
borax additive makes dipole orientation easier relative to pure
PPy. In addition, the decrease in relaxation time with increas-
ing additive concentration also confirms the high population
of a very mobile group of electric dipoles in PPy—50 wt%
borax composite.

The angular frequency dependence of &” also showed a
decreasing behaviour in the low-frequency domain and
became frequency independent in the high-frequency region
(see figure 4b). This general tendency of dielectric loss of all
samples can be associated with high and low resistivities in
the low- and high-frequency regions, respectively [30]. More-
over, decreasing ¢” values with increasing frequency may be
associated with high periodic reversal of the field at the inter-
face. As shown in figure 4b, while 10 wt% borax additive
slightly decreased &” values at low frequencies, 50 wt% borax
additive enhanced &” values by 103 times. In this context,
the maximum dielectric loss has been observed for PPy—50
wt% borax composite. The PPy—borax composites with the
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Figure 5. (a) M’ = f(w) and (b) M" = f(w) spectra of pure PPy and PPy—borax composites.

highest dielectric loss may be suitable for decoupling capac-
itor applications [25].

To decide the polarization type and relaxation mechanism of
each samples, the angular frequency dependence of both the
real and imaginary component of complex electrical modu-
lus have also been investigated. Complex electrical modulus
M* (w) is the reciprocal of complex dielectric function £* (w):

M*(w) = &* ()" = [¢'(w) —ie" ()] ®)

The angular frequency dependences of the real and imaginary
components of the complex electrical modulus for the samples
have been shown in figure 5a and b, respectively.

According to figure 5a, the real part of complex electrical
modulus takes values that approach zero at low angular fre-
quencies and increase with increasing angular frequency. This
characteristic of M’ indicates that electrode polarization effect
can be ignored [31,32].

Comparison of the imaginary components of M* (w) and
&* (w) also gives an information about the conduction process
and relaxation mechanism [33]. While pure conduction pro-
cess manifests itself as a relaxation peak, which is observed
only in M" = f(w), localized dielectric relaxation pro-
cess identifies with peaks observed in both M” = f(w) and
e” = f(w) spectra [34-36].

As shown in figure 5b, except for PPy—50 wt% borax compos-
ite, other samples exhibit a relaxation peak. Observation of
relaxation peak suggests a transition of the motion of charge
carriers from long range to short range with increasing fre-
quency. Moreover, observation of a relaxation peak only in
M" = f(w) for the samples implies that pure conduction pro-
cess is valid. However, increasing M” values above 1 MHz for
PPy—50 wt% borax composite also suggest that a relaxation
peak may be observed at higher frequencies. In this context,
it may be deduced that borax additive shifts the relaxation
frequency to higher frequencies (see the table in figure 5b)
due to the increase in free charge carriers in the material.

Furthermore, since all relaxation peaks have been observed
at high frequencies, charge carriers in these materials exhibit
short range mobility. The short range mobility of charge car-
riers in these materials indicates that charge carriers can move
in their potential well [37].

3.3 Complex impedance analysis

Complex impedance analysis has also been utilized for sep-
arating out the grain boundary and grain-electrode effects.
In addition, complex impedance analysis also enables calcu-
lation of different contributions to the conductivity, namely
the bulk, grain boundary and grain-electrode contributions.
Towards this purpose, Nyquist plots of the samples given in
figure 6 have been analysed.

As shown in figure 6, except for PPy—50 wt% borax com-
posite, all curves have a tendency to become a semicircle in
high-frequency region and a straight line with a small slope
in low-frequency region. The centres of the semicircles were
also below the real axis, which confirms the non-Debye type
of relaxation which had already been determined by non-
zero absorption coefficient values obtained by fitting (see
table 3). For PPy-50 wt% borax, it has been observed that
the low-frequency curve tends to bend towards the abscissa
to form semicircle and has a straight line with a large slope. It
has been recognized that a tendency for completing semicir-
cle behaviour observed in figure 6 suggests the presence of
both localized and non-localized conduction processes in the
materials.

Due to this reason, these Nyquist plots have been fitted for
calculating grain and grain boundary parameters, including
grain resistance and capacitance (R, and C,), grain relaxation
frequency (f;) and grain boundary resistance (Rgp). The fit-
ted Nyquist curves for each sample have been presented in
figure 6.

According to the fitted curve in figure 6, a relatively small
semicircle drawn at high frequencies indicates the effect of
grain and a larger semicircle drawn at low frequencies refers
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Figure 6. The Nyquist and fitted plots of (a) pure PPy, (b) PPy—10 wt% borax, (¢) PPy-25
wt% borax composites.

wt% borax and (d) PPy—50

Table 3. Extracted parameters of the circuit elements of pure PPy and PPy—borax

composites.

Sample fe (Hz) Re (Q) Rab () Cq (F)
PPy 70880  4.179 x 10*  8.201 x 10*  5.372 x 10!
PPy-10 wt% borax 59067  7.399 x 10*  13.875 x 10*  3.641 x 10~ !!
PPy-25 wt% borax 146980  3.110 x 10*  6.148 x 10*  3.481 x 10!
PPy—50 wt% borax 365730 87.110 137.226 4.995 x 1070
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to the grain boundary effects. The intercepts of the small and
large semicircle on Z’ axis correspond to the resistance R,
and Ry, respectively. The related C, capacitances have also
been calculated by the relation

ot =27f,RC =1, (6)

where f; is relaxation frequency, at which the maximum Z”
is achieved, and t is relaxation time. The related parameters
obtained from Nyquist plots’ fitting have been summarized
for pure PPy and PPy—borax composites in table 3.

In table 3, the C, capacitance values have been determined to
be in the order 10~!! and 10~° F. These values are in good
agreement with the grain capacitance values [38]. In addition,
the highest and lowest Ry, resistance has been achieved for the
composites doped with 10 and 50 wt% borax, respectively. On
the other hand, itis clear that each R, value is much lower than
the related Ry, resistance value. From this point of view, it can
be deduced that the semicircle of grain is masked in a limited
frequency range. The higher boundary resistance values may
be explained by the fact that the atomic arrangement near
the grain boundary is disordered, which results in trapped
electrons in grain boundaries [38,39].

3.4 ac Conductivity analysis

The angular frequency dependence of conductivity, o, in
solids is generally analysed using Jonscher’s power law [40]
given in equation (7):

Oac(@) = 0(0) + 0 (w) = ogc + A’ @)

where the first term is frequency-independent conductivity
(0(0)), which corresponds to direct current (dc) conductivity,
and the second term (Aw*) is frequency-dependent conduc-
tivity. In equation (7), ‘A’ is a constant coefficient that defines
the strength of polarization, and frequency exponent ‘s’ rep-
resents the degree of interaction between mobile ions with the
lattices around them and generally varies between zero and
one [41,42].

The frequency-dependent electrical conductivity, o,., has
been derived from &” (w) data and shown in figure 7. The
frequency exponent ‘s’ has been calculated by the slope of
In 0 = f(In w) function of the samples for determining
suitable charge transport mechanism for the samples.

It can be clearly seen from the table in figure 7 that the low-
frequency conductivity behaviour of all samples corresponds
to ‘nearly dc conductivity’ due to very low ‘s’ values at the
vicinity of zero. This tendency continues to high frequen-
cies only for PPy—50 wt% borax composite. On the other
hand, PPy-50 wt% borax composite has also the highest
conductivity values relative to other samples. In this con-
text, observation of high conductivity values together with
behaviour that is nearly independent of frequency also sug-
gests that this composite could be utilized as an antistatic
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Figure 7. The curves for PPy and PPy—borax composites.

media [25]. Moreover, the other samples, including pure PPy,
exhibit ac conductivity in the high-frequency region. Regard-
ing frequency exponent values, while pure PPy and PPy—10
wt% borax composite showed super-linear power law (SLPL),
PPy-25 wt% borax exhibited a nearly constant loss (NCL)
mechanism.

The NCL phenomenon was discovered by Lee er al [43] and is
characterized by almost constant ¢” over wide ranges of both
frequency and temperature. The NCL regime is frequently
observed as a universal property of highly disordered mate-
rials. According to Ke et al [44], NCL is more likely caused
by the vibrational relaxation of the polymer chains. SLPL has
also been proposed as a new universal power law for most of
the disordered materials by Lukenheimer and Loidl [45].

4. Conclusions

In the present study, PPy—borax composites with different
borax contents varying from 10 to 50 wt% have been pre-
pared to obtain materials with different desirable dielectric
properties. The structural and morphological properties of the
composites have been characterized by FT-IR spectroscopy
and scanning electron microscopy, respectively. It has been
found that borax additive increases the real part of com-
plex dielectric function of pure PPy in the low-frequency
region. This property may make the borax composites suitable
for charge storing devices. On the other hand, the imag-
inary part of complex dielectric function does not exhibit
any relaxation peak and is very high in the low-frequency
region for the composites. Due to this reason, it has been
suggested that the composites with high borax content may
also be used in decoupling capacitor applications. The relax-
ation mechanisms of the pure PPy and PPy—borax composites
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have also been determined as non-Debye type by consider-
ing non-zero absorption coefficient values obtained by the
fitting of ¢/ = f(w) curves with respect to Cole—Cole
equation.

Using the complex plane representation of impedance,
Nyquist curves of the samples have also been fitted for deter-
mining grain and grain boundary resistance and capacitance
values. The related grain and grain boundary capacitance val-
ues are in good agreement with the typical grain and grain
boundary capacitance values. The Nyquist plots have also
confirmed the non-Debye-type relaxation.

The variations of the imaginary component of complex elec-
trical modulus with angular frequency of the samples have
been investigated for determining relaxation process. Due to
observation of a relaxation peak at high frequencies only for
M" = f(w) curves, the pure conduction process together
with short range mobility of charge carriers has been sug-
gested.

The In 0, = f(In w) curves have showed that PPy—borax
composites with the highest borax content may be utilized
as an antistatic media due to observation of approximately
frequency-independent high conductivity values. In conclu-
sion, it has been revealed that borax, which has been usually
used as a low-cost fire retardant in wood industry, has a
promising potential for improving the dielectric properties
of PPy for electronic applications.
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