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Abstract

AC electrical conductivity o,. of PVA/PVP blend filled with MWCNTs was studied using impedance spectroscopy over a
wide frequency range of 107! to 107 Hz at different fixed temperatures. It was observed that the frequency-dependent nature
of the ac electrical conductivity followed the Jonscher’s law and the increasing of MWCNTs content in the polymeric matrix
leads to form a percolating network through the composite. On the contrary, a conductivity reduction is observed for the
composition of 5 wt% of MWCNTs, which may be ascribed to the aggregation occurred in nanotubes and consequently loss
of percolation. The CBH model has been suggested to agree with the conduction mechanism of ¢, for the present system.
Also, the maximum barrier height over which the electrons hop decreases with increasing temperature. Impedance data
were studied in terms of electrical modulus formalisms M* and impedance formalisms Z*. The relation between real and
imaginary parts of complex impedance shows an inclined spike at low frequency and a semicircular arc at high frequency
with radius decrease with increasing the temperature and could be best fitted to two equivalent circuit models. The analysis of
M" and Z" spectra indicates that the distribution of relaxation times is independent of the temperature. The non-coincidence
of peaks corresponding to M" and Z" indicates the deviation of non-Deby relaxation and short-range movement of charge
carriers. The activation energy values, which are determined from the bulk conductivity and electric modulus, are very close.

1 Introduction

Elastic and lightweight polymeric dielectric/conduct-
ing materials are becoming a necessity in microelectronic
devices these years. The electrical properties of the poly-
mers are generally known to be improved by filling them
with a lot of conducting types of filler [1]. The filling of
conductive fillers such as metallic particulates/fibers and
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carbon black to the polymer matrices, above a percolation
threshold, increases the conductivity abruptly. Percolation
appears because of the buildup of three-dimensional conduc-
tive paths in the polymeric matrix [2, 3]. Functional study-
ing of such polymeric composites required the continuous
practice to allow enhancement of their electrical conductiv-
ity at small filler concentrations. Consequently, mechanical
features of pure polymers could be kept without suffering
from fragile behavior. Furthermore, the addition of fillers
with a high aspect ratio exhibit percolation at a very low
filler content [4].

Carbon nanotubes (CNTs) have been extensively studied
because of their outstanding physical, mechanical and elec-
tronic properties. Electrical percolation of CNTs/polymer
composites was recently studied by Bauhofer and Kovacs
[5]. They found that the percolation threshold depends on
different parameters such as synthesis method, CNTs type,
dimensionality and polymer matrix type.

Polyvinyl alcohol (PVA) is a polar polymer with hydroxyl
groups linked to methane carbons with a carbon chain back-
bone. PVA composites formation is because of the OH
groups, which can be shared in hydrogen bonding. PVA
has a good charge storage capacity, high dielectric strength,
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and filling dependent optical and electrical properties. The
improvement of the electric, dielectric, and optical features
of the host matrix was observed by filling the PVA with
chalcogenide semiconductors and metal oxide semiconduc-
tors. This has led to making the PVA polymer a potential
candidate in electronics and optoelectronics industry [6].

Polyvinylpyrrolidone (PVP) has excellent physiological
compatibility, good film forming, good environmental stabil-
ity, and moderate electrical conductivity. Both of the PVA
and PVP are miscible and soluble in water in all proportions
[7]. PVA/PVP blend is used in medicine as a skin dressing
component and in the electrochemical area as a polyelectro-
lyte or membrane [7].

Structural investigations combined with optical measure-
ments were previously investigated [8] by the same research
group concluding the intermolecular interaction between
polymeric matrix and filler with the formation of polarons
and/or bipolarons in the polymeric matrices. They also indi-
cated that the refractive index follow the anomalous dis-
persion within the wavelength range (190-866) and normal
dispersion in the wavelength range (866—2500) using single
oscillator model. Critical variations was also observed on
single oscillator energy E  and the dispersion energy E; at
the 0.5 MWCNT’s concentration.

The recent study examines developing elastic and light-
weight polymer nanocomposites with enhanced electrical
properties prepared by solution casting technique for elec-
tronic applications. In this work, PVA/PVP blend has been
selected as host polymer matrix with multi-walled carbon
nanotubes (MWCNTs) as a conducting filler. The complex
impedance spectroscopy and AC electrical conductivity can
be used to study the effect of MWCNTSs on the electrical and
dielectric properties of PVA/PVP blend filled with different
MWCNTs contents. The behavior of the samples studied was
analyzed by the impedance data as a function of frequency
(107! to 10" Hz) at different temperatures (303 to 343 K). In
addition, the conduction mechanism was also studied.

2 Experimental work

In the present work, PVP (supplied by SISCO Research Lab-
oratory Pvt. Ltd. Mumbai, India—M.W. 40000) and PVA
(supplied by S.D. Fine-Chem Ltd. Mumbai, India—M.W.
14,000) were provided. These polymers were used as a blend
matrix material for MWCNTs filling developed by chemical
vapor deposition (CVD).

Nanothinx functionalized MWCNTs (NTX10) were
added to distilled water and sonicated for 15 min. Equal
quantities of PVP and PVA were blended with this solution
and stirred at 70 °C until a suitable viscous solution had
formed. To prepare the filled polymeric films, this viscous
solution is then transferred to Petri dishes and dried in an
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oven for 2 days at 60 °C. During drying, the films were
detached from Petri dishes and stored in vacuum desiccators
until they are used. The amounts of MWCNTs inside the
PVA/PVP mixture are 0, 1, 3, 5 wt%. The samples thickness
was between 0.005 and 0.01 cm.

AC electrical studies were done in a frequency range of
10~! to 107 Hz, by using Novocontrol Technologies Broad-
band Dielectric Spectroscopy. The measured temperature
range was from 303 to 343 K. All the measurements were
done in an evacuated system to eliminate the effect of
moisture.

3 Result and discussion
3.1 Conductivity studies

The conductivity frequency dependence is a popular
response of amorphous polymers because of the large
increase in the mobility of charge carriers inside the poly-
meric matrix. The frequency variation studies were done to
realize the electrical homogeneity of the material by char-
acterizing the nature of electrical conduction and relaxation
mechanism. Using impedance spectroscopy, a sinusoidal
voltage of different frequencies in AC conductivity meas-
urements was applied across the sample. If fis the frequency
of the signal applied, then the AC conductivity o, can be
calculated by the following relation:

0, = 2nf€ g tan s (1)
where €, and ¢’ are the dielectric constant of the free space
and the material respectively and tand is the loss tangent or
dissipation factor.

Figure 1 represents logarithmic plots of the change in
AC conductivity versus frequency for the studied samples
at room temperature. It is appearing that the o, increases
with increasing the MWCNTSs and there is an abrupt increase
at 1 wt% MWCNTs suggesting a percolation behavior. The
low value of the percolation threshold suggested uniform
dispersion of MWCNTs in the polymeric matrix and inter-
action takes place. This interaction gives rise to an effective
conductive pathway in the polymer matrix. This finding is
confirmed by previous reports [9]. They studied the electri-
cal behavior of PVA/MWCNTs composites. They found the
percolation phenomena in these samples and the percolation
threshold is between 0.65 and 0.70 wt% [9]. Generally, the
conductivity of the present system was observed to increases
with the MWCNTSs content increase up to 3 wt%. This can be
ascribed to the increase in the number of conductive paths
formed by dispersed MWCNTs in the polymeric matrix. It
is known that the electrical conductivity of such composites
depends on the filler type, shape, size, and dispersion in the
composites [9, 10]. In addition, the increase in conductivity
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Fig. 1 The change of Log (s,,) as a function of Log (F) for PVA/PVP
blend filled with different MWCNTs content at room temperature

may be due to the increase in the amorphous nature of the
polymer composite, which decreases the energy barrier and
thus facilitates the ion transport. However, a conductivity
reduction is observed for the composition with 5 wt% of
MWCNTs. This may be due to the aggregation occurred in
nanotubes and consequently loss of percolation [11]. Ion
aggregation reduces the number of mobile charge carriers
and thus the conductivity [12, 13].

It can be seen that the electrical conductivity o, increases
with the frequency. In addition, composites with filler load-
ing higher than percolation threshold exhibit two regions.
The first region has the conductivity nearly constant in the
low-frequency range (as plateau region), and the second
region (dispersion region) has the conductivity dependent
on the frequency at the high-frequency range, obeying the
power law.

The plateau region is associated with the DC conductiv-
ity o, and ascribed to the bulk conductivity of the sample
occurring due to the displacement of charge carriers [10].
The o, value was calculated by extrapolating the plateau
regions to the Log o, axis and measuring the intersections
at zero frequency. In the high-frequency range (dispersion
region), the conductivity raises linearly with the frequency.
The mobility of charge carriers is higher in the high-fre-
quency range [14]. As the MWCNTs content increase, it has
been found that the conductivity increases and the high-fre-
quency dispersion is shifted towards the highest frequency
side.

Zhang et al. [9] explained the frequency dependence
of 6,. in terms of the polarization effects by establishing
an analogy between the composite samples and a resis-
tor—capacitor equivalent circuit, in which there is capaci-
tance between the conductive filler clusters. According to

their reports, the conductivity for composites with MWCNTs
higher than the percolation threshold is generally determined
by the numerous paths of the percolating clusters rather than
the capacitors.

Thus the composites conductivity does not change with
the variation of the frequencies up to a certain frequency,
above which the contribution of the capacitors becomes
dominant, and so a plateau is observed in AC conductiv-
ity—frequency diagram below this frequency. Moreover, in
the composite whose MWCNTSs content is near the percola-
tion threshold, there are only a small number of percolating
cluster paths, so that the AC conductivity contribution of
the capacitors between the clusters becomes important. As
the frequency increases, the current flowing through each
capacitor increases, which improves the conductivity of the
composites.

Figure 2 shows the change in Log (¢,,.) versus frequency
at different temperatures for different contents of MWCNTs
in the present system. It is found that ¢, raises with the
increase in temperature like the behavior regarded in a lot of
polymers and semiconductors [14]. Where, the increase in
the temperature increases the mobility of charge carriers in
the composite and also, increases the number of transit sites
[15]. This enables the charge carrier to move from one tran-
sit site to another without gaining much energy (more charge
carriers will overcome the potential barrier and participate in
the electrical conduction). In general, the frequency at which
the dispersion occurs is known as the hopping frequency,
which shifts toward higher frequency region as temperature
increase (as shown in Fig. 2). This feature suggests the exist-
ence of a hopping type mechanism for electrical conduction
in the material that is governed by the Jonscher’s power law
[15].

0, (@) =0, +A0’ )
where @ =2xf is the angular frequency, o, is the DC con-
ductivity (i.e., independent of frequency at w=0), A is a
temperature-dependent constant and determines the strength
of polarizability, and s is an exponent dependent on both
temperature and frequency with value 0 <s<1. This is a
typical manner for a lot of materials and is called by Jon-
scher ‘universal dynamic response’ (UDR).

The exponent “s” indicates the degree of interaction
between the lattice and mobile ions, and its change with the
temperature and frequency represents the type of conduc-
tion mechanism that exists in the material. Different theo-
retical models, like quantum mechanical tunneling (QMT),
correlated barrier hopping (CBH), non-overlapping small
polaron tunneling (SPT) and overlapping large polaron tun-
neling (OLPT) are used to identify the conduction mecha-
nism of the AC conductivity [16]. The QMT model is based
on phonon-assisted electron tunneling and predicts a little
increase of s with increasing temperature or independent of
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Fig.2 The change of Log (o,.) as a function of Log (F) for PVA/PVP blend filled with different MWCNTSs content at different temperatures

temperature, with value nearly equal/around 0.8. The CBH
model assumes that the charge carriers hop between two
sites above the Coulomb barrier, which separates them, and
that the exponent s values decrease with increasing tempera-
ture. The SPT model predicts a monotonous increase of s
with temperature increase, while the OLPT model predicts
that s will decrease with temperature increase up to a cer-
tain temperature and then increases with further increase in
temperature.

The value of s at a certain temperature can be obtained
from the slope of the linear behavior in the high-frequency
dispersion region in Fig. 2. Figure 3 display the behavior of
the frequency exponent s for the present system with tem-
perature in the temperature range 303343 K. It is appearing
that the values of s for all samples decrease with increasing
temperature. This support that the CBH model has been sug-
gested to correlate the conduction mechanism of o, for the
present samples.
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In this model, the temperature dependence of frequency
exponent s is given by:

6K,T
W, — KBTLn< ) 3)

1
71

s=1-

where 7, is the characteristic relaxation time that is in the
order of an atom vibrational period (= 1073 s), K,  1s Boltz-
mann’s constant, and W, is the maximum barrier height at
infinite separation (the energy needed to make the electron
moving from a site to infinity) i.e. the binding energy of the
charge carriers at their localized sites. For an approximation
of this relation, the exponent s becomes:

6K,T
W “

S =

The average value of the binding energy W,, can be
obtained from the slope of the plotting (1 — s) vs. T. Figure 4
shows the change of W, as a function of temperature for PVA/
PVP blend filled with different contents of MWCNTs. It can
be seen that W), decreases with the temperature increase,
which correlates to the decrease in the exponent s. Thus, the
number of free charge carriers that can hop over the barrier
is increased. This behavior confirms the increase of 6, with
temperature [11].

The AC conductivity can be expressed in terms of hopping
between localized states at the Fermi level and evaluated by
[12]:

4
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Fig.4 Temperature dependence of W,, for PVA/PVP blend filled with
different MWCNTSs content

where v, is the phonon frequency and « is the exponen-
tial decay parameter of localized states wave functions and
N(Ey) is the density of states at the Fermi level. The value
of N(Ep) can be obtained from Eq. (5) by substituting on
the value of @~ '=10 A and Vpp= 0257113, 17]. Figure 5
shows the change of N(Ey) with temperature for PVA/PVP
blend filled with different contents of MWCNTs. It can be
seen that the N(Ey) values increases with increasing tem-
perature for all filling levels of MWCNTs in the blend. This
confirms the increase in the number of charge carriers con-
tributing to the conduction process with filling level and
temperature.

The variation of ¢, with the reciprocal of temperature for
the present system can be represented in Fig. 6. The linear
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behavior suggests a thermally activated process obeys the
Arrhenius relation:

Ogc = O'oexP(—Edc/KBT) ©6)
where o, is the pre-exponential factor, E,, is the thermal
activation energy for DC conductivity. The activation energy
E,. can be obtained from the slope of the plots and listed in
Table 1.

Figure 7 shows the plots of Ln(c,.) versus 1/T at chosen
frequencies. The values of the activation energy are calcu-
lated from the slope of the set lines and listed in Table 2. It
is observed that the activation energy E,. decreases with the
increase in frequency, suggesting that the frequency of the

Table 1 The activation energy

MWCNTs (wt%) Ey. (eV)
E,. for the present system

0 0.83

1 0.11

3 0.40

5 1.43
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applied field improves the ionic jumps between localized
states, further proving that the dominant mechanism is the
hopping conduction. On the other hand, at high frequencies,
the conductivity is dominated by the mobility of charge carri-
ers over a short distance, which requires less energy than that
required for mobility over a longer distance at low frequency
[18].

3.2 Impedance studies (Z*)

To Interpret the dielectric spectra, various formalisms such as
complex impedance Z* and complex electric modulus M* have
been explored [19]. The utilization of M* formula is favorable
when localized relaxation dominates to the capacitive and/or
resistive analysis, but if the long-range conduction dominates,
the Z* formula is convenient. The complex impedance can be
evaluated from [20]:
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Fig.7 The change of Ln(s,.) as a function of 1/T at selected frequencies for the present system
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Table 2 The activation energy

. - MWC- Fre- E,. (eV)
E,. at different frequencies for NTs quency
the present system (Wt%) (Hz)
0 106 0.002
104 0.410
102 0.786
1 106 0.078
104 0.090
102 0.109
3 106 0.381
104 0.400
102 0.401
5 106 0.068
104 0.340
102 1.090

Particularly, the direct separation of the bulk and bulk/
electrode interface phenomena is allowed by using Z* for-
malism [21].

Investigation of ionic conductivity of the polymeric
material is done by impedance spectroscopy. The shape of
impedance spectra gives the information on the electrode
polarization and the kind of charge carriers electrons or
ions. Figure 8 shows the Nyquist curves (Z" vs. Z’) of the
investigated system at temperatures of 303 K and 343 K in
the frequency range 10~'-107 Hz with the equivalent circuit
elements. It has been found that the impedance plane plot i.e.
Cole—Cole plots of the films consists of the inclined spike
at low frequency and depressed semicircular arc at high fre-
quency. The inclined spike and the semicircle together repre-
sent the characteristic behavior of ionic conducting materials
[22]. The semicircle represents the parallel combination of
bulk capacitance (because of the immobile polymer chains)
and bulk resistance (because of ions migration). Therefore,
the frequency of the present sample response can be indi-
cated by a parallel combination of the circuit element R
(resistance) and capacitance as an equivalent circuit.

The inclined spike refers to double layer capacitance for-
mation at the electrode/electrolyte interface because of ions
migration at low frequency. The capacitance values are in
the range of PF, which indicate to the sample bulk response
[23]. At each interface, the electrode double layer possesses
an increase of impedance against ion transfer with decreas-
ing frequency, which was represented by an inclined spike
in the Nyquist plot of impedance spectra [24]. Moreover,
the spike inclination at an angle lower than 90° to the real
axis is because of the roughness of the electrode/electrolyte
interface [25].

It is found that in the investigated temperature range
the diameter of semicircles (represent the bulk resistance
R,) decrease with the temperature increase, showing the

presence of activated conduction mechanism [26]. Also, it is
observed that the spike is elongated and the semicircle diam-
eter is decreased with MWCNTs content increase. Accord-
ing to these results, when the filler content is increased, only
the resistive component of composite prevails. The capaci-
tive nature vanishes because of the random orientation of
the dipoles in the polymer side chains [27]. The presence
of the depressed semicircle, which its center below the real
axis, imply that the relaxation process is non-Debye type.
This deviation is because of the potential well for each site,
through which the ion transport takes place, not being equal
[28].

Modeling of impedance data can be usually represented
by an equivalent circuit composed of resistant and capaci-
tance to clarify the relation between microstructure and
electrical properties. Using EIS software, the obtained
impedance data was fitted with an equivalent circuit. This
circuit composed of a parallel combination of resistance R,
and fractal capacity CPE, (R, Il CPE,) in series with fractal
capacity CPE, as shown in the inset of Fig. 8. CPE refers to
a constant phase element indicating the departure from ideal
Debye type model. In this model R, indicates to the bulk
resistance, CPE,; and CPE, are simple distributed elements
that produce impedance having a constant phase angle in
the complex plane. The impedance of the CPE is explained
through the following relation.

Zepp = 1/Q(iw)" (3)
where Q is the numerical value of 1/1Zl at =1 rad s~' and
n is the phase of the elements and give the degree of devia-
tion with respect to the pure capacitor. The CPE works like
a pure resistor when n=0 and pure capacitor when n=1.
The very good agreement between the data and the mod-
eling results confirms that the selected equivalent circuit is
a convenient choice.

The parameters corresponding to the equivalent circuit
model are obtained from the fitting of the curves of Fig. 8
and are tabulated in Table 3. This table shows that the bulk
capacitance values (Q;) have values in the range of PF. Also
the bulk resistance Ry, was observed to decrease with temper-
ature increase because of charge carriers mobility increase
[29].

Figure 9 reflects the change of Z' with the frequency at
various temperatures for PVA/PVP blend filled with 3 wt%
MWCNTs (as a representative sample). It is observed that
the values of Z' decrease gradually with increasing tempera-
ture and frequency, indicating the increase in the o, [30].
On the other hand, the values of Z' become nearly zero at
the high-frequency range and independent on temperature
which could be because of the release of space charge at
high temperatures [31].

Figure 10 reflects the change of Z” with the frequency
at various temperatures for PVA/PVP blend filled with 3

@ Springer
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Fig.8 Nyquist plots for PVA/PVP blend filled with different MWCNTs content at temperatures 303 K and 343 K (asterisks are the experimental

points, and the solid line represents the result of fitting)

Table 3 Summarizing of fitting

parameters corresponding to

equivalent circuit model
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MWCNTs Temperature  Fitting parameters
(wt%) (K)
R,(Q) Q® n; Q,(F) n,

303 1.42 % 10° 7.19 x 10711 0.97
343 8.34 x 10* 5.74 x 10711 1
303 4.36 x 10° 7.89 x 10710 0.84 3.39x 107 0.47
343 6.82 x 10% 2.81x 10710 0.91 2.38x 107 0.41
303 1.90 x 10° 1.27 x 10710 0.87 1.22x107° 0.89
343 3.19 x 10° 9.35x 10711 0.96 7.47 % 1077 0.22
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Fig. 10 The change of the imaginary port Z" of complex impedance
as a function of Log (F) for PVA/PVP blend filled with 3 wt% of
MWCNTs (as a representative sample) at different temperatures

wt% MWCNTSs (as a representative sample). The spectra
are characterized by a well-defined broad peak with signifi-
cant asymmetry. As the temperature rises, Z” peak maxi-
mum shifts to a higher frequency and the height of the peak
decreases gradually. These findings imply a spread of relaxa-
tion time in the system [32]. Also, in the high-frequency
region all the Z" overlap. This behavior implies the accu-
mulation of space charge polarization effect in the material
at high temperature and low frequency [33].

3.3 Complex electric modulus (M¥*)
The complex electric modulus M* was utilized to study the

conductivity relaxation phenomena. This formalism advan-
tage is to remove the electrode effect [34]. And is favorable

to detect and distinguish the difference between the bulk
effects and electrode polarization phenomenon [35]. The M*
can be evaluated from these equations:

s _ gt g « & +ie
M =M-iM" =1/ = —(g,)z T 9)
Mr =gt/ (€? + ") (10)
MI/ — 6///(6/2 +£N2) (1])

where M', M", ' and " are the real and imaginary parts of
the electric modulus and dielectric constants, respectively.

Figures 11 and 12 display the change of M'and M" with
frequency for the present system. It is observed that the val-
ues of M’ and M" approach almost zero at low frequencies,
where the charge carriers mobility is reduced due to missing
of the restoring force governing it. Low values of M’ and
M" indicate that the electrode effect has a negligible con-
tribution of electrode polarization and thus can be ignored.
The step-like transition relative to the frequency reach an
asymptotic value and reflect that the nature of the samples
is highly capacitive.

Figure 12 shows well defined broad peaks with significant
asymmetry which gives an indication to the nature of the
relaxation processes exist. The existence of relaxation peak
in M" curves means that the samples are probable ionic con-
ductors [36]. As the temperature increased M" peak shifts
to a higher frequency and the height of the peak increased
gradually, which mean conductivity relaxation indicating
that the dielectric relaxation is thermally activated, where
the charge carriers hopping is predominant [37]. Also, the
peak shifting in the forward direction with temperature mean
that the relaxation time decreases with temperature increase.
The relaxation time is basically segmental motion and dipole
orientation facilitated by the temperature increase. The
maximum value of the peak decreases for the filled films as
compared to the pure blend suggesting that the MWCNTs
contributes to the relaxation process. The asymmetric nature
of the curve and the broad M" peaks can be explained as
being the result of the distribution of relaxation time and
deviation from the ideal Debye type behavior [38].

Two relaxation regions are appeared below and above
M’ ... The region of the left side of the peak (low fre-
quency) can be related to the DC conductivity result from
the continuous hopping process, in which the charge carri-
ers are mobile over long distances. However, the region of
the right side of the peak (high-frequency side) is related to
the relaxation polarization process and show the range of
frequencies where the ions are spatially restricted to their
potential wells and the ions can only make short-range
motion within the wells [39]. The right side of the peak
related to the AC conductivity results from the reversible ion
movement over limited space. Thus the peak frequency is
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Fig. 11 The change of real part M’ of the electric modulus as a function of Log (F) for PVA/PVP blend filled with different MWCNTSs content of

at different temperatures

representative of a transition from long range to short range
mobility with the frequency increase.

The physical nature of the appeared relaxation can be
better understood by the analysis of relaxation parameters,
which obtained from Arrhenius law:

Fonax = Jo@xP (= Eyetar/ K5T) (12)
where f, .. is the peak frequency at maximum M", f; is the
pre-exponential factor, and E,,;,, is the activation energy of
relaxation.

Figure 13 shows the Arrhenius plots for the studied sys-
tem. The activation energy E,,;,, Was determined from the
slope of these lines and listed in Table 4. It is found that the

E, . values are very close to the DC conductivity activation

@ Springer

energy E,.. This explains that the ionic migration is respon-
sible for the observed DC conductivity and modulus spec-
trum. Also, the electrical conductivity and the relaxation
process are attributed to the same effect and that the charge
carriers have to overcome the same energy barrier in both
relaxation and conduction processes [40].

To determine whether the distribution of relaxation time
is dependent on temperature or not, the M" was displayed
in scaled coordinates, i.e. M"/M", .. as a function of Log (f/
fina)- The resultant curve is called a master electric modu-
lus curve and used to clarify the dielectric processes taking
place in the material. As shown in Fig. 14 the curves coin-
cide on one single master curve suggesting that the relaxa-
tion time distribution is independent on temperature. This
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Fig. 12 The change of the imaginary part M" of the electric modulus as a function of Log (F) for PVA/PVP blend filled with different MWCNTSs

content at different temperatures
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Fig. 13 Arrhenius plots for PVA/PVP blend filled with different
MWCNTs content

Table 4 The activation energy

E,1ax fOr the present system MWOCNTs (Wt%)  Eqejay (€V)
0 0.86
1 0.07
3 0.47
5 132

implies that the conduction mechanism still unchanged and
also they have the same ion transport mechanism. Therefore,
the relaxation could be attributed to ions hopping motion.
The collective plot of M"” and Z" as a function of fre-
quency can be applied to identify whether the long or
short-range movement of charge carriers is dominant in
the relaxation process. The mismatch of frequency peaks
between M" and Z" reflect that the short-range movement
of charge carrier is the dominated process and deviates from
the Debye-type model, whereas the frequency peaks coin-
cidence implies that long-range movement of charge carrier
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Fig. 14 The change of M"/M", . as a function of f/f,,,. for PVA/PVP blend filled with different MWCNTSs content at different temperatures

is dominant [41]. The frequency response of M"/M" | ..
and Z"/Z" ., are indicated in Fig. 15 for the sample with
3 wt% of MWCNTSs at 303 and 343 K as a representative
sample. From this figure, it is noticed that the M"/M" ..
and Z2"/Z" .« peaks do not coincide, indicating a non-Deby
relaxation in this composite. Also, the relaxation process is
because of short-range movement of charge carriers [42].

4 Conclusion

The AC electrical conductivity of PVA/PVP blend samples
filled with different MWCNTs contents was studied over a
wide frequency range of 107! to 10" Hz at different tempera-
tures. The electrical conductivity of the composite is shown
to depend on the filler type and concentration and complies
with Jonscher’s law. The conductivity improvement is max-
imum for 3 wt% of MWCNTs content, but for 5 wt% of
MWCNTs, the conductivity is shown to be decreased. The
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wt% of MWCNTs (as a representative sample)
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temperature dependence of s-factor revealed that CBH is
the suitable model for explaining carrier transport in the
present samples. The experimental dielectric data were
analyzed using the complex Z* impedance formalisms and
the complex M* electric modulus. The analysis of imped-
ance components Z' and Z" enabled determining the sam-
ples equivalent electrical circuit. The activation energy val-
ues obtained from DC conductivity and the impedance are
close and confirm that the hopping mechanism is dominated.
Also, the present system obeys non-Deby relaxation and the
relaxation process is due to the charge carriers short-range
movement.
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