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Abstract

This study presents impedance characteristics of single walled carbon nanotube/vinylester
(SWCNT/VE) glass fiber reinforced polymer (GFRP) composites. The impedance measurements
were carried out as a function of the frequency over range of 102 and 107 Hz at various
temperatures between 300 K and 420 K. Bode and Nyquist plots of real and imaginary parts of
complex impedance (Z*) were obtained and Cole—Cole approach was used to interpret the
impedance characteristics. The results indicated that the bulk resistance of the material decreases
significantly as the temperature increases. The frequency-dependent AC conductivities were
calculated using the complex impedance data and dimensions of specimen. It has been observed
that the alternating current values are compatible with the Jonscher’s power law. The behavior of
dielectric constant and loss factor at the various temperatures were analyzed as a function of
applied frequency. While the sample exhibited high dielectric permittivity in the low frequency
region with the Maxwell-Wagner-Sillars (MWS) effect, it was observed that the permittivity
decreased as a result of the dipoles' inability to rotate themselves in the field direction at high
frequencies. No dielectric relaxation peak was observed in the loss spectra in our limits. From
the results, it can be said that the contribution to the dielectric relaxation is due to the interface
polarization and DC conductivity. Electric modulus formalism was also used to describe the
conductivity and dielectric relaxation processes of SWCNT/VE binary composite. It was found
that the obtained peak maximums shifted to higher frequencies as the temperature increased. It is
concluded that the frequency regime below the peak maximum defines the range of mobile
charge carriers, and in the regime above the maximum, the charge carriers are limited to short
distance potential wells.

Keywords: Dielectric properties; electric modulus; impedance; single walled carbon nanotubes;
vinylester resin.

1. Introduction

Since their discovery in the early 90s, carbon nanotubes have been used as high-potential
reinforcement elements in many applications such as field-effect transistors (Liang et al., 2015),
energy storage (Zhu et al., 2014), sensors (Daliri et al., 2018) and composites (Kuilla et al.,
2010) over the past 30 years. The number of studies on the use of carbon nanotubes (CNTs) as a
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reinforcement additive in traditional glass fiber reinforced polymer (GFRP) composites has
increased considerably in the last two decades (Mahapatra et al., 1991; Bouzerara et al., 2011;
Puertolas et al., 2017; Das & Dobbidi, 2021). Many researchers reported impedance
characteristics, conductivity mechanisms including percolating system, and relaxation
phenomena of carbon nanotube reinforced composites (Antonucci et al., 2007; Dang et al., 2011;
An et al., 2013; Almuhammadi ef al., 2017; Anju & Narayanankutty, 2019; Ganesh et al., 2020).

It is reported dielectric behavior of carbon nanotubes particles-filled polyester polymer
composites at different temperatures using the Cole-Cole approach (Samir ef al., 2017). It has
been proven that AC conductivity increases with increasing nanotube ratio and temperature.
Aviles et al. studied the conductivity mechanism in the carbon nanotubes reinforced vinylester-
based polymer composites. High conductivity is obtained even at low nanotube densities
exceeding the percolation threshold (Aviles et al., 2018).

The dielectric and impedance characteristics of multi-walled carbon nanotube
(MWCNTs) and graphene oxide-carbon nanotube (GCNTs) reinforced acrylonitrile—butadiene—
styrene (ABS) composites were studied comparatively (Jyoti et al, 2018). It has been
demonstrated that the materials can be used in electromagnetic interference (EMI) shielding and
antistatic materials due to their improved conductivity. The dielectric properties of the MWCNT-
modified polyester resin-based composite were investigated and MWCNT-filled polyester-based
composites with high dielectric loss were proven to be quality materials for electromagnetic
shielding applications (Seng et al.,2018).The capacitive behavior was explained by the charge
accumulation on the surfaces of the carbon nanotubes, and the resistive behavior with the
tunneling mechanism of the electrons in multi-walled carbon nanotubes-polydimethylsiloxane
(PDMS) elastomer composites (Helseth ,2018). It was characterized by the electrical properties
and relaxation processes of carbon nanotubes filled epoxy polymer composites using electrical
modulus formalism. The dipolar and Maxwell-Wagner-Sillars (MWS) relaxations were
investigated depending on filler concentration and temperature using the Havriliak-Negami
model (Boukheir et al., 2018).

The present study aims to determine accurately complex impedance, complex dielectric
function, and AC conductivity properties for extracting new information about the charge
transport mechanism and relaxation process of SWCNT/VE binary composites using impedance
spectroscopy in the frequency range 102 Hz to 107 Hz. Bode and Nyquist plots were used to
explain real and imaginary impedance components with the Cole-Cole approach. The electrical
behavior of the composite was studied depending on temperature and frequency. It is found that
the material has exceeded the percolation threshold and a conduction network was formed
throughout the material even at low temperatures. The complex dielectric function analysis was
also carried out depending on the frequency at low and high temperatures. To bring a different
perspective to the relaxation phenomenon, electrical modulus formalism has been applied to the
system in addition to dielectric function analysis.
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2. Experimental procedure
2.1 Material

The sample used in this study was produced by the hot press method and contains vinylester
resin (acid value max. 9 mg KOH/gr, monomer content 42 %, density 1.04 g/cm?), single walled
carbon nanotube (purity > 90 wt. %, diameter 10-25 nm, length 20 pm, density 1.87 g/cm?, flash
point >150 °C), glass fiber FWR6 (filament diameter 17 pm). In addition to these three important
components, the composite product includes peroxide, styrene, zinc sulfide, calcium carbonate,
thickening admixture and additives. The percentages by weight of the components that form the
material are shown in Figure 1.
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Fig. 1. Components of SWCNT/VE composite

In the production phase, components and vinylester resin were mixed mechanically
continuously with the mixer to prevent agglomeration of the components and carbon nanotubes
and to increase their integration with each other. When the mixture became viscous pulp, it was
transferred onto polyethylene foils. At this point, glass fiber was added to the pulp laid on the
carrier band. Another layer of pulp was placed on top of the pulp containing glass fiber chopped.
The sandwich structure was passed between the rotating rollers to prevent the gaps between the
pulps. The carrier films on the pulps were removed and the material was weighed and placed in
the mold brought to the appropriate temperature in the hydraulic press. The pulps softened under
high temperature and pressure and flowed into the mold cavity and thus took the desired shape.
The molding temperature was 120-160C and the mold pressure was 80-140 Barr. At the end of
the molding period of about 2 minutes, the materials were pressed on the test plates.
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2.2 Morphology

SEM analyzes were performed to examine the distribution of components and SWCNTs in the
glass fiber reinforced thermosetting vinylester resin-based composite structure and the relevant
photographs are presented in Figure 2. Although there was agglomeration in certain regions, the
random distribution of SWCNTs into the matrix resulted in a nearly homogeneous structure and
it can be said that the single carbon nanotube exhibited well dispersion. As can be understood
from the AC conductivity measurements, 1 wt. % of SWCNTs dispersed in the matrix formed a
fully 3-dimensional conductivity network throughout the material at room temperature.
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Fig. 2. SEM images of SWCNT/VE composites.
3. Results and discussion
3.1 Complex Impedance

The impedance spectroscopy of SWCNT/VE/GFRP was performed by MFIA Impedance
Analyzer in the frequency range 102 Hz—107 Hz with amplitude of 1 V voltage. Specimens with
15 mm length, 8 mm width and 7 mm thickness were deposited between parallel round plate
electrodes. A carbon layer was coated on surface of the specimen to make the electrical contact
better. The complex impedance (Z*) was found as a function of frequency from impedance
measurements at different temperatures. The real part (Z') of complex impedance denotes the
resistance of the material while imaginary part (Z") describes loss factor (Jyoti et al., 2018).
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Fig. 3. Bode plots of real and imaginary impedance at different temperatures.
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Figure 3 shows Bode plots of Z' and Z" of SWCNT/VE polymer composite at various
temperatures between 300 K and 420 K. As can be seen from the Figure. 3 (a), although the Z'
value gives an almost constant appearance at very small frequencies, it decreases monotonically
with the increase in frequency at all temperature measurements because of the weakening
interface polarization. Figure.3 (b) shows the Z" characteristics for SWCNT/VE binary
composite as a function of temperature and frequency. Maximum was observed at low-frequency
regions for all measurements. Maximums in the Z" graph highlight the presence of dipolar
relaxation in that frequency region. It can be also seen that both real and imaginary impedance

components are frequency-dependent rather than the temperature.
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Fig. 4. Nyquist plots of SWCNT/VE composites at various temperatures.
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Figure 4 shows Nyquist plots of the complex impedance of the SWCNT filled GFRP
composites at various temperatures. A typical shape of Cole-Cole graphs is a semicircle that is
almost reached at high-temperature values. When the maximums of the graphs are examined
comparatively, the measurement with the smallest diameter magnitude of the possible
semicircles is the measurement at 420 K. The electrical conductivity in composite films depends
on the radius of arc in complex plane graphs. A large arc radius represents low conductivity and
a low arc radius depicts higher conductivity values (Ho ef al., 2008). It can be said from plots
that the resistance of the composite decreases as temperature increases, conductivity increases,
and a less viscous media occurs at 420 K.

3.2 Alternating conductivity (AC)

Disordered conductive materials such as polymer composites show a similar response to the
applied electric field as the dielectric response. Conductivity process is characterized by the real
part ¢’ (o) of the complex electrical conductivity. This component, which is mostly frequency
dependent, is known alternating current (AC) conductivity. The AC conductivity consists of two
parts and is expressed as (Jonscher, 1977; Almond et al., 1982; Tsonos, 2019):

o'(w) =0y +k w® (1)
where o, is the frequency-independent DC conductivity, k is the constant, ® is the angular
frequency and s is the exponent with value ranging of 0-1.
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Fig. 5. AC conductivities of SWCNT/VE/GFRP at various temperatures.

It was observed from Figure. 5 that AC conductivities at all temperatures exhibited
frequency-independent behaviors in the low-frequency regime. This means that the percolation
threshold was exceeded in the SWCNT/VE composite with 1 SWCNT wt. % and the conduction
network was ensured directly between the nanotube particles within the polymer matrix at a low-
frequency regime. In this region, the conductivity value obtained at high temperatures is
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approximately 3 times the value at low temperatures. The AC conductivities showed a linear
dependence with frequency after 100 Hz obeying the Jonscher’s power law as given in Eq. (1).
AC conductivity values are more frequency-dependent than the temperature at high frequencies
with similar impedance behavior.

3.3 Dielectric Characteristics

Dielectric analysis determines the real and imaginary components of the complex dielectric
function depending on the frequency with the response of a dielectric material to alternating
current. The complex dielectric function is expressed as (Boukheir et al., 2018; Savi et al.,
2019):

£'(w) = &'(w) —je"(w) 2)
where €'(w) and &"(w) correspond to the real and imaginary parts of the complex dielectric
function, respectively. The real part of the dielectric function is energy storage component and is
known as dielectric constant. Dielectric constant is given by (Jyoti et al., 2018):

£ (@) ="/ yic,22 ()

where f'is frequency and Co is the geometrical capacitance of sample. Capacitance is defined by
the equation (Philipose et al., 2021)

Cy = 0B/ o)
where &, is the dielectric constant of vacuum, A is area and d is thickness. The imaginary
component represents the energy loss due to conduction losses, vibration losses and polarization
and is called loss factor (Lvovich, 2012). Contributions to the loss factor originate from interface

polarization, DC conductivity and dipole orientations. Loss factor is described as (Jyoti et al.,
2018)

£'(w) = ZI/ZT[fCOZZ (5)

Figure. 6 (a) shows the variation of &' with applied frequency at different temperatures. It
is seen that €' values depend on frequency at all temperatures. The high values of €' is shown
from the graph at low frequencies due to the charge accumulation at the interface between the
insulating region and conductive additives. Since the accumulated charges partly block the
external electric field, the dielectric constant increases at these frequency values. The Maxwell-
Wagner-Sillars process is an effective mechanism in this frequency regime (Dang et al., 2007,
Belhimria ef al., 2021). When the frequency of the field is gradually increased, the dipoles can’t
find enough time to align themselves with the field and the dielectric permittivity is reduced
(Mergen et al., 2020).
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Fig. 6. (a) dielectric constant and (b) dielectric loss depending on frequency.

Figure. 6 (b) shows the plot of the loss factor as a function of frequency at different
temperatures. It is seen that the increase in temperature affects the dielectric loss. As the
temperature increases, thermally excited dipoles increase the peak value of the losses by
following the change of the applied electric fields. Therefore, the loss factor values at 420 K are
higher than the other measurements. As shown from the graph, no loss peak was observed in the
loss spectra within our frequency and temperature limits. The variation of &" curves with the
applied frequency is similar to the frequency dependence of €'. This correlation of €' and €" with
frequency is associated with capacitance values experimentally. &" decreases gradually with
increasing frequency due to dielectric relaxation. It can be said that the contribution to relaxation
is due to interfacial polarization and DC conductivity based on the shape of the plot.

3.4 Electric Modulus

Another useful way to interpret the relaxation phenomenon apart from the permittivity and AC
conductivity formalism is the electric module formalism. Electric modulus formalism is a
method that has been used and accepted in recent years (Hernandez et al., 2010). A different
perspective such as electric modulus will give us more specific results. Since electrode
polarization, absorption and interactions of impurities can be neglected in the electric modulus
formalism, large variations in components of complex dielectric permittivity can be minimized.

The electrical modulus is described as inverse of the complex dielectric permittivity via (Psarras
etal.,2011):

M'=2=——=M +jM" (6)

£ g —je!’

where M and M" are the real and imaginary components of the electric modulus, respectively.
M and M’ can be found with the following formulas (Ray et al., 2007):

! 1
&

" m_ &
M _[(s')2+(s")2]’M [(")2+(e'M)?] )
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Fig. 7. (a) real part and (b) imaginary part of electric modulus.

Figure. 7 represents the variation of the real and imaginary parts of electric modulus with
frequency at different temperatures. As can be seen from Figure.7 (a), the real part of the
modulus takes small values in the low-frequency region. This confirms that the contribution of
electrode polarization and electrode effects is small in this regime (Howell et al., 1974). In all
temperature measurements, the M' reached a constant maximum due to the relaxation process
towards high frequencies. Frequency-dependent M" behavior at various temperatures was shown
in Figure. 7 (b). The peak maximums shifted towards higher frequencies as the temperature
increased. It can be concluded that the frequency regime below peak maximum defines the range
of mobile charge carriers. It can also be said that in the regime above the maximum, the charge
carriers are limited to potential wells that are mobile at short distances.

4. Conclusions

Herein, the composite films were prepared by the hot press method to investigate impedance
characteristics, AC conductivity, and dielectric behaviors of SWCNT/VE binary composites
depending on frequency and temperature. The impedance analyzer was used over a frequency
range of 102 Hz — 107 Hz to investigate the effect of temperature on the electrical impedance
characteristics. Bode and Nyquist graphs were plotted and the results were interpreted with the
Cole-Cole approach. When Nyquist graphs are examined, it is seen that the semi-circle with the
smallest diameter belongs to the measurement made at 420 K. Since the diameter and
conductivity are inversely proportional, it can be concluded that the increase in temperature
enhances the AC conductivity. The conductivities at all temperatures exhibit power-law
behavior. The SWCNT loaded matrix has constant conductivity since current flows preferably
through the conductive nanotube phase at low frequencies. The conductivity became frequency-
dependent after 100 Hz frequency and showed a linear behavior with increasing frequency value.
Considering the effect of temperature on the AC electrical conductivity performance of the
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material; it can be said that the high-temperature performance is better than that of low
temperature. The highest AC conductivity of the order of 5.102 S/cm was achieved for SWCNT
of 1 wt. % to the vinyl ester matrix at 420 K. Analysis of dielectric permittivity functions
reported that Maxwell-Wagner-Sillars processes are the dominant mechanism affecting the
dielectric constant at low-frequency regions. It has been found that at high frequencies, the
polarization mechanisms lose their effectiveness, and the dielectric constant decreases. It also has
been revealed that the dielectric properties of the SWCNT/VE/GFRP are affected by temperature
variation. It was observed that the dielectric loss in the material increased with increasing
temperature. Benefiting from the electric modulus formalism apart from permittivity formalism,
dielectric relaxation was analyzed. It is revealed from the frequency dependence of the electrical
modulus spectra that the dielectric relaxation detected at low frequencies at room temperature
(300K) was related to the MWS process at the SWCNT-polymer interfaces. The relaxation peaks
for increasing temperatures (340K-420K) shifted to higher frequencies due to the reorientation of
the dipolar groups. The results obtained from the single-walled carbon nanotube-doped vinyl
ester-based polymer composite developed for this study are expected to technically improve the
design of the sensor and electromagnetic shielding applications.
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