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The blend nanocomposites based on single-walled carbon nanotubes (SWCNT), ethylene acrylic elastomers
(AEM) and millable polyurethane (MPU) have been successfully prepared with 0.5 to 5 parts by weight/volume
per hundred parts of rubber(phr) of SWCNT loading loading. The sheets prepared by using hydraulic press have
been exposed to electron beam (EB) to induce cross-linked networks. The characteristic shifting of ]CO vibration in the FTIR spectra confirms the formation of hydrogen bonding between the two phases. The SWCNT
filler dispersion in blend phase has been analyzed by high-resolution transmission electron microscope
(HRTEM). The effect of SWCNT and EB dose on cross-link density, swelling, gel fraction and dielectric properties
have been studied. The cross-linked density increases with an increase in radiation doses and SWCNT loading,
which is confirmed from Flory-Rehner analysis. The swelling percent of the EB cross-linked nanocomposites
decreases with increase in EB dose and SWCNT loading. However, the gel fraction increases with increase in EB
dose and SWCNT loading. The dielectric relaxation behavior of the EB-treated nanocomposites has been analyzed in a wide range of frequency (1–106 Hz), temperature (25–120 °C), EB dose (50–400 kGy) and SWCNT
loading (0.5–5.0 phr). The increase in temperature and SWCNT loading, the dielectric permittivity (ε′) increases,
however with EB dose ε′ exhibits a decreasing behavior. This can be explained on the basis of interfacial polarization of the SWCNT phase in the interface. The blend nanocomposites show an increasing trend of AC
conductivity (σac) with the increase in SWCNT loading, EB dose, and temperature which is due to the hopping
and tunneling mechanism. The blend nanocomposites show the percolation behavior in the range of 1.46 phr
SWCNT with respect to σac value. The real and imaginary parts of the impedance (Z′ and Z′′) have been found to
decrease with increase in SWCNT loading. Semicircular nature of the Nyquist plot explains the decrease in bulk
resistivity of the systems with SWCNT loading and temperature. The electromagnetic interference shielding
effectiveness (EMI SE) of the fabricated conductive nanocomposites has been studied in the frequency range of
2 × 109–8 × 109 Hz and reflection occurring at the surface (SER), absorption of the electromagnetic radiation
(SEA) and the total shielding effectiveness (EMI SE) of the external electromagnetic radiation by the developed
nanocomposites have been measured. The effect of SWCNT loading, radiation dose and frequency on SER, SEA
and EMI SE have been analyzed and SEA and EMI SE are increased with an increase in both SWCNT and radiation
dose.

1. Introduction
Polymer nanocomposites (CPN) are versatile materials which possess better dielectric and electrical insulation properties and gradually
becoming excellent functional materials for dielectrics applications.
CPN became the frontier research area both in the academic and

industrial sector due to their excellent processability, charge storage,
advantageous mechanical, dielectric, EMI SE and magnetic characteristics with better applicability [1]. The conductive networks can be
created due to the incorporation of conventional fillers like conductive
carbon black, metal particles etc. in the insulated polymer or insulated
polymer blends [2,3]. However, for the transition from insulating
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behavior to conductive behavior high quantity of conductive filler is
needed to be incorporated in the insulating polymer matrix which leads
to poor processability and mechanical properties. [4]. One of the most
convenient and easiest ways to obtain interconnected electrically conductive networks in the insulating polymer or polymer blends is by the
incorporation of nanofillers like carbon nanotubes, graphene, and metal
nanoparticles [5]. The main advantage of nanofillers over the conventional conductive filler is that, with the incorporation of a small number
of nanofillers the electrical conductive networks can be developed in
the insulated polymer or polymer blend. Since from the discovery of
CNTs, they have become one of the best actively analyzed materials
because of their excellent properties like low mass density, high flexibility and significant mechanical, electrical and thermal properties
with a very high surface area and the aspect ratio [6,7]. The development of nanocomposites blend based on two immiscible polymers and
conductive nanofillers is an inexpensive and easiest way to obtain
materials with superior dielectric and mechanical properties [8].
Among the various polymer blend nanocomposites, elastomers/thermoplastic blends nanocomposites known as thermoplastic elastomers
are a class of important material due to their unique properties. The
thermoplastic elastomers exhibit characteristics of base elastomers with
the processing characteristics of thermoplastics due to their soft rubbery phase and hard thermoplastic phase [9]. The conductive polymer
nanocomposites are used in the manufacturing of EMI shielding application materials, cable sheathing for the supply of high voltage application. Due to their high dielectric permittivity, these materials are
frequently used as dielectric materials for the development of capacitors. Basically, the thermoplastic elastomers based conductive nanocomposites exhibit excellent piezoelectric properties [10].
Usually, elastomers are cross-linked by conventional chemical
curing systems such as sulfur, peroxide and metal oxide to obtain the
required properties [11]. However, high energy electromagnetic radiations such as EB, UV, and γ radiation are used to establish cross-link
networks in a wide range of elastomers in ambient temperature. Among
the electromagnetic sources, EB irradiation technique is gaining momentum as an advanced approach to optimize the mechanical, thermal
and dielectric properties of elastomers, polymer, and blend. The energy
of EB interacts with the macromolecular polymeric chain and induces
changes in the molecular structure in terms of ionization, displacing
atoms, carbonization, and production of free radicals etc. which results
in chain scission and cross-linking simultaneously [12]. The irradiation
also enhances the formation of trapped charges or creates defects in the
polymer chain and these alternations are responsible for the improvement in the mechanical, thermal and dielectric properties of the irradiated polymer and polymer blends. The properties like physico- mechanical, thermal, dielectric etc. of the radiation crosslinked elastomers
are highly dependent on the radiation dose and which makes EB radiation more acceptable commercially as well as in industries [13]. In
other words irradiation of thermoplastic elastomers nanocomposites
loaded with conductive nanofillers exhibits significant dielectric and
electrical conductivity which make them suitable for various electronics
applications [14].
AEM elastomer is a high heat and fluid resistance flexible rubber
and it has significant importance because of the significant improvement in important technical properties with the incorporation of reinforcing filler or blending with different polymers. However, the mechanical properties of AEM rubber are very poor in its virgin vulcanized
form and from the application point of view; it should be compounded
with reinforcing filler or blended with a compatible polymer with better
mechanical properties [15]. Thermosetting Polyurethane rubber exhibits good abrasion resistance, high elasticity, resistance to swelling
with excellent mechanical properties [16,17]. Designing and fabricating new conductive materials based on conductive polymer and
conductive polymer blend nanocomposites with high electromagnetic
shielding properties attracted a widespread interest in recent years.
Enormous studies have been extensively carried out to evaluate the EMI

shielding effectiveness characteristics of the conductive polymer and
conductive polymer blend nanocomposites and it has been observed
that dielectric properties like dielectric permittivity and electrical
conductivity (in the range of 10−4–10−1 S/cm) play a vital role in the
enhancement of shielding efficiency. These requirements can be
achieved by using intrinsically conductive polymers or by incorporating
suitable conductive fillers in the insulating polymer matrix and polymer
blend. Mostly the EMI shielding effectiveness depends on three crucial
factors such as reflection occurring at the surface of the shielding material (SER), absorption of the electromagnetic radiation when it travels
inside the shielding materials (SEA) and also the internal multiple reflections of radiation at various interfaces (SEM). The absorption or the
dissipation of the electromagnetic radiation inside the shielding materials strongly depends on the dielectric permittivity, thickness, and
permeability of the materials. However, the multiple reflections within
the materials are due to the inhomogeneity [18–21].
The prime objective of this present article is to optimize the blend
formulation based AEM and MPU using peroxide vulcanization system.
In addition to that, an attempt has been made to investigate the effect of
EB does, SWCNT loading and temperature on the dielectric properties
such as dielectric permittivity, impedance, AC conductivity and Nyquist
plot of the AEM/MPU blend nanocomposites. Apart from that, EMI SE
of the fabricated nanocomposites has been measured in
2 × 109–8 × 109 frequency ranges.
2. Experimental
2.1. Materials
AEM commercially known as Vamac DP having density 1.04 g/cm3
is procured from DuPont Performance Elastomers, Wilmington,
Delaware, USA. Polyurethane rubber (Urepan® 50 EL 06 G) is obtained
from RheinChemie Additives Germany. Di-Cup® 40C and Vulcup TAC70 (triallyl cyanurate) are obtained from Akzo Nobel NV are used as
curatives. The SWCNT with the trade name Bttubes is obtained from
intelligent material private limited, Punjab, India.
2.2. Preparation of AEM/MPU/SWCNT blend nanocomposites
The optimized blend ratio of AEM and MPU obtained on the basis of
a tensile result and the blend formulation based on the dicumyl peroxide system has been shown in Table 1. According to the tensile result,
it has been observed that AEM and MPU exhibit 1.2 and 1.8 MPa
Young's modulus respectively. The improvement in mechanical properties is observed after blending AEM with MPU and particularly at the
ratio of 60:40, the blend exhibit 3 MPa Young's modulus. SWCNT in
different phr are incorporated into the optimized blend ratio of AEM/
MPU without any curing system and the compression molded sheets are
exposed to different doses of radiation to obtain crosslinked sheets. The
formulations of the AEM/MPU blend nanocomposites and radiation
dose have been shown in Table 2. AEM/MPU represents the 60:40
blend and the blend nanocomposites are designated as AEM/MPUX,
where X stands for 0.5, 1, 3, and 5 phr of SWCNT.

Table 1
DCP crosslinking formulation.

2

Sl. No.

AEM (phr)

MPU (phr)

DCP (phr)

TAC (phr)

1
2
3
4
5

100
80
70
60
0.0

0.0
20
30
40
100

2.5
3.2
3.55
3.9
6

1
1.2
1.3
1.4
2
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a computer-controlled impedance analyzer (PSM 1735) (N4L) in a
frequency range of range of 1–106 Hz at different temperatures
(30–120 °C). The ε′, σac, and tan δ are the parameter obtained as a
function of temperature, frequency and radiation dose as per the following formulae.

Table 2
Radiation dose to the compression molded AEM/MPU/SWCNT nanocomposites.
AEM (phr)

MPU (phr)

SWCNT (phr)

EB dose (kGy)

60
60
60
60

40
40
40
40

0.5
1.0
3.0
5.0

50,
50,
50,
50,

100,
100,
100,
100,

150,
150,
150,
150,

200,
200,
200,
200,

300,
300,
300,
300,

400
400
400
400

ac

where Cp and Cο are the capacitance of the sample in parallel mode and
is the capacitance of the cell respectively.
2.3.6. Electromagnetic interference shielding effectiveness (EMI SE)
The shielding efficiency performed through E5071C VNA network
analyzer in S and C band range from 2 GHz to 8 GHz, a result of the
shielding material is expressed in decibel (dB) unit. Mostly the EMI
shielding effectiveness depends on three crucial factors such as reflection occurring at the surface of the shielding material (S11), absorption
of the electromagnetic radiation when it travels inside the shielding
materials (S12) and also the internal multiple reflections of radiation at
various interfaces (S22). In a vector network analyzer, the EMI SE is
represented in term of scattering parameter which are S11, S12 and
S22.

2.3.2. High-Resolution transmission electron microscope (HRTEM)
The dispersion pattern of SWCNT in the irradiated AEM/MPU blend
nanocomposite has been analyzed by using HRTEM, JEM 2100, JEOL
Limited. Ultra-thin samples are prepared using diamond cutter at an
angle of 45° to get the sample with a thickness of 50–70 nm at a temperature of −90 °C, which is less than the Tg of both the polymers.
2.3.3. Crosslink density
Flory–Rehner equation is used to determine the crosslink density by
the equilibrium solvent swelling method at room temperature as per the
following equation

SER = 10log10

Vr ) + Vr + Vr2
Vr1/3

Vr
2

SEA = 10log10
(1)

(D

(D FT )
FT ) r 1

r

s

1

(2)

[S11]2
[S12]2

(8)

Fig. 1 represents FTIR spectra of AEM, MPU, and AEM/MPU blend.
The carbonyl stretching frequencies of the ester group for both the
polymers is observed at 1732 cm−1 and in case of the blend of these two
components, the peak for carbonyl stretching is found in the frequency
range of 1727 cm−1. In the case of blends of the two functional

(3)

where Ws and Wd is the weight of the swollen polymer sample initial
weight of the polymer in dried condition respectively. The gel fraction
is calculated from the following relationship:

Gel Fraction =

W2
W1

(9)

3.1. Fourier-transform infrared spectroscopy (FTIR)

2.3.4. Swelling and gel fraction
The swelling and gel fraction of the irradiated sample have been
measured using the solvent swelling method at room temperature for
48 h using the following formula.

Ws Wd
× 100
Ws

(7)

3. Results and discussion

In the above equation T, F, and D are the weight of the specimen,
insoluble components in the specimen and de-swollen weight of the
specimen respectively. A0 is the weight of absorbed solvent corrected
for swelling increment. ρr and ρs are the densities of the rubber and
solvent respectively.

Swelling(%) =

1

1
[S11]2

where SER and SEA are the shielding effectiveness due to reflection and
absorption respectively, whereas SEM is multiple which can be neglected when SE > 10 dB.

1

Ao

1

SE(dB) = SER + SEA + SEM

In this equation the number of effective network chains is represented by ν, Vr and Vs is the volume fraction of polymer in the
swollen mass and molar volume of the solvent respectively and λ represents the Flory–Huggins polymer-solvent interaction parameter and
finally Vr is calculated by the expression:

Vr =

(6)

= Cp /Co

2.3.1. Fourier transformed infrared spectroscopy (FTIR)
The Fourier Transform Infrared (FTIR) spectra of the individual
polymers and the polymer blend have been obtained using TSN with a
resolution of 4 cm−1 and range from 4000 cm−1 to 650 cm−1 at a 32
scan.

1 ln(1
Vs

(5)

0 tan

In the above formula, ω is the angular frequency of the applied
electric field and εο is permittivity of air and ε′ dielectric permittivity of
the material which is determined as:

2.3. Characterization techniques

=

=

(4)

here W1 and W2 are the initial and final weight after drying respectively.
2.3.5. Dielectric relaxation spectroscopy (DRS)
Frequency dependent dielectric permittivity and electric properties
of the AEM /MPU irradiated blend nanocomposites are studied by using

Fig. 1. FTIR spectra of AEM, MPU, and AEM/MPU blend (60:40).
3
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Fig. 2. HRTEM microphotographs of (a) AEM/MPU1 (b) AEM/MPU3 and (c) AEM/MPU5.

polymers, there must be chemical interaction established between the
two components. In the present study, the shifting of the carbonyl
group peak position from 1732 cm−1 to 1727 cm−1 illustrates the establishment of the hydrogen bonding between the hydrogen atom of
–NH2 group of MPU with the ]CO group of AEM.
3.2. High-Resolution transmission electron microscope study (HRTEM)
The HRTEM microphotographs of AEM/MPU1, AEM/MPU3, and
AEM/MPU5 blend nanocomposites cross-linked at 200 kGy radiation
doses has been shown in Fig. 2. In Fig. 2(a) the blend nanocomposite
contains 1 phr SWCNT and the well dispersed individual SWCNT are
clearly observed in the AEM/MPU blend matrix. However, the interconnectivity between the SWCNT in the insulated blend matrix is less.
The uniform dispersion of SWCNT, as well as their interconnectivity
and high entanglement network structures, is clearly observed from the
HRTEM photomicrographs of AEM/MPU3 in Fig. 2(b). The surface
energy of the nanofillers is very high which the important cause for the
agglomeration. In highly viscous AEM/MPU phase, it is very difficult
for the uniform dispersion of SWCNT at 5 phr of loading and the black
agglomeration are observed in Fig. 2(c).

Fig. 3. Crosslink Density of the blend nanocomposites.

formation of radical-radical cross-linked three-dimensional network
structures.
3.4. Gel fraction and swelling

3.3. Cross-link density

The most convenient way to determine the extent of network
structures developed in the EB crosslinked polymeric system is through
equilibrium solvent swelling and gel fraction analysis. The gel fraction
is an important characteristic which can be used to determine the extent of radiation-induced cross-linking in the polymeric system [23].
The increase in the gel fraction of polymers with irradiation dose is
related to the formation of three-dimensional networks. In the present
study, it has been observed from the Fig. 4(a) that the gel fraction increases with an increase in radiation dose. This increase in gel fraction
with irradiation reflects the occurrence of the cross-linked network in
AEM/MPU blend nanocomposites. A significant improvement in gel

In order to investigate the effect of radiation on SWCNT reinforced
AEM/MPU blend nanocomposites, the cross-link density measurement
is carried out. It can be observed from the Fig. 3 that the extent of crosslinking in the SWCNT based AEM/MPU blend nanocomposites increases with the increase in SWCNT loading and with a radiation dose
which may be due to the entanglement of polymeric chain with the
highly structured SWCNT phase [22]. It is clear from the result that
irrespective of the SWCNT loading the cross-link density remarkably
increases with an increase in radiation dose. The increasing trend may
be due to the formation of free radicals, which further results in the
4
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Fig. 4. (a) Gel fraction and (b) Swelling of the blend nanocomposites.

dipoles in the SWCNT phase in the interfacial region of the AEM/MPU
blend nanocomposite to the external electric field is shown in Scheme 1
and is known as Debye dipolar polarization. In the present case, the
AEM/MPU5 exhibits highest ε′ value and which is much higher than the
unfilled AEM/MPU blend.
Fig. 5(b) shows the variation of ε′ of AEM/MPU1 at different radiation dose (50 kGy–400 kGy) and a marginal decrease in ε′ value with
increase in radiation dose is observed. Radiation causes the decrease in
free volume in the polymer composite systems which restrict the dipole's orientation polarization, electronic polarization and interfacial
polarization at the interface [36].
The variation of ε′ of AEM/MPU1 irradiated with 200 kGy from
temperature 40 °C to 120 °C has been shown in the Fig. 5(c). Irrespective of the frequency of the applied electric field, up to 100 °C ε′ increases as the test temperature increases and this may be due to the
enhancement in segmental mobility of the dipoles at high test temperature [37]. The rupture on the conductive network at high temperature (120 °C) may be due to the high flexibility of the polymer
phase, which refers to the marginal decrease in ε′ value.

fraction with an increase in SWCNT loading is also observed, which
may be due to the participation of SWCNT in radiation-induced crosslinking in the nanocomposites [24]. Like carbon black, SWCNT loaded
nanocomposites, the increase in gel fraction with an increase in SWCNT
content is due to the formation of network structures, bound polymer,
and improved polymer and SWCNT interfacial interaction through free
radical reaction [25,26]. Solvent swelling study of the irradiated
SWCNT based AEM/MPU nanocomposites reveals from the Fig. 4(b)
that with an increase in radiation dose and SWCNT loading the magnitude of solvent swelling decreases. This result again confirms the
formation of interconnected cross-linked network structures in the interfacial region of the irradiated blend nanocomposites which opposes
the entrapment of the solvent and shows the reduction in solvent
swelling [27].
3.5. Dielectric characterizations
3.5.1. Dielectric permittivity (ε′)
The dielectric characteristics of the conductive polymers and
polymer blend nanocomposites with conductive nanofillers are due to
the uniform charge distribution, a polarization of the dipoles and also
by the statistical thermal motion of its polar groups in the molecular
chains. Fig. 5(a) represent the variation of ε′ as a function of applied
frequency for AEM/MPU blend and SWCNT loaded AEM/MPU blend
nanocomposites at room temperature irradiated at 200 kGy radiation
dose. From the figure, it is observed that irrespective of the SWCNT
loading at lower frequency region the systems exhibit significantly
more ε′ value and this is due to the interfacial polarization of the dipoles in this frequency region. Mostly the higher value of ε′ at a lower
frequency may be due to the space charge polarization, which is attributed to the charges accumulated in the interface region knows as
Maxwell-Wagner-Siller effect [13,28–31] However, in the higher frequency range, dipoles in the insulating polymer phase rapidly orient
along in the direction of the external electric field which causes the
lower value of ε′.
It has been observed that ε′ increases with increase in SWCNT
loading throughout the test frequency range. In the conductive SWCNT
based AEM/MPU blend nanocomposites, the conductive SWCNT phase
acts as dipoles and these dipoles are polarized as well as oriented along
the direction of the applied electric field. Basically, the interfacial polarization of the dipoles depends on the dipole density, their flexibility
and orientation along the direction of the applied electric field and
mostly the polarization of the conductive fillers occur at the interfacial
region of a composite. The concentration of polarized dipoles gradually
increases as the phr of SWCNT loading increases, which facilitates the
polarization of the dipoles at the interface, that results in an enhancement in ε′ value [32–35]. The expected way of polarization of the

3.5.2. Electrical impedance
The impedance explains the resistive properties, current and also
the relative phase of an AC circuit. In particular, Z′ gives the information about the resistive part and Z′′ gives the reactance part arising due
to capacitive and inductive nature of the system. The effect of SWCNT
loading and frequency of the applied electric field on the real part of
impedance (Z′) of AEM/MPU blend nanocomposites has been shown in
the Fig. 6(a). A monotonous decrease in Z′ is observed with a frequency
of the applied electric field for all the SWCNT filled AEM/MPU blend
nanocomposites and then attain almost constant value irrespective of
the SWCNT loading. This type of frequency-dependent relaxation phenomenon in the carbon nanofiller based crosslinked blend mostly depends on the physico-chemical interactions between the base polymer
matrix and the filler phase. The interaction is determined by the bound
rubber content (BdR) and the value of BdR signifies the extent of filler
polymer interaction. The Z′ of EB crosslinked AEM/MPU nanocomposites decreases with increase in SWCNT loading and in the present study
at 5 phr SWCNT loading the blend nanocomposite possesses a lowest Z′
value which is due to the reduction in the resistivity of the system. It is
obvious that the reduction in impedance means the increase in the
conductive nature of the systems. The conductive channels are created
due to the incorporation of SWCNT in the insulating polymer matrix.
The formation of the conductive channels also strongly depends on the
uniform distribution of the SWCNT and in the present study interconnected conductive channels constructed by SWCNT are very much
visualized from the HRTEM photo micrographs Fig. 2(a–c). Through
this inter-connected conductive channel, the electron can easily tunnel
5
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Fig. 5. Dielectric permittivity as a function of (a) SWCNT loading (b) EB doses and (c) temperature.

Scheme 1. Schematic representation of Dipole Polarization in SWCNT.

6
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Fig. 6. (a) Real impedance and (b) Imaginary impedance.

which is the main cause for the reduction of Z′. The SWCNT agglomerations are more at higher weight percentage which facilitates the
tunneling and hopping phenomenon in this frequency range [38–41].
Z′′ extends the concept of dielectric loss factor of a dielectric material.
The variation Z′′ with a frequency of the applied electric field has been
shown in the Fig. 6(b) and the behavior of Z′′ is same as Z′ with the
frequency of the applied field. Which is due to the similar dielectric
relaxation behavior of the SWCNT filled AEM/MPU blend nanocomposites. However, in the case of nanocomposite systems with 2 and
3 phr of SWCNT, two small peaks are observed with variation of frequency and these two peaks represent the secondary relaxation behavior of the dipoles in the interface.

with increase in weight percentage of SWCNT which explains the
nonlinear nature. The center point of the Nyquist plots represents the
distance between the SWCNT agglomerates in the nanocomposites and
that gradually decreases with increase in SWCNT loading which again
confirms the increase in the conductive nature of the systems. The RB of
the system can be found by extrapolating the semi-circle and the RB
value decreases with increase in SWCNT loading which confirms that
the distance between the SWCNT networks [38]. The decrease in area
under the semicircle again confirms the increase in bulk capacitance of
the material with an increase in SWCNT loading and this behavior is
due to the homogeneous distribution and the formation of interconnected network structures through the interconnected SWCNT in
the insulating AEM/MPU blend [3].
The Nyquist plot of AEM/MPU3 irradiated with 200 kGy radiation
dose at different temperatures has been shown in Fig. 7(b). It has been
observed that the area under the plots gets diminished with an increase
in temperature which confirms the decrease in RB values of the systems.

3.5.3. Nyquist plots
The Nyquist plot shows the variation imaginary part of the impedance with respect to the real part of the impedance and the plot is
generally used to study the response of a dielectric material over a wide
range of frequency. Z′ and Z ′′ represent the bulk resistance (RB), bulk
capacitance (CB) and angular frequency (ωmax) and they are related by
the formula
max

=

1
RB CB

3.5.4. Electrical conductivity
The variation of σac with frequency for AEM/MPU blend nanocomposites at different SWCNT loadings irradiated by 200 kGy EB dose
is shown in Fig. 8. Irrespective of the SWCNT loading, the σac value of
AEM/MPU blend nanocomposites is significant increases with increase
in frequency. The main and important reason for showing this variation
of σac with a frequency of the applied electric field is mostly attributed
to the hopping transport phenomenon and that arises in between the
localized sites [6].
In conductive composite and nanocomposite systems, the angular
frequency (ω) and σac are related as per the following power law

(10)

Fig. 7(a) shows the Nyquist plot of the blend nanocomposites irradiated at 200 kGy at various SWCNT weight percentages loading. The
semicircular plots explain the single relaxation phenomenon which
confirms the conduction takes place in these systems through ions [42].
The semicircular plots confirm the improvement of a bulk capacitance
of the system and area under the Nyquist plots are gradually decreased

Fig. 7. Effect of (a) SWCNT loading and (b) Temperature Nyquist plots.
7
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Fig. 8. AC conductivity as a function of (a) SWCNT loading (b) EB Dose and (c) Temperature.

equation [43].
(11)

s

ac

Here‘s’ represents the exponent and its value is in between 0 and 1
(i.e., 0 < s < 1). However, the σac is frequency dependent and σDC is
frequency independent.
It has been found that in case of AEM/MPU0.5 there is no significant
improvement in σac of the nanocomposite in comparison to the unfilled
AEM/MPU blend. However, in the case of AEM/MPU1, a significant
improvement in σac is observed, which confirms the formation of interconnected conductive networks inside the heterogeneous system.
The degree of SWCNT dispersion in AEM/MPU blend matrix contributes mostly the σac value and the uniform dispersion of SWCNT is
confirmed from the HRTEM micrographs.
The conductivity of the conductive blend nanocomposites can be
explained by hopping and tunneling mechanisms [44]. The mechanism
of electron migration and hopping phenomenon by the electron in the
conductive networks formed by the SWCNT inside the insulating AEM/
MPU blend nanocomposites has been shown in Scheme 2.
In this type of conduction phenomenon, the migration of electron
couple mostly with molecular and ionic species in the insulating systems. The frequency dependent σac and the frequency independent dc
are related as per the following formula.
ac

=

dc

+A

s

Scheme 2. Schematic representation of Electron Migration and Electron
Hopping.
Table 3
DC conductivity values obtained from the power law fitting curves of the
conductivity plots.

(12)

here A is a constant, s is an exponent and ω is the angular frequency of
the applied electric field.
The solid lines in Fig. 8(a) shows the Power law fitting curve and the
deviation of σdc value particularly in the low-frequency region is mostly
for the polarization of the electrodes. Table 3 shows the values of σdc, A,
and s are obtained from the power law fitting and it has been observed
that the σdc increases with the increase in SWCNT.
8

Sample

σdc(s/cm)

A

s

AEM/MPU
AEM/MPU0.5
AEM/MPU1
AEM/MPU3
AEM/MPU5

1.78 * 10−7
3.61 * 10−7
1.81 * 10−4
3.71 * 10−4
4.27 * 10−4

1.821 * 10−10
2.74 * 10−7
6.686 * 10−6
3.34 * 10−5
8.60 * 10−10

0.370
0.498
0.504
0.726
0.843
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threshold at this loading level of SWCNT. The surface area, surface
activity and the particle size of the conductive filler mainly responsible
for the percolation threshold limit. The σac of a conductive composite
system mostly depends on the fraction of the conductive phase. At
critical loading level, the σac of the present system significantly increases where the fraction of SWCNT is sufficient enough to provide a
continuous interconnected conductive path across which electron can
tunnel. The close proximity of the SWCNTs appreciably enhances the
tunneling effect in the dielectric materials. The percolation plot can
resolve into three basic regions (i) where lack of conductive networks
known as the inductive region (ii) continuous conductivity path called
as percolation region and (iii) saturation region which represents the
limitation of the conductive filler because of the no noticeable improvement in σac [39,46]. The schematic representations of the conductive networks in these three basic regions formed by SWCNT in the
insulating polymer blend in have been sown in the inserted figures in
Fig. 9.

Fig. 9. Variation of σac conductivity with SWCNT loading.

The σac values of the different doses of EB-treated AEM/MPU1 are
shown in the Fig. 8(b). High radiation dose causes chain scission and
the segmental mobility in AEM and MPU phase which accelerates the
rapid ionic transport on the polymeric systems. Radiation also induces
continuous, interconnected conductive networks through which the
charged particles can move easily with the application of an external
electric field [36].
The effect of temperature on σac of AEM/MPU3 irradiated at
200 kGy radiation dose has been shown in the Fig. 8(c). The increasing
trend of σac with frequency and temperature signifies that free moving
charge careers involved in the hopping process in the defective sites
with the polymeric chains. This phenomenon becomes rigorous particularly at higher frequency and temperature (25–120 °C). This characteristic behavior is mainly due to the negative temperature coefficient
(NTC) of resistance for these irradiated nanocomposite systems. This
characteristic behavior occurs by the thermal activation of SWCNT that
leads to the formation of conductive networks, which is based on
electric field radiation theory. Again high temperature causes the increase in the segmental mobility of the macromolecular polymer chains
which is another prime factor for the enhancement in σac value [5,45].

3.6. EMI shielding effectiveness
In case of electrically conductive polymer and polymer blend nanocomposites, the EMI SE strongly depends on the dispersion of the
conductive filler in the polymer matrix, the aspect ratio of the nanofillers and the dielectric properties of the nanocomposites [47,48]. The
good dispersion of the SWCNT in the blend nanocomposites has been
observed from the HRTEM image and the irradiated blend nanocomposites exhibit excellent dielectric properties such as ε′ and σac as
discussed earlier. Fig. 10(a) represents the extent of absorption (SEA) of
electromagnetic radiation by the SWCNT loaded AEM/MPU blend nanocomposites irradiated at 200 kGy radiation doses in the frequency
range of 2 × 109–8 × 109 Hz. It has been observed that with an increase in SWCNT loading the absorption of electromagnetic radiation
increases. The electrical conductivity contributes more towards the
absorption of electromagnetic radiation behavior of the shielding materials [49]. In the present case, the absorption characteristics increase
with increasing the SWCNT loading and radiation doses in the shielding
material as the conductivity increases with an increase in both of these
two. The fined SWCNT facilitates the conduction and movement of
charge carrier, which basically helps in absorption of electromagnetic
radiation. Since the SWCNT filler phase is non-magnetic, the absorption
occurs mainly from the polarization of the dipoles at the interfaces,
ohmic loss and multiple scattering at the interface of the shielding
composites [50,51]. Fig. 10(b) shows the variation of SEA of AEM/
MPU3 irradiated with different radiation dosages with respect to frequency and it has been observed that with irradiation dose the SEA
increases and this is because of the enhancement in conductivity due to
increase in irradiation which is already discussed in Fig. 8(c).

3.5.5. Dielectric percolation threshold
Fig. 9 represents the effect of SWCNT loading on the σac of two
different doses of EB-treated AEM/SWCNT/MPU blend nanocomposites
at the 50 Hz frequency. At both the radiation doses AEM/MPU0.5 exhibit low σac value and almost identical to the unfilled AEM/MPU blend
and this may be due to the lack of interconnected conductive networks.
However at 1.4 phr (approx.) of SWCNT loading an abrupt improvement in σac is observed which confirms the dielectric percolation

Fig. 10. SEA as a function of (a) SWCNT loading (b) EB dose.
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Fig. 11. SER as a function of (a) SWCNT loading (b) EB dose.

Fig. 11(a) shows the extent of reflection (SER) of electromagnetic
radiation by the SWCNT loaded AEM/MPU blend nanocomposites irradiated at 200 kGy radiation dose in the frequency range of
2 × 109–8 × 109 Hz. It has been observed that the variation of SER
exhibits the opposite trend of the SEA which explains that the amount of
energy lost by reflection is quite less than the energy absorbed and that
is the main criterion of shielding material. This behavior is mainly due
to the increase in mobile charge carrier with an increase in SWCNT
loading which facilitates the migration and space charge polarization of
the charge carrier [52] with the interaction of external electromagnetic
radiation.
Apart from that with an increase in radiation dose the extent of SER
getting decreased and this behavior has been observed in Fig. 11(b) and
this is mainly due to the formation of more number of conductive
networks with irradiation which facilitates the movement of the charge
carriers. The easy movement of the charge carrier is the main and essential factor for the decrement in SER value of AEM/MPU3 at different
radiation dosages.
Fig. 12(a) shows the total and overall EMI SE of AEM/MPU blend as
well as AEM/MPU blend nanocomposites irradiated at 200 kGy radiation dose. The unfilled AEM/MPU blend exhibits lowest EMI SE and it
has been observed that with increasing SWCNT loading in the blend
nanocomposites EMI SE value increases. AEM/MPU5 blend nanocomposite shows highest EMI SE (23 dB) in the frequency range of
2–8 GHz and this behavior is mainly for the formation of interconnected
conductive networks by SWCNT which has a high aspect ratio and that
facilitates the movement of the mobile charge carriers and hence attenuate EM radiation by absorption. The effect of radiation dose on the

EMI SE of AEM/MPU blend has also been observed from the Fig. 12(b)
and it has been noticed that the EMI SE increases with an increase in
radiation dose. Irradiation causes the formation of more interconnected
conductive networks due to formation and recombination of free radicals in the polymer-filler interface which makes the easy movement of
the mobile charge career inside AEM/MPU blend nanocomposites.
As shown in the Scheme 3, the fined thread like interconnected
network structure of SWCNT promotes the conduction of free electrons
which mainly enhances the absorption of incident electromagnetic radiation. In addition to this, the finned interconnected networks formed
by SWCNT also facilitate the multiple scattering inside the shielding
materials due to a large surface area. The observation is well correlated
with the observed HRTEM micrographs obtained from the shielding
materials. The conductive nanofillers interacts with the incident electromagnetic radiation and facilitates the electron transport which is
known as microwave absorption [53] throughout the shielding material
by the conductive networks which reduce the reflection and transmission of incident radiation to a great degree. High ε′ and low impedance
are very important key factors of a material to behave as an excellent
shielding material which attenuates the incident electromagnetic radiation and in the present case the SWCNT filled AEM/MPU exhibit
excellent ε′ value (1.3 × 104) and very less impedance (2 × 105 Ohm)
which are the main and important cause of the effective EMI SE [54].
4. Conclusions
EB cured AEM/MPU/SWCNT blend nanocomposites have been
successfully prepared with varying EB dose and SWCNT loading. The

Fig. 12. EMISE as a function of (a) SWCNT loading (b) EB dose.
10

European Polymer Journal xxx (xxxx) xxx–xxx

N.K. Hota et al.

Scheme 3. Schematic representation of EMI Shielding Effectiveness.

chemical interaction between the AEM and MPU in terms of hydrogen
bonding has been observed from FTIR spectra. From HRTEM photomicrographs, it has been observed that the SWCNT is uniformly dispersed and the interconnectivity among them is clearly visible. Both
SWCNT and radiation dose increase the crosslink density due to the
formation of three-dimensional crosslink networks. The solvent entrapment in the irradiated nanocomposites decreases with an increase
in radiation doses which is confirmed by the swelling study result. The
increase in gel fraction with radiation doses represents rubber blendSWCNT interfacial interaction at the interface and the presence of 3D
networks in the irradiated system. The increase in ɛ' value confirms the
increase in polarizable dipoles in the form of SWCNT in the insulating
polymer matrix. However with the increase in radiation dose, the extent
of polarizability of the dipole decrease which results in the decrease in ɛ'
value. Again with an increase in temperature, the dipoles became more
polarizable which is confirmed by the increase in the value of ɛ'. The
decrease in Z′ value with frequency and SWCNT confirms the formation
of conductive networks in the insulated polymer-matrix. The decrease
in the radius of the semi-circles in the Nyquist plot attributes to the
decrease in bulk-resistivity of the nanocomposites. SWCNT creates the
conductive networks in the insulated AEM/MPU blend, which results in
the enhancement in σac value. Based on the σac value, the percolation
threshold value is obtained which is equal to 1.41phr and based on the
finding; these resulted smart materials can be used for various electronic types of equipment as dielectric and EMI shielding components.
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