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ABSTRACT: The impact of electron beam radiation on the blend of linear low-
density polyethylene (LLDPE) and polydimethylsiloxane (PDMS) rubber at different
doses from 50 to 300 kGy has been investigated. The irradiated sheets were examined
for their morphology, gel content, thermal stability, melt behavior, and electrical and
dielectric properties. The radiation treatment has reduced both the melting point and
crystallinity of base polymers and their blends because of chain scission. As observed,
100 kGy doses of irradiated blend and 3 wt % of loaded nanosilica composite showed
comparatively good thermal stability. The phase morphology of the LLDPE: PDMS
rubber blend showed a honeycomb-like design before irradiation because of two-stage
morphology, which prominently changed into a solitary stage after electron beam
irradiation. This is because of intermolecular cross-link arrangement inside the singular
parts, just like cross-linking development at the interface. From the AQFESEM study,
it is observed that the stacking of nanosilica particles within the blend matrix is greatly
reduced after electron beam irradiation. The addition of nanosilica within the blend
increased the electrical conductivity and dielectric permittivity. The dielectric breakdown strength has been observed to be the
highest for 3 wt % loaded nanocomposite and its irradiated sample. The result indicates that the nanocomposite can be utilized for
high-voltage cable applications in indoor and outdoor fields.

1. INTRODUCTION
Polydimethylsiloxane (PDMS), a hyperelastic material, is
resistant to chemicals, biocompatible, transparent in nature,
having gas permeability characteristics, thermally stable, and
electrically insulators.1 The hyperelastic and biocompatibility
natures of this material allow it to be used for biomedical
applications such as in microfluidic components,2 bandages,3

medical implants,4 microvalves,5 and in vitro diseases.6 It is
also used in microelectromechanical systems.7 Because of high
thermal stability and electrically insulating nature, it is used to
protect components over a wider range of temperatures.8

Silicone elastomers are generally thermosetting in nature.
Hence, it is quite difficult to recycle it. However, there is a
report of recycling PDMS where it was achieved through the
reversible transesterification reaction.9

Polymers are cross-linked through either dynamic or
radiation methods to get better properties. The irradiation
method is advantageous and also interesting for the research
community over the dynamic method because it is time-saving,
can be performed at room temperature, is cost-effective, clean,
can be controlled easily, is free from waste, no serious
environmental hazard, is larger output, and can be applied to
any geometrical shape and any stages of production.10

Different radiation sources such as X-ray, gamma-ray, ultra-

violet ray, and electron beam (EB) irradiation techniques are
used to cross-link the polymers.11 Among these sources, EB
irradiation is more effective because of its high energy and
penetrating power. Different doses of EB, applied on the test
sample, result in different degrees of cross-linking. The
radiation dose is expressed as Gray (Gy), which is defined as
the dose required by 1 kg of material to absorb 1 Joule of
energy. Accordingly, kGy stands for kilo Gray. Radiation
exposure leads to chain scission and cross-linking in polymers
and their blends by bringing about a 3-dimensional
organization structure.12 The degree of cross-linking depends
on the intensity of the radiation dose. The expected results
with irradiation cross-linking are that it may yield polymeric
materials with improved dimensional stability, reduced stress
cracking, higher service temperature, reduced solvent, and
water permeability, contributing significantly to the improve-
ment in some thermomechanical characteristics, improvements
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of tensile strength, elongation at break and heat deformation,
and decrease of thermal expansion of the blends.10,13

This irradiation process has been used in the power cable
industry and is distinguished as the most developed industrial
process. Many analysts have detailed the behavior of polymers
and polymer blends when they are exposed to EB radiation
(EBR). For example, an upgrade in the properties of the PVC-
ENR blend could be accomplished by pre-irradiating the
rubber after melt blending. A sufficient increase in impact
strength compared with tensile strength implied that the cross-
linking of the rubber phase in the PVC-ENR blend played an
important role in resisting crack propagation during the impact
test.14 In another study, authors prepared the blend of
polypropylene/ethylene-propylene-diene monomer (PP/
EPDM) and initiated cross-linking in the dispersed EPDM
phase by EBR that brought about the stabilization of the phase
morphology.15 Physicomechanical properties of waste poly-
ethylene (WPE) and WPE/low-density polyethylene (LDPE)
(70/30)-based blend were increased with an increment in
cross-link density.16 The compatibility, physicomechanical
properties, and structure−property relationship of LLDPE,
PDMS, and their blends were studied at different radiation
dosages.17

LLDPE/PDMS-based blend nanocomposites, filled with
boron nitride (BN), were studied to check their applicability
for a high-voltage insulator.18 The composites were prepared in
three different manners: First, BN was added with LLDPE and
PDMS directly; second, BN was master-batched with PDMS
and then added with LLDPE; and third, BN was master-
batched with LLDPE and then added with PDMS. Results
showed that the addition of BN improved the dielectric
constant, loss, and breakdown strength of the nanocomposites.
Moreover, the PDMS-BN master-batched nanocomposite
exhibited low dielectric constant and loss but high breakdown
strength compared with the other two nanocomposites. Said et
al. have reported the effects of different nanofillers on the
dielectric insulating performance of cross-linked polyethylene
(XLPE).19 They have used silica, titania, and zinc oxide as
nanofillers with varying compositions and prepared their
composites by a melt blending process. The nanofillers were
surface-modified. They have reported that the melting point of
functionalized XLPE/TiO2 nanocomposite had increased by
6.85 °C compared to neat XLPE; whereas, silica-filled
nanocomposite showed more improvement in dielectric
properties. There is plenty of literature discussing the polymer,
polymer blends, and polymer-based composites used in high-
voltage cable applications.20 However, the work on high-
voltage cable application of LLDPE/PDMS blend-based
nanosilica nanocomposite cured by electron beam irradiation
is really scanty.
Hence, the goal of the current work is to prepare EB-

irradiated LLDPE/PDMS blend-based nanosilica nanocompo-
sites and investigate their suitability to be used for high-voltage
cable applications. Accordingly, we have tested the thermal,
electrical, and dielectric properties, and morphology of the
nanocomposites. We have investigated the melting behavior,
crystallinity, thermal stability, electrical resistivity, dielectric
permittivity, and most importantly, the dielectric breakdown
strength, which will provide the nanocomposites’ suitability to
be used for high-voltage cable application.

2. MATERIALS, METHODS, AND EXPERIMENTS
2.1. Materials Used. LLDPE (grade RELENE E 24065)

has been provided by Reliance Industries Ltd., India. Its
physical characteristics such as melt flow index (MFI), melting
point, and density are 6.5 g/10 min, 122 °C, and 0.924 g/cm3,
respectively. PDMS rubber (Silastic WC-50), having a density
of 1.15 g/cm3 at 25 °C, has been obtained from Dow Corning
Inc., USA. Ethylene methyl acrylate (EMA) copolymer resin
(OPTEMA TC-120), containing 21% methyl acrylate, has a
melting point of 81 °C, a density of 0.94 g/cm3, and MFI of
6.0 g/10 min, and has been provided by Exxon Chemicals
Eastern Inc., Mumbai, India. Nanosilica (molecule size ∼5−15
nm) was obtained from Aldrich Chemical Co. Ltd., USA.
Toluene and xylene, utilized as solvents, were produced by
Merck Specialties Private Limited, Mumbai, India.

2.2. Blends and Test Specimen Preparation. The
blending of PDMS and LLDPE was performed at their
different proportions within an internal blender (Haake
Rheomix, Model: Rheomix 600 OS, Thermo Fisher Scientific,
Massachusetts, USA). The blending was done at the rotor
speed of 100 rpm and temperature of 200 °C for 8 min. The
chamber was first filled with LLDPE, which was allowed to
melt for a few seconds before the PDMS rubber was added.
For the preparation of ternary blend composites, the PDMS
rubber and EMA were melt-mixed first for 4 min using the
same instrument at the same temperature of 200 °C and rotor
speed of 100 rpm, and then LLDPE was added to it. This was
mixed for another 4 min and last a required quantity of
nanosilica was added within it and the mixing was further
continued for an additional 4 min according to the
composition given in Table 1. On a two-roll open mill, the

molten mass was sheeted out at room temperature. After that,
they were molded into sheets with dimensions of 14 cm × 1.5
mm × 2 mm in a compression molding hydraulic press
(Model: SKU-A80415.01, George E. Moore and Son Press,
Durham, UK) for two min at a temperature of 200 °C and a

Table 1. PDMS, LLDPE, and Their Blends before and after
Compatibilization with Variations in Nanosilica as well as
Radiation Doses

sample code
LLDPE
(wt %)

PDMS
(wt %)

EMA
(wt
%)

nanosilica (wt %) +
10% Si69 with
respect to silica

radiation
dose
(kGy)

LL100 100 0 0 0 0
LL100R50 100 0 0 0 50
LL100R100 100 0 0 0 100
LL100R150 100 0 0 0 150
LL50 50 50 0 0 0
LL50R50 50 50 0 0 50
LL50R100 50 50 0 0 100
LL50R150 50 50 0 0 150
PD100 0 100 0 0 0
PD100R50 0 100 0 0 50
PD100R100 0 100 0 0 100
PD100R150 0 100 0 0 150
M0 50 50 12 0 0
M1 50 50 12 1 0
M3 50 50 12 3 0
M5 50 50 12 5 0
M3R 50 50 12 5 100
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pressure of 5 MPa. By passing cold water through the platens,
the mold was brought down to room temperature.

2.3. Irradiation of the Composite Samples. The EB
irradiation of the samples was performed at the Bhabha Atomic
Research Centre (BARC), Bombay, India. In this process, the
samples in sheet form were irradiated by using an accelerator
(ILU Machine, Model: ILU-6, Budker Institute of Nuclear
Physics, Novosibirsk, Russia), having beam power 5 W/mm2

with adjustable beam window of dimension 950 mm × 70 mm.
The EB was generated in a LaB6-made cathode by using a
radio frequency generator. During the measurement, the
electron beam was accelerated at a high frequency within
electromagnetic field keeping toroidal resonator under vacuum
10−6 Torr. The samples were irradiated at normal temperature
by an air-cooling process where the speed of conveyor belt was
0.9 m/min. The beam current and accelerated energy utilized
were 1 mA and 1.8 MeV, respectively.

2.4. Experiments. The gel content of the test samples has
been characterized as per ASTM D 2765. We have determined
the melting behavior and thermal stability of some selected
samples by using instruments such as differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA),
respectively. The DSC study was performed by utilizing a TA
Instruments (DSC Q 100 thermal analyzer, New Castle,
Delaware, USA) at the ramp at 10 °C/min under a nitrogen
environment within the temperature range −130 to 160 °C.
The TGA of pure components, their blends, and blend
nanocomposites before and after FB irradiation was estimated
by utilizing the instrument TG Q50 (Q50 V6.1 series, TA
Instruments, New Castle, Delaware, USA) under nitrogen
atmosphere at the ramp 20 °C/min from the temperature 30
to 700 °C. The etched surfaces of the pre- and post-EB-
irradiated samples were examined using a scanning electron
microscope (SEM; Model: JEOL JSM-5800, Tokyo, Japan) to
check their phase morphology. The morphology of specimens
was also analyzed by a high-resolution transmission electron
microscope (HRTEM, JEM 2100, JEOL Limited, Tokyo,
Japan). For TEM analysis, the specimens were dried overnight
in a vacuum oven. Then, the specimens were cut into ∼50 nm-
thick segments on a LEICA ULTRACUT UCT (Leica
Microsystems GmbH, Vienna, Austria) microtome equipped
with a diamond knife having a cutting edge of 45°. The
preparation of the section was conducted at 0.001 m/s at −50
°C in a liquid nitrogen environment. A high resistance meter
(Model: Agilent 4339B, Agilent Technologies, California,
USA) was used to test the samples’ electrical volume resistivity
(dimension 10 × 10 cm2) at room temperature, in accordance

with ASTM D-257-66. The impedance spectra, dielectric
permittivity, and dielectric loss of the samples with thickness
∼0.22 mm were measured over the frequency range 10−106
Hz by utilizing a dielectric analyzer (Model: DEA 2970, TA
Instruments, New Castle, Delaware, USA) interfaced with a
controller 2000 as per ASTM D 150. The dielectric breakdown
strength of the samples was tested as per ASTM D149.87 by
utilizing a breakdown voltage tester at 100 Hz (Model:
KP8009, KEPIN Fire Testing Technology Ltd., Dongguan,
China). The thickness of the samples was ∼0.2 mm.

3. RESULTS AND DISCUSSION
3.1. Gel Content Analysis. The percent gel content of

LLDPE, PDMS rubber, and their blend are plotted against the
irradiation dose in Figure 1a. It is observed from the figure that
the gel content is consistently increasing with an increase in
radiation dosage for neat LLDPE but for its blend, it has
increased up to radiation of 100 kGy, and then the gel content
has reduced for the blend, and PDMS rubber up to the highest
radiation dose of measurement. The drastic drop in the gel
content beyond 100 kGy in the case of LL50 is possibly due to
a competition between PDMS rubber and LLDPE for forming
the cross-linked network as one has (LLDPE) slower response
to radiation than the other (PDMS), which responses quickly
to radiation forming cross-linking network structure. The sol
fraction (s) of a radiated cross-linked polymer can be
correlated to the inverse of the irradiation dose as per the
Charlesby−Pinner equation:21

s s
p

q q d
100

0 0

+ = +
(1)

where μ is the number-average degree of polymerization, q0 is
the density of cross-linked units per unit dose (kGy−1), p0 is
the fracture density per unit dose (kGy−1), and d is the
radiation dose (kGy). This gives an idea of the ratio of chain
scission to cross-linking for the pure polymers exposed to
irradiation. But, in LLDPE, PDMS, and their blend give a
linear relationship between (s + s0.5) and 1/d as expected from
the Charlesby−Pinner equation shown in Figure 1b. The p0/q0
ratio (intercept of the straight line in the plot) for PDMS,
LL50, and LL100 is 0.25, 0.30, and 0.46, respectively. The
radiation exposure of the LLDPE, PDMS, and their blend lead
to cross-linking, which follows the order LL100 < LL50 <
PDMS. In this way, there is a competition between cross-link
arrangement and chain scission in the polymer blend matrix.
However, the cross-linking reaction predominates the chain

Figure 1. (a) Gel content, %, of LL100, PD100, and their blend before and after electron beam irradiation and (b) plot of (s + s0.5) versus 1/d
(kGy−1) for LL100, PD100, and their blend.
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scission/degradation over lower doses of irradiation and the
reverse trend is observed over higher doses.

3.2. Scanning Electron Microscopy. The phase
morphology of LLDPE, PDMS, and LL50 blend before and
after irradiation has been studied by scanning electron
microscopy after cryo-fracturing and etching the surfaces in
toluene and sputter coating the dried surface with gold. Figure
2a shows the SEM photomicrograph of the neat LLDPE,
which exhibits the flower-like crystals of LLDPE generated
during the cryo-fracture of samples. It shows a few fibrous
structures. The SEM photomicrograph of the cry-fractured
sample of neat PDMS is shown in Figure 2b. It shows
systematic flow lines indicative of ductile failure. Similarly, a
photomicrograph in Figure 2c of the LL50 blend before
irradiation exhibits more undulations and an intense honey-
comb structure due to a higher proportion of silicone rubber
domains driven out of the blend. It clearly shows that the
silicone rubber domains in the micrometer scale were
dispersed within the LLDPE matrix and acted as a co-
continuous phase. After irradiation at 100 kGy, the fracture

surface of LLDPE does not show the fibrillar structure and
flowers of crystals but shows a ductile failure with a large flow
path as shown in Figure 2d. Similarly, Figure 2e shows a ductile
failure for a neat PDMS matrix. Figure 2f shows the SEM
photograph of the LL50 blend irradiated at 100 kGy after
etching in toluene to extract the silicone rubber phase if left
uncross-linked. However, on cross-linking by electron beam
irradiation, the silicone rubber phases were attached to the
LLDPE matrix at the interface, and no etching was possible. It
exhibits a single-phase morphology, with the orientation of the
matrix in one direction simulating the flow lines.

3.3. DSC Studies. The melting and crystallization
behaviors of neat LLDPE, neat PDMS, and their blends with
varying irradiation doses are shown in Figure 3a−c. The
extracted values of the melting point (Tm) and percent
crystallinity (%Xc) are presented in Table 2. Figure 3a presents
the DSC thermograms of neat LLDPE irradiated at different
doses. The figure shows a significant change in the size and
shape of the melting peak. Figure 3b shows the brittleness
temperature of the PDMS rubber before and after irradiation at

Figure 2. SEM photographs of (a) LL100, (b) PD100, (c) LL50 before electron beam irradiation and (d) LL100, (e) PD100, and (f) LL50 after
electron beam irradiation at 100 kGy.

Figure 3. DSC plots of (a) LL100, (b) PD100, and (c) LL50 with the variation of irradiation dose.

Table 2. Extracted Data from DSC Thermogram

LL50

LLDPE PDMS LLDPE PDMS

radiation doses Tm %Xc Tm %Xc Tm %Xc Tm %Xc

0 kGy 124.5 52.6 −43.3 36.4 121.5 44.6 −42.3 28.4
50 kGy 121.6 51.2 −44.3 32.3 119.8 42.3 −43.9 26.8
100 kGy 120.2 49.3 −49.2 31.5 117.1 39.5 −48.3 23.9
150 kGy 118.2 42.4 −51.4 29.8 116.6 37.2 −50.2 21.3
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various doses. The DSC results also supported that the
increase in the radiation dose brought about a reduction in the
level of percent crystallinity (Xc), which likewise reflects in the
decrease of melting temperature (Tm). This is attributed to the
formation of a 3D network, which inclines toward clearly
lamellar thickening during crystallization and results in the
reduction of melting temperature. In the case of PDMS, the
endothermic peak at −43.3 °C corresponds to the brittleness
temperature that is the cold crystallization of PDMS. For the
blend of LLDPE-PDMS rubber, DSC thermograms display
two different endothermic peaks around 121.5 and −44.6 °C,
as displayed in Figure 3c. The extremely sharp peak at 121.5
°C corresponds to the melting point of LLDPE, whereas the
less prominent peak around 44.6 °C corresponds to the
brittleness point of PDMS. The existence of two separate peaks
for the LL50 blend indicates that the two polymers are
incompatible in their blend system. It is envisaged from the
figure that for the LL50 blend, the endothermic peak areas
have decreased and shifted marginally toward lower temper-
atures corresponding to the melting of LLDPE with the
increase in the irradiation dose. However, the melting points
corresponding to PDMS have shifted slightly to higher
temperatures as shown in the table.

3.4. Thermogravimetric Analysis. The TGA and
derivative TGA plots of neat LLDPE, neat PDMS, their
blends, and nanocomposites are displayed in Figure 4a−c. The
extracted data from TGA and derivative TGA plots of the start
of thermal decomposition (Ti), degradation maxima (Tmax)
due to LLDPE and PDMS, degradation temperature at 50%
weight loss (T50), and residue at 680 °C are presented in Table
3. The initiation of thermal decomposition (Ti) has been
considered at 5% decomposition for the polymers, their blend,
and nanofilled composites. Accordingly, Ti for neat LLDPE
(LL100) occurs at 410.0 °C. When the temperature is further
raised, there is the formation of free radicals because of the
degradation and breakdown of the covalent C−C bonds. On
the contrary, neat PDMS exhibited Ti at 419 °C. It is because
of the high −Si−O− bond energy present in PDMS. On the
other hand, the LL50 blend shows a marginal improvement in
the Ti value that is around 423 °C compared to neat LLDPE’s
Ti value of 410 °C. The thermal stability (Tmax) for LLDPE
and PDMS are 454 and 554 °C, respectively. However, in their
blend, the Tmax value for both LLDPE and PDMS parts has
increased to 465 and 590 °C, respectively. The percentage
residues are higher for PDMS and PDMS-filled blends. After
EB irradiation, LL50 shows improvement in thermal stability in

its LLDPE part, which is around 474 °C at an irradiation dose
of 100 kGy shown in Figure 4b. Among the nanosilica-loaded
nanocomposites, M3 showed the highest thermal stability.
Again, the thermal stability slightly increased after EB
irradiation of the optimum nanosilica-loaded nanocomposite.

3.5. Morphological Analysis of Nanocomposites
through HRTEM and FESEM. To examine the state of
dispersion of silica nanoparticles in the bicomponent polymeric
matrix, a TEM analysis was performed for some selected
samples. The TEM photomicrographs of these selected
samples are displayed in Figure 5. All samples were stained
with osmium tetroxide before testing and accordingly given
higher scattering cross sections to incident electrons. The
dispersion of nanosilica in the blend matrix is found to be good
for all nanocomposites except for the M5 sample as seen from
the TEM images displayed in Figure 5. Hence, the sample M5
shows inferior thermal properties compared to the M3 sample.
This is why the optimum loading of nanosilica was chosen as 3
wt %, which enhanced the thermal properties of the LLDPE-
PDMS rubber blend system. The sample M3R also showed
good dispersion of nanosilica particles within its polymer
matrix. The FESEM study of similar samples is presented in
Figure 6. It is observed that the stacking of nanosilica particles
in the blend matrix is greatly reduced due to the electron beam
irradiation, as shown in Figure 6d.

3.6. Electrical Properties. The DC resistivity of the blend
LLDPE + PDMS + EMA system, its nanosilica-loaded
composites, and the radiation doses optimized sample are
presented in Figure 7. The figure shows that the electrical

Figure 4. (a) TGA of LLDPE, PDMS, and their blend, (b) TGA of LL50 with the variation of irradiation dose, and (c) TGA of LL50 blend
nanocomposites.

Table 3. TGA Data of LLDPE, PDMS, Their blends, and
Nanocomposites

Tmax (°C)

sample code Ti (°C) LLDPE PDMS T50 (°C) % residue @680 °C
LL100 410 454 447 0.51
LL50 423 465 590 471 14.5
PD100 419 554 572 30.6
LL5050 401 470 535 473 13.7
LL50100 422 474 557 480 14.4
LL50150 417 472 561 479 14.4
M0 411 477 556 479 13.3
M1 412 464 555 468 14.0
M3 415 480 561 483 13.4
M5 411 462 559 468 15.6
M3R 407 481 549 484 14.5
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resistivity has reduced after the addition of nanosilica within
the blend system. The results indicate that the resistivity of all
composites falls within the insulating range. Therefore, the
composites behave as insulators. There is no material, which
behaves like a perfect insulator that means no conduction of
charge carrier. Insulators also possess some mobile charge
carriers, which are responsible for their very low electrical
conductivity. For our samples, the order of electrical resistivity
is 1016 ohm-cm. With the progressive increase in nanosilica
loading within the blend system, the resistivity has also been
reduced gradually. For the M5 composite, there is a 26.7%
decrement in electrical resistivity compared to the nano-
silicaless M0 blend. Nanosilica consists of silanol (hydroxyl)
groups (Si−OH) on its surfaces that are responsible for its
polarity in nature.22 When an external electric field is applied
to the composite materials, then this internal polarity becomes
in order, which in turn increases the mobility of charge carriers
and results in a decrease in electrical resistivity.23 It is observed
from the figure that the radiation-cured sample (M3R) shows
less electrical resistivity compared with the nonradiated one
(M3) or nanosilicaless M0 blend. The curing of polymers
makes them more compact within the composite system and
brings the nanosilica particles closer to each other. As a result,
the mobility of charge carriers gets facilitated and leads to a
lower value of electrical resistivity.24

The log−log plots of impedance spectra of the composites
versus frequency are presented in Figure 8. The impedance

values show frequency-dependent behavior, that is, the
impedance values decrease linearly with the increase in the
frequency of the electric field. At a frequency of 10 Hz, the
value of impedance is approximately 109 ohms, which has
reduced to below 105 ohms at the frequency of 106 Hz. Hence,
the impedance value has reduced at the order of 10.4 The
patterns of all curves are almost identical. There is no
substantial reduction of impedance value with the increase in
silica loading as well as radiation curing, indicating that the
charge carrier density has not improved too much after the
addition of silica and curing of the samples. However, the
increased frequency has impacted drastic improvement in
charge carrier density: as a result, the impedance has reduced
several orders of magnitude.

3.7. Dielectric Properties. The dielectric constant,
dielectric loss, and electric modulus of the nanocomposites
both with respect to frequency and silica loading are presented
in Figure 9. It is observed from Figure 9a that the dielectric
constant value decreases with the increase in frequency but
increases with the increase in silica loading. The decrement in
dielectric constant value over the low-frequency range is more
compared to the decrement over high frequencies. Over lower
frequencies, the dipoles get more time to relax/orient

Figure 5. TEM photomicrographs of the samples (a) 1%, (b) 3%, (c) 5% nanosilica in compatibilized blend nanocomposites before EBR, and (d)
3% nanosilica in compatibilized blend nanocomposites after EBR at 100 kGy.

Figure 6. FESEM photomicrographs of the samples (a) 1%, (b) 3%, (c) 5% nanosilica in compatibilized blend nanocomposites before EBR, and
(d) 3% nanosilica in compatibilized blend nanocomposites after EBR at 100 kGy.

Figure 7. DC resistivity of nanosilica-filled nanocomposites.

Figure 8. Impedance spectra of nanosilica-filled nanocomposites.
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themselves toward the direction of the applied AC electric
field. As a result, the magnitude of orientation toward the
direction of the applied electric field becomes greater over
lower frequencies compared to the orientation effect over
higher frequencies. This is why the dielectric constant value
over the lower frequencies shows a high value for all
composites compared to higher frequencies. It is observed
from the figure that the trend in the decrement of dielectric
constant over lower frequencies is exponential in nature,
whereas, over higher frequencies, this decrement trend is
almost linear. This high change in the dielectric constant value
over lower frequencies may be because of the effect of interface
polarization. With the increase in frequency, this effect of
interface polarization is gradually diminished and results in less
decrement of dielectric constant value.25 It has been
mentioned earlier that the dielectric constant value is
increasing with the increase in nanosilica loading within the
polymer matrix when considering any particular frequency.
This increment in dielectric constant value is because of the
presence of a polar silanol group on the surface of nanosilica.
These polar groups orient themselves toward the applied
electric field and contribute to the increase in dielectric
constant value.26,27 Moreover, there is also the effect of
interface polarization generated between polymer−polymer,
filler−filler, and polymer−filler interfaces, which increases the
dielectric constant value. With the increase in nanosilica
loading, the filler−filler and polymer−filler interface polar-
izations increase, and hence, a gradual increase in dielectric
constant value is observed. The cured sample (M3R) shows
the highest value of the dielectric constant over the whole
frequency range. Actually, the curing of the sample has made
the polymer composite more compact as stated earlier. As a
result, the dipoles come closer to each other, which leads to a

higher effect of interface polarization compared with uncured
ones and thus increases the dielectric constant value.
The effects of frequency and nanosilica loading on the

dielectric loss value are shown in Figure 9b. It is observed that
unlike the dielectric constant, the dielectric loss value has
decreased initially up to a certain frequency and then has
increased up to the highest frequency level of measurement.
The application of electric field results in the orientation of
dipoles toward the applied field. This orientation is
compensated by the loss of energy. Moreover, because of
polarization at the interface, there is also the loss of energy. As
the effects of orientation and interface polarization are more
over low frequency, the dielectric loss is also high. With the
increase in frequency, both the effects are reducing; as a result,
the dielectric loss is decreasing. Over the higher frequency
range, the increase in dielectric loss may be because of the loss
due to the orientation of some dipoles that were inactive over
lower frequency but becomes active over the higher frequency
range. The dielectric loss also increases as the loading of
nanosilica increases. The addition of nano silica may be
considered as nanodipoles/nanocapacitors.26 Increasing the
amount of nanosilica within the polymer matrix thus increases
the number of such nanodipoles/nanocapacitors. As a result,
the interface polarization as well as the orientation toward the
direction of applied fields are increased. This is accounted for
by the loss of electrical energy, and hence, the dielectric loss
value is increased.
The Nyquist plots (cole−cole plots) of real and imaginary

parts of the electrical modulus of the nanocomposites are
presented in Figure 9c. These give an idea about the presence
of any electrical polarization and relaxation process within the
nanocomposite systems. The complex electric modulus (M*)
is related to the dielectric constant (ε′) and loss (ε″), and the
real (M′) and imaginary (M″) parts of electric modulus as
follows:28,29

M
i

i

M M

1 1
2 2 2 2

* = * = =
+

+
+

= + (2)

Two types of incomplete semicircles are observed from
these cole−cole plots. The nature of the semicircle at a low
value of M′ is observed because of interface polarization
between the interface of polymer matrices and nanosilica.
However, distorted polarizations such as electronic and ionic
are observed at a higher value of M′ as is evident from their
semicircle nature.30 It is observed from the figure that the
nature of the semicircle is more evident when the loading of
nanosilica is increasing. This indicates that with the increase in
the loading of nanosilica, the effects of all types of polarizations
have increased marginally.
The dielectric breakdown strength (DBS) of the optimized

blend and its uncured and cured nanocomposites are presented
in Figure 10. It is observed that the breakdown strength has
increased up to a certain loading of composite (M3 composite)
and then declined for its highest loading of composite (M5).
There is an approximate 37% increment in breakdown strength
for the M3 composite compared to the M0 one. This
increment can be attributed to the barrier effect of nanosilica,
which in turn increases the tree propagation time of the fire
and thus results in the high value of dielectric breakdown
strength.28,31 The increase in nanosilica loading may have
created defects, voids, cracks, or agglomeration within the

Figure 9. (a) Dielectric constant, (b) dielectric loss, and (c) electric
modulus of nanosilica-filled nanocomposites.
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composite M5 and thus the breakdown strength has been
reduced. We have observed the breakdown strength increment
for the radiation-cured composite (M3R). The result shows
that there is an approximate 63.6% increment in the DBS value
for the M3R composite compared to the M0 composite. This
can be attributed to the curing of the matrix. This creates
networks of chemical bonding within the polymer chains.
Hence, there is the need for extra electrical energy to
breakdown these bonds: as a result, the time for tree
propagation is increased, and this is why the breakdown
strength value is increased.

4. CONCLUSIONS
A novel blend system based on LLDPE and PDMS was
successfully prepared, and necessary tests were performed for
its proposed application in outdoor high-voltage transmission
power cable lines as well as in indoor power cable jackets as an
insulating compound. The irradiation reduced the melting
temperature and crystallinity of the base polymers as well as
their blend. However, in the blend system, the melting points
corresponding to PDMS have shifted to higher values. The
thermal stability improved after irradiation of the blend, and a
radiation dose of 100 kGy was found to be more effective in
this case. When considering the nanosilica loading, 3 wt %
loaded nanocomposites and their irradiated sample showed
better thermal stability. There is a 15 °C improvement in
thermal stability for the M3 composite compared to its base
blend (LL50) due to the combined effect of irradiation and
nanosilica loading. Moreover, the nanosilica loading has
improved the dielectric constant and loss and dielectric
breakdown strength values. The dielectric breakdown strength
was observed better for the M3 nanocomposite. This showed
an improvement of 37%. It further improved to 63.6% after
irradiation of the sample. This is because of the curing of the
sample that makes internal networks and thereby absorbs more
energy for its complete failure. The M3R nanocomposite has
resulted in a dielectric breakdown strength value of 38 kV/mm.
Overall, it is observed that there is substantial improvement in
thermal stability, dielectric constant value, and dielectric
breakdown strength value for the optimum nanocomposite.
The highest-loaded nanocomposite (M5) showed a 26.7%
decrease in DC electrical resistivity. Moreover, the M3R
nanocomposite exhibited the lowest value of electrical
resistivity. The highest value is observed for the M0 blend.

This has been attributed to the polarity of the silanol group of
nanosilica and the compactness of nanosilica particles because
of curing, which facilitates the mobility of charge carriers and
consequently reduces electrical resistivity. Though the M0
blend is more insulating compared to the M3R nano-
composite, it is the dielectric breakdown strength value,
which governs its applicability for high-voltage cable insulation.
The result of the dielectric breakdown strength value implies
that the M3R nanocomposite is highly suitable as a jacket for
outdoor and indoor power cables.
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