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Abstract: The aim of this research is to measure the dielectric
properties and electromagnetic interference (EMI) shielding
effectiveness (SE) of silicone rubber reinforced with graphene
nanoplates. In a two-roll mill, different amounts of
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graphene are mixed together. This is followed by compression
moulding at 170°C and post-curing for 4 h at 200°C. Between
1MHz and 1GHz, the waveguide transmission line method
and a vector network analyser are used to measure the dielec-
tric and EMI SE parameters. As the amount of graphene is
increased from O to 7 wt%, AC conductivity goes up, reaching
1.19 x 1073 S/cm at 7 wt%. The same composition gives the
highest EMI SE of 43.22dB at 1 GHz. The high-frequency
structural simulation of different compositions shows how
shielding works, and the results agree with what has been
seen in experiments.

Keywords: silicone rubber, graphene, nanocomposites,
EMI SE, dielectric

1 Introduction

The increasing use of electronic equipment in various
industries, such as defence, aerospace, automotive, and
even ordinary life, has led to massive electromagnetic
(EM) radiation exposure. It is incomprehensible that online
education and the work-from-home culture would have
taken off in the post-covid era without computers, mobile
phones, Wi-Fi, and other electronic devices [1]. When one
electronic equipment sends erroneous or accidental electro-
magnetic (EM) signals that interfere with and impair the
performance of another electronic device, this is known as
electromagnetic interference (EMI). It may cause electrical
implants in the human body to malfunction and pose health
dangers [2,3]. However, our dependence on technological
gadgets has reached such a level that abandoning them
would be a “crazy fantasy.” One possible approach is
shielding sensitive electronics from EM radiation, also
known as EMI shielding (EMI shielding).

Historically, various metals have been used for
EMI shielding, but their limitations include their high
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density, poor corrosion resistance, and high price [4].
Strong conductivity, lightweight, and good manufac-
turing capabilities are necessary for the EMI shielding
material without sacrificing mechanical performance
[5]. EMI shielding performance may be considerably
improved by enhancing conductivity with a suitable filler
[5]. Polymer composites with suitable fillers may be viable
solutions for meeting these property specifications. Polymer
is mixed with various fillers, including metals, carbon
black, graphite, ferrite, and graphene.

Silicone rubber (SR), a low-density elastomer, is uti-
lised in several applications due to its easy formability,
chemical resistance, and weather resistance. Nonetheless,
SR is an insulating material that EMI waves can easily pass
through. Including conductive fillers increases SR’s conduc-
tivity to attain the necessary EMI shielding properties. This
conductive SR is commonly employed in EMI shielding
applications [6]. Carbon black [7-9], carbon fibres [10,11],
and graphene [9,12,13], are commonly used fillers in SR [13].
The conductivity of SR rises with an increase in filler per-
centage, resulting in better EMI shielding effectiveness (SE).
Other varieties of SR, such as RTV, HTV, and PDMS, are also
investigated.

Additionally, graphene is frequently used with dif-
ferent matrix materials to improve the conductivity of
polymers. Bregman et al. [7] investigated the complex
electromagnetic characteristics of graphene nanoplatelet
reinforced in poly-lactic acid. The SR containing carbon
and ferrite powder’s EMI SE varies with frequency for
samples with low conductivity. However, samples with
high conductivity demonstrate consistent performance
[14]. A 3D conductive structure made of silver nanowires
and graphene oxides is created in the PDMS matrix using
the hydrogel approach. This results in a 34.1dB absorp-
tion-dominated EMI SE [15]. SR with magnetic microwires
and graphene fibres improves SE by 18 dB. Ultrasonic
mixing, and degassing produces a frequency-selective
EMI SE material from SR (methyl vinyl) graphene. The
EMI SE improves with an SE of 30.42dB [16].

Literature analysis reveals that different production
processes are utilised to manufacture various grades of
graphene-coated SR. This research uses common rubber
processing techniques. SR (SH5060U grade) and gra-
phene nanocomposite are produced for EMI shielding
applications. As a result, the developed nanocomposite
is easily adaptable and practical for commercial use. It is
reported that SR/graphene nanocomposite has complex
dielectric properties and EMI SE. A simulation run on the
Ansys high-frequency structural simulation (HFSS) soft-
ware supports the findings.
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2 Materials, manufacturing, and
experimental details

2.1 Constituent material details

SR of grade SH5060U and the peroxide-based accelerator
known as Di-Cup-40 are both supplied by Krupa Chemicals,
Pune, India (dicumyl peroxide; DCP). A graphene sheet can
have five to ten layers, 5-10 nm thick, and a typical lateral
dimension of 10 nm. The material specifications are pre-
sented in Table 1.

2.2 Manufacturing details of composite

The graphene-based SR and DCP compound SRG1, SRG2,
SRG3, SRG4, and SRG5 have varying graphene weight
fractions 0, 1, 3, 5, and 7%, respectively. SRG1, SRG2,
SRG3, SRG4, and SRG5 are the names given to these gra-
phene weight fractions, respectively. Figure 1 depicts the
manufacturing process, and Table 2 lists the filler and
curing agent compositions used with SR. The procedure’s
first phase is used to combine the SR and graphene in a
machine with two rolls. The compound is then moulded
for 5 min at a moulding pressure of 50 bars using a com-
pression moulding machine (make: SANTEC, capacity: 30
tonnes). The post-curing procedure takes place for 4 h at
a temperature of 200°C in an oven with hot air (made by
Athena Technology; the model number is ATAO-3S/G).

2.3 Experimental details

Several dielectric and EMI SE domains are tested using
three distinct compositions, each with three samples.
FESEM and FTIR investigations are also performed to
confirm graphene dispersion and understand how the

Table 1: Material property details

Type/grade SR (SH5060 U) Graphene
Specific gravity (g/cc) 1.15 1.6
Tensile strength, ultimate 5MPa 130 GPa
Elongation (%) 500 5
Hardness, shore 50 (A) 70 HRC
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Figure 1: Schematic representation of the manufacturing process.

Table 2: Weight percentages of filler and curing agent

Type/grade SRG1 SRG2 SRG3 SRG4 SRG5
Graphene 0 1 3 5 7
DCP 2 2 2 2 2

composite developed. The following sections will cover
the specifics of each characterisation that was previously
addressed. The images created by the scanning electron
microscope (SEM) are captured using a VEGA 3TSCAN
device with ultra-high resolution. The tool used for FTIR
spectroscopy is a Shimadzu Miracle with ART.

2.4 EMI and dielectric analysis

On compression-moulded samples that were 1 mm thick,
the waveguide transmission line method was utilised on
a vector network analyser (VNA) (Agilent Technologies
E5071C, ENA series, 1 MHz to 1 GHz, CA). The S;; and S;,
scattering properties are measured, and the EMI SE is cal-
culated. The built-in software uses the Nicolson—-Ross—Weir
(NRW) technique to estimate the dielectric characteristics
with the scattering factors (S;; and S;,) as inputs. The S-
parameters can be used to determine the components of
reflection and absorption.
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3 Results and discussion

3.1 Morphological characteristics

The microstructure of several SR/graphene mixes was
examined using SEM. Figure 2 shows pictures taken
with a SEM at 100x magnification. Due to the composi-
tions’ inability to be combined, distinct phases of SR and
graphene may be seen in SR/graphene compositions.
Figure 2 depicts the graphene dispersion in the rubber
matrix (a—f). The weight percent of graphene is increasing
in Figure 2. The pattern of surface ripples characterises the
unique shape of graphene dispersion. The microstructure
makes it simple to see how evenly the graphene particles
are dispersed throughout the SR matrix.

Figure 3 shows the FTIR spectra for every possible
mix of SR and graphene. These spectra show where sili-
cone-containing groups are distributed. All samples can
exhibit the fundamental functional group of SR at wave-
numbers between 500 and 1,300 cm ™. Si-0-Si stretching,
Si—-0 of 0-Si(CHs),—0, and Si—CH; symmetry bending all
reach their maximum values at 1,010, 789, and 1,257 cm ™,
respectively. The measured FTIR peak intensities experi-
ence a slight attenuation due to the presence of graphene.
This result could be explained by the graphene barrier
impeding the detection of Si chemical bonds in SR
[17,18]. It was discovered that all samples included a
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Figure 2: SEM micrographs of (a) graphene powder and surfaces of (b) SRG1, (c) SRG2, (d) SRG3, (e) SRG4, and (f) SRG5 composition.
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Figure 3: FTIR spectrums of graphene and all nanocomposite
samples.

carboxyl group in the graphene molecule at wavenumber
1,720 in addition to the Si bonds.

3.2 Conductivity and dielectric properties

The VNA is used to analyse the SR reinforced with multi-
walled graphene’s dielectric properties between 1 MHz and
1GHz. The frequency dependence of conductivity for var-
ious compositions is shown in Figure 4(a). It has been
demonstrated that as the filler content rises, so does the
AC conductivity. Figure 4a illustrates a significant increase
in conductivity for the SRG3 (3 wt%) graphene composition.
This indicates that the SRG percolation threshold is 3%
graphene by weight. The most significant increase in con-
ductivity is seen in the SRG5 composition with a 7% gra-
phene loading, measuring 2.26 x 10> S/cm. The formation
of conductive network results in the transport of electrons



DE GRUYTER Appraising the dielectric properties and EMI SE of SR-Graphene nanocomposite = 5
0.0030 ‘
(@) 5.0 (b)
0 ®4%6%9 %90%6%5000000¢ SRG5
0.0025 1 SRG5 o000 " e 06200000582000000000500m00. .
o o e 600000007 7000000000004
0060606000060 6000000000000CICITOICHOOLOCOD | = 29090000004,
= OOJ L2454° 000-0 %00 o, SRG4
E 0.0020 B o® 2 © 0% ° Doooo(‘%"”oe’:aooaoc,.
5 o 00%° E ’ Ucm%%ow”\’f’oaof)ccm
— SRG4 0000%° £ il P
b R cmmwctrb""”co = 000000
£'0.0015 000000000000 £ 4.0 -
> =
= [
o o
3 0.0010 - @
3 B35
o S SRG2
0.0005 - @ |00 0% 000500000040
SRG2
000000000000 BCOOTOI0COICI0D 3.0 _OO 00, %0, SRG1
0000 000" ©_0, 000600000,
0.0000 ey e T 0R00090099900000000500000000609090%56, 900
T T T T T T T % 1
10° 10° 102 10° 10° 10' 102 10°
Frequency (MHz) Frequency (MHz)
080 () - e0000000000060600%) 0.022 {(d)
075, o "0, 0, 900°000,0000%00000%000000028 Re0m%007 0.020
L8 %06 00 4 -
g';g :°°n°: 0.018{ ° &
= ° SRG4 oo : =S SRG4 o 0000000000090%)
= g-:g T oo o o° Ooooc&: oc’.\w.;aoocGcf'—‘OO':"Jo’wco:‘wwwcmwtmc i 00164 “° oo % 5050, 000%oc-ocooomog:coooom\:oc’ﬂ“‘°°°"QMle 2000
2 0.55 ® 00 0,0 © o - 00,9
> 0.50 o ° £ 0.014 -
S
j=]
E 0.45 4 £ 0.012
0.40
-
& 0.35 p 0.010 -
2 030, G 0.008 °
S 025 ¢ SRG2 SRG3 cescos00e0090®
= oo NRE. o s00600065008 0.006 - 0606060000000950
© 0.15 ] 0.004 -
o
010%F, . SRG1 0.0024°% o © e SRG2 "
0.05 4 °°o 0p 0000 9090%%0005009% o oo °oo°° 00% 07"600000%%0
0.00 A il % 0.000 o o
10° 10’ 102 10° 10° 10' 10? 10°

Frequency (MHz)

Frequency (MHz)

Figure 4: (a) Conductivity; (b) complex permittivity real part (£'); (c) complex permittivity imaginary part (€”); and (d) dielectric loss tangent

(tan 9) vs frequency.

because of the dense population of graphene [12]. Conduc-
tivity is additionally increased by graphene’s high aspect
ratio and efficient dispersion. At 1 GHz, the SRG1 composi-
tion’s conductivity is close to zero, while the SRG5 compo-
sition’s conductivity rises to 2.98 x 107> S/cm.

Dielectric permittivity is the measure of a material's
capacity to store electric charge, hence a greater value of
permittivity indicates a greater capacity to store electric
charge. Understanding the EMI SE performance of the
material requires this feature. The real (¢’) and imaginary
(€”) components of the permittivity are each shown in
Figure 4(b and c), respectively. It is clearly demonstrated
that both permittivity components get better when gra-
phene content increases. With the increase in the gra-
phene content, Figure 4c shows a further increase in the
loss tangent. Compared to pure SR, the &’ and £” values for
the SRG2 sample increase by about 10-15% (SRG1). &',
which is 5@ 1 MHz for a 7% graphene (SRG5) sample, is
shown to increase with the increase in graphene content.

The free charge carriers cause graphene’s Maxwell-
Wagner-Sillar (MWS) effect. This causes interfacial and
electronic polarisation and increases the relative permit-
tivity as the amount of graphene increases [19]. The ¢
increases as graphene’s weight percentage crosses the per-
colation barrier. This causes the SR/graphene interphases
to rise, thereby raising the interfacial polarisation. The
MWS effect indicates that the permittivity dramatically
increases as the charge accumulates at the contact [20,21].

The €” is linked to energy loss in the case of conduc-
tive materials. With an increase in the graphene content,
£” is consistently seen to rise, with SRG5 exhibiting the
most significant rise. This may support creating a gra-
phene conductive network and the homogeneous disper-
sion of graphene throughout the rubber matrix. For SRG1
composition, the dielectric loss €” is 0.05@1 MHz, while it
rises to 0.075@1 MHz for SRG5 composition. The absorp-
tion mechanism of the graphene percolation network pro-
duces a higher EM wave dissipation. The loss tangent of
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various compositions varies as a function of frequencies,
as illustrated in Figure 4(d). The loss tangent has a similar
pattern to the imaginary permittivity part. The frequency of
SRG1 composition is around 0.01@1 MHz, while the frequency
of SRG5 composition is approximately 0.022@1 MHz. As seen
in the SEM images, the increased graphene content forms a
conductive network that enhances the loss tangent of the
SRG4 and SRG5 samples. The increased density of graphene
expedites fillers’ contact and manifests the network [22].

3.3 EMI SE

The SE [23], expressed as a logarithmic ratio of incident
power to transmitted power, is a unit of measurement. EMI
SE is mainly influenced by the material’s conductivity and

DE GRUYTER

dielectric properties, excluding thickness and frequency
[24]. This could be achieved by adding conductive nano
fillers like graphene to the rubber matrix.

After electromagnetic waves enter a material, their
three main impacts are reflection, absorption, and mul-
tiple reflections. If the shielding material is conductive,
incident EM waves are reflected by the free electrons
available at the surface. The loss of waves occurs when
electromagnetic waves interact with electric dipoles due
to this absorption. It is also important to note that the
third element, numerous reflections, is completely disre-

garded when SE is higher than 10 dB [25].
Total SET (dB) = SER + SEA, (1)

where SEy is SE due to the reflected component, and SE,
SE is the absorbed component.
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Figure 5: SE in the range of 1 MHz to 1GHz: (a) total SEy; (b) absorption SE,; and (c) reflection SEg.
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Equations (2) and (3) give the SE by absorption (SE,)
and reflection (SER) loss, where S;; and S;, scattering
parameters are measured using a VNA [26].

(Sw)’

SE, = —10log—212
(1 - Sll)2

2

SEg = —1010g(1 - 8112). (3)

As previously demonstrated, graphene’s conductivity
and dispersion in the SR matrix are crucial to SE. Since the
suggested nanocomposites exhibit superior conductivity
and dielectric properties with a rise in graphene weight
percentage, improved EMI SE performance is anticipated.
Realistic applications must meet EMI SE criteria of 20 dB,
or 1% transmittance.

The shielding mechanism is crucial for the materials
to be employed for shielding purposes. Figure 5(a)-(c)
demonstrate, respectively, the variation in total (SEr),
absorption (SE,), and reflection (SEg) SE concerning
change in frequency. The sum of the SEs from absorption
and reflection is the SE (SEr). The figure shows that the
absorption component is more important than the reflec-
tion component. Over the whole frequency range, the SE,
and SEg for SRG1 composition are between 1.9 and 2.9 dB
and 0.22dB, respectively. With SRG5 composition, the
SE, and SEg values can reach as high as 39.6 and 6.52 dB,
respectively, for the same frequency range. The conducting
interfaces expedite numerous reflections causing more
excellent SE, component [27]. The high aspect ratio and
conductive network due to the addition of graphene filler
are responsible for the multiple reflections. These internal
surfaces reduce the energy of EM waves and, in turn, their
absorption. Notably, the SE, is almost constant for all
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compositions over the whole frequency range. However,
when the frequency rises, SEg tends to fall. The suggested
nanocomposite material is suitable for EMI shielding appli-
cations in the 1 MHz to 1 GHz frequency range since the SE is
more significant than 20 dB and the SEr is steady over the
whole frequency range.

The effects of various compositions on conductivity
and EMI SE are depicted in Figures 6(a) and (b). Com-
paring the two charts reveals that EMI SE rises as con-
ductivity rises. At frequencies of 1MHz and 1GHz, the
EMI SE is 3.63 and 0.74 dB, respectively, while the con-
ductivity of the SRG1 composition is close to zero. With
the increase in graphene loading in the SRG5 composi-
tion, EMI SE rises and peaks at 32.94dB at 1 MHz and
43.22dB at 1GHz for a total EMI SE of 32.94 dB. Due to
its impact on EMI SE, graphene’s physical characteristics,
including surface area, aspect ratio, and the availability
of extra atoms on top, may be explained. Free electrons
are more readily available when graphene’s weight per-
centage increases, which enhances conductivity and SE.

3.4 Simulation of EMI SE

The HFSS model was made to test and understand how
different SR/graphene compositions block EMI. Figure 7
illustrates how the model simulation sheds light on how
electromagnetic waves propagate through various com-
positions. Ansys HFSS simulates an experimental set-up
like the one used to measure S parameters. For the fre-
quency range of 1-3 GHz, a WR510 waveguide is simulated.
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Figure 6: Change in (a) conductivity and (b) SE with the change in weight percentage of graphene.
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Figure 7: Complex Mag E plots from HFSS simulation of SRG compositions for WR510 waveguide frequency range 1-3 GHz: (a) SRG1,

(b) SRG2, (c) SRG3, (d) SRG4, and (e) SRG5.

Air is the transmission medium inside the wave port. Since
a wave port excitation is possible in the HFSS, it is applied
to S1 (port 1) and S2 (port 2). Transverse electrical excitation
is generated at Port 1 and received at Port 2. In the centre of
the waveguide, a shielding plate that is 1 mm thick is cre-
ated. The measured dielectric properties from the experi-
ments are transferred to the shielding plate. 0.1 GHz is the
simulated frequency step.

An SR plate consisting of SRG1, a pure SR composi-
tion, is shown in Figure 7 to be penetrated by electromag-
netic waves. Additionally, there is virtually no difference
in the EM field intensity between ports S; and S,. Experi-
mental findings show that the SRG1 composition has a

lower standard deviation and poorer electromagnetic
wave attenuation (SE). The use of graphene increased
the composite’s conductivity and changed the path along
which the EM energy and EM field propagate. Despite
more uniformly distributed magnetic fields, electric field
is more potent in the centre than at the edges.

The strength of the electric and magnetic fields is
significantly decreased with a graphene loading of 5%,
indicating an increase in shielding efficiency (36 dB). The
electric and magnetic fields were virtually minimised by
the SRG5 composition (7 wt% loadings). This is due to the
conductor network in the SRG5 composition. The fact that
none of the compositions is affected by the EM waves’
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magnetic field is significant because it demonstrates how
little magnetic loss there is where the plates and waves
meet. The attenuation is caused by reflection and absorp-
tion losses, consistent with the experimental results.

4 Conclusion

Using a technique called “compression moulding,” the
SR/graphene nanocomposite was made, and its dielectric
and EMI SE performance was measured. The formation of
a percolation network in graphene gives rise to the mate-
rial’s outstanding dielectric properties. It has been estab-
lished that 3 wt% of graphene is required to exceed the
percolation threshold (SRG3 composition). The increase
in SR—-graphene interactions leads to a rise in interfacial
polarisation. Due to the increase in graphene concentra-
tion, the dielectric and EMI SE performance improvement
within the frequency range of 1 MHz to 1 GHz is noticed.
For a sample that is 1 mm thick, the EMI SE of the SRG5
composition varies from 32.94 to 43.22dB as the fre-
quency changes from 1 MHz to 1GHz. It has been found
that the absorption mechanism makes up most of the
entire EMI SE. As proven by experiments, the HFSS simu-
lation of the EM waves validates and supports the com-
posite’s performance. This study is easily adaptable and
potentially successful in the commercial sphere because
it offers the adoption of a straightforward rubber proces-
sing approach for manufacturing the nanocomposite for
EMI SE applications.

Acknowledgments: The authors wish to thank the Centre
for Composite Materials, Kalasalingam University, for the
permission to carry out the present research. The authors
would also like to thank the Department of Aerospace
Engineering, Faculty of Engineering, Universiti Putra
Malaysia and Laboratory of Bio-composite Technology,
Institute of Tropical Forestry and Forest Product (INTROP),
Universiti Putra Malaysia (HICOE) for the close collabora-
tion in this research.

Funding information: The authors would like to thank
the Universiti Putra Malaysia for the financial support
through Geran Inisiatif Putra Siswazah (GP-IPS) with
grant number [9739200].

Author contributions: Avinash Shinde: research and data
collection, and drafting the article; Irulappasamy Siva:
conception and design of the work, and supervision;
Yashwant Munde: data analysis; Irulappasamy Sankar:

Appraising the dielectric properties and EMI SE of SR-Graphene nanocomposite

— 9

data analysis and interpretation, and supervision; Mohamed
Thariq Hameed Sultan: critical revision of the article and
funding acquisition; Farah Syazwani Shahar: data analysis
and critical revision of the article; Milan Gaff: data analysis
and funding acquisition; David Hui: critical revision of the
article and funding acquisition. All authors have accepted
responsibility for the entire content of this manuscript and
approved its submission.

Conflict of interest: David Hui, who is the co-author of
this article, is a current Editorial Board member of
Nanotechnology Reviews. This fact did not affect the
peer-review process. The authors declare no other con-
flict of interest.

Data availability statement: The datasets generated during
and/or analysed during the current study are available
from the corresponding author on reasonable request.

References

[1] Saadeh H, Al Fayez RQ, Al Refaei A, Shewaikani N,
Khawaldah H, Abu-Shanab S, et al. Smartphone use among
university students during COVID-19 quarantine: An ethical
trigger. Front Public Health. 2021;9(July):1-11.

[2] Hardell L, Koppel T, Carlberg M, Ahonen M, Hedendahl L.
Radiofrequency radiation at Stockholm central railway station
in Sweden and some medical aspects on public exposure to RF
fields. Int ] Oncol. 2016;49(4):1315-24.

[3] KoppelT, Vilcane I, Tint P. Risk management of magnetic field
from industrial induction heater - A case study. Eng Rural Dev.
2017;16:1024-37.

[4] Jeddi ], Katbab AA, Mehranvari M. Investigation of micro-
structure, electrical behavior, and EMI shielding effectiveness
of silicone rubber/carbon black/nanographite hybrid compo-
sites. Polym Compos. 2019;40(10):4056-66.

[5] Kong LB, Li ZW, Liu L, Huang R, Abshinova M, Yang ZH, et al.
Recent progress in some composite materials and structures
for specific electromagnetic applications. Int Mater Rev.
2013;58(4):203-59.

[6] HuY], Zhang HY, Li F, Cheng XL, Chen TL. Investigation into
electrical conductivity and electromagnetic interference
shielding effectiveness of silicone rubber filled with Ag-coated
cenosphere particles. Polym Test. 2010;29(5):609-12.

[7]1 Bregman A, Michielssen E, Taub A. Comparison of experi-
mental and modeled EMI shielding properties of periodic
porous XxGNP/PLA composites. Polym (Basel). 2019;11(8):1233.

[8] Song P, Song J, Zhang Y. Stretchable conductor based on
carbon nanotube/carbon black silicone rubber nanocompo-
sites with highly mechanical, electrical properties and strain
sensitivity. Compos Part B Eng. 2020;191(March):107979.

[9] Kong ), Tong Y, Sun J, Wei Y, Thitsartarn W, Jayven CCY, et al.
Electrically conductive PDMS-grafted CNTs-reinforced silicone
elastomer. Compos Sci Technol. 2018;159:208-15.



10

(10]

(11]

(12]

(13]

[14]

(15]

(17]

(18]

(19]

= Avinash Shinde et al.

Wang R, Yang H, Wang J, Li F. The electromagnetic interference
shielding of silicone rubber filled with nickel coated carbon
fiber. Polym Test. 2014;38:53-6.

Luan W, Wang Q, Sun Q, Lu Y. Preparation of CF/Ni-Fe/CNT/
silicone layered rubber for aircraft sealing and electromag-
netic interference shielding applications. Chin ) Aeronaut.
2021;34(10):91-102.

Joseph N, Janardhanan C, Sebastian MT. Electromagnetic
interference shielding properties of butyl rubber-single walled
carbon nanotube composites. Compos Sci Technol.
2014;101:139-44.

Kato Y, Horibe M, Ata S, Yamada T, Hata K. Stretchable elec-
tromagnetic-interference shielding materials made of a long
single-walled carbon-nanotube-elastomer composite. RSC
Adv. 2017;7(18):10841-7.

Morari C, Balan I, Pintea J, Chitanu E, lordache I. Electrical
conductivity and electromagnetic shielding effectiveness of
silicone rubber filled with ferrite and graphite powders. Prog
Electromagn Res M. 2011;21(September):93-104.

LiY, LiC, Zhao S, CuiJ, Zhang G, Gao A, et al. Facile fabrication
of highly conductive and robust three-dimensional graphene/
silver nanowires bicontinuous skeletons for electromagnetic
interference shielding silicone rubber nanocomposites.
Compos Part A Appl Sci Manuf. 2019;119(December
2018):101-10.

Wang G, Liao X, Yang J, Tang W, Zhang Y, Jiang Q, et al.
Frequency-selective and tunable electromagnetic shielding
effectiveness via the sandwich structure of silicone rubber/
graphene composite. Compos Sci Technol.
2019;184(0ctober):107847.

ShenJ, YaoY, LiuY, LengJ. Preparation and characterization of
CNT films/silicone rubber composite with improved microwave
absorption performance. Mater Res Express. 2019;6(7):075610.
Ji ], Ge X, Pang X, Liu R, Wen S, Sun J, et al. Synthesis and
characterization of room temperature vulcanized silicone
rubber using methoxyl-capped MQ silicone resin as self-rein-
forced cross-linker. Polymers (Basel). 2019;11(7):1142.
ZhaiY, Wu W, Zhang Y, Ren W. Enhanced microwave absorbing
performance of hydrogenated acrylonitrile-butadiene rubber/

(20]

(21]

(22]

(23]

[24

[25]

[26

(27]

DE GRUYTER

multi-walled carbon nanotube composites by in situ
prepared rare earth acrylates. Compos Sci Technol.
2012;72(6):696-701.

Abraham ), Mohammed Arif P, Kailas L, Kalarikkal N,

George SC, Thomas S. Developing highly conducting and
mechanically durable styrene butadiene rubber composites
with tailored microstructural properties by a green approach
using ionic liquid modified MWCNTs. RSC Adv.
2016;6(39):32493-504.

Abraham J, Arif PM, Xavier P, Bose S, George SC, Kalarikkal N,
et al. Investigation into dielectric behaviour and electromag-
netic interference shielding effectiveness of conducting
styrene butadiene rubber composites containing ionic liquid
modified MWCNT. Polymer (Guildf). 2017;112:102-15.

Gao Y, Wang C, Li J, Guo S. Adjustment of dielectric
permittivity and loss of graphene/thermoplastic polyurethane
flexible foam: Towards high microwave absorbing perfor-
mance. Compos Part A Appl Sci Manuf. 2019;117(June
2018):65-75.

Arjmand M, Apperley T, Okoniewski M, Sundararaj U.
Comparative study of electromagnetic interference shielding
properties of injection molded versus compression molded
multi-walled carbon nanotube/polystyrene composites.
Carbon N Y. 2012;50(14):5126-34.

Dhakate SR, Subhedar KM, Singh BP. Polymer nanocomposite
foam filled with carbon nanomaterials as an efficient electro-
magnetic interference shielding material. RSC Adv.
2015;5(54):43036-57.

Li N, Huang Y, Du F, He X, Lin X, Gao H, et al. Electromagnetic
interference (EMI) shielding of single-walled carbon nanotube
epoxy composites. Nano Lett. 2006;6(6):1-5.

Joseph N, Sebastian MT. Electromagnetic interference
shielding nature of PVDF-carbonyliron composites. Mater Lett.
2013;90:64-7.

Sang G, Dong J, He X, Jiang J, Li J, Xu P, et al. Electromagnetic
interference shielding performance of polyurethane compo-
sites: A comparative study of GNs-IL/Fe30, and MWCNTs-IL/
Fes0, hybrid fillers. Compos Part B Eng.
2019;164(January):467-75.



	1 Introduction
	2 Materials, manufacturing, and experimental details
	2.1 Constituent material details
	2.2 Manufacturing details of composite
	2.3 Experimental details
	2.4 EMI and dielectric analysis

	3 Results and discussion
	3.1 Morphological characteristics
	3.2 Conductivity and dielectric properties
	3.3 EMI SE
	3.4 Simulation of EMI SE

	4 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


