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Abstract

Polymer nanocomposites have garnered significant interest for electromagnetic interference (EMI) shielding applications due
to their lightweight, anticorrosive and tunable properties. Employing the solution blending technique, we have developed a
composite material comprising an 80wt% EMA (Ethylene—Methyl Acrylate) and 20wt% TPO (Thermoplastic Polyolefin)
co-continuous blend. The incorporation of Reduced Graphene Oxide (RGO) as a conductive filler is achieved through precise
confinement within the EMA phase of the polymer matrix. The selective placement of the RGO nanosheets within the EMA
phase results in a dual percolation phenomenon, significantly lowering the electrical percolation threshold. A notable EMI SE
value of -29.66 dB and electrical conductivity of 107> S/cm is acheived with the addition of 5wt% RGO. Further optimizing
the composite, a loading of 15wt% RGO showcases an outstanding EMI SE of -39.06 dB. Moreover, this composite demon-
strates commendable thermal conductivity of 0.75 W/m.K, alongside promising mechanical properties. The findings offer a
promising avenue for the integration of this material in EMI-sensitive applications, particularly in the realms of stretchable
and wearable electronics, offering effective thermal management and proficient microwave shielding capabilities.

Keywords Thermoplastic polyolefin - Ethylene-co-methyl acrylate - Reduced graphene oxide - Thermal conductivity - EMI

shielding effectiveness - Dielectric constant

Introduction

In light of the rapid expansion of the modern electronic
industry, particularly with the advent of the 5G network era,
electronic devices and wireless communication technologies
have witnessed extensive integration into various applica-
tions. The ease of communication that technology provides
has raised concerns regarding electromagnetic interference
(EMD) and its consequential effects on electromagnetic pol-
lution. The impact of electromagnetic (EM) waves extends
beyond the impairment of technological and communi-
cation devices; it poses a lasting and profoundly adverse
threat to human health. Consequently, the crucial arises to
address the challenge of EM pollution with effective and
viable strategies. EMI shielding has emerged as the practi-
cal and efficient approach to counter EM pollution [1-5]. To
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diminish EM waves at its source, EMI shielding materials
are commonly employed to hinder the propagation of EM
waves, achieved through reflection or containment within the
shielding structure. Although metals have historically been
the chosen option for electromagnetic interference (EMI)
shielding because of their exceptional electrical conductiv-
ity, they also possess certain disadvantages. Notable among
these are high density, inflexibility, manufacturing complexi-
ties, susceptibility to corrosion [6-9].

Certain widely known conductive polymers, such as
polypyrrole and polyaniline, face challenges in gaining
widespread acceptance due to their deficient design and
limited conductivity [10]. The demand for a lightweight
electromagnetic interference (EMI) shielding material has
prompted the need for meticulous design. In the contem-
porary landscape, polymer-based composites have garnered
significant attention as a viable alternative to conventional
metal-based materials for effective EMI shielding. This
shift can be attributed to their inherent attributes, includ-
ing lightness, resistance to corrosion, ease of processing,
and potential for reuse [11-14]. These attributes have led
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to the propagation of their use in efficient EMI shielding
applications. While polymeric matrices are typically con-
sidered electrically insulating and susceptible to electromag-
netic radiation, their amalgamation with conductive addi-
tives results in the emergence of an efficient EMI shielding
material, facilitated by the formation of a conductive path
within a matrix. Carbonaceous additives have gained promi-
nence as conductive fillers due to their intrinsic conductivity.
Materials like carbon black, graphene nanoplatelets, carbon
nanotube (CNT), carbon nanofibers (CNFs), have exhibited
remarkable EMI shielding capabilities.

For example, the authors Poushali et al. discussed the
fabrication process and EMI SE of nanocomposites made
from EMA and in-situ reduced graphene oxide (IRGO) fill-
ers. It is worth mentioning that a maximum electromagnetic
interference (EMI) shielding effectiveness (SE) of 34.9 dB
was attained when utilising a filler loading of 7 wt% in the
X-band frequency range. The composite materials exhibited
an increasing electromagnetic interference shielding effec-
tiveness, which can be attributed to the absorption mecha-
nism assisted by densely packed network topologies [15].
Arunima et al. innovatively fabricated a hybrid composite
with high EMI shielding efficiency, incorporating discarded
cigarette wrapper (CW) within a composite matrix of PDMS
and RGO. Remarkably, an overall shielding efficiency of
50.79 dB was recorded in the 14.5-20 GHz range [16].
Furthermore, Meng et al. documented the development of
DGEBA/PEI/RGO ternary nanocomposites through solution
blending. Impressively, a substantial EMI SE of 25.8 dB was
observed in the 8.2-12.4 frequency range with just 3 wt%
RGO loading [17].

The concept of the "percolation threshold" holds signifi-
cant importance in the formulation of conductive polymer
composites. It denotes the critical concentration of filler at
which an insulator transitions into a conductor. This thresh-
old is influenced by various factors, including filler type, its
dispersion, and the composite preparation conditions. Low-
ering the percolation threshold stands as an efficient strat-
egy for cost savings and improved composite processability.
Diverse techniques, filler modification [18], hybrid filler uti-
lisation [19], in-situ polymerisation of monomers with filler,
and novel compounding approaches, have been devised to
enhance electrical conductivity and percolation threshold.
Particularly effective is the method of reducing the percola-
tion threshold through the incorporation of filler, especially
particle-based carbonaceous fillers, within a co-continuous
immiscible polymer blend matrix. This approach establishes
a dual-percolation continuous conductive path across the
polymer matrix by selectively positioning the filler in one
phase of the binary co-continuous polymer blends.

However, while enhancing electrical conductivity in pol-
ymer composites is advantageous, it poses challenges for
electromagnetic interference shielding effectiveness (EMI
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SE) in wearable and portable electronics. This is due to the
necessity of considering the material's thermal conductivity.
EMI shielding materials absorb electromagnetic radiation,
generating substantial heat energy that can adversely affect
device performance and lifespan. Therefore, this study pre-
sents EMA/TPO/RGO polymer blend composites that offer
both impressive thermal conductivity and flexibility, along-
side efficient EMI SE.

The surface of reduced graphene oxide (RGO) is known for
its high concentration of functional groups and defects. These
features promote the relaxation of dipoles and the polarisa-
tion of defects, resulting in an increased absorption of outgo-
ing electromagnetic radiation [20]. In addition to possessing
robust mechanical properties and low-temperature flexibility,
the copolymer poly(ethylene-co-methyl acrylate) (EMA) fea-
tures both polar (acrylic) and non-polar (ethylene) domains,
granting it excellent weather resistance, thermal stability,
and resistance to ageing. On the other hand, the thermoplas-
tic polyolefin (TPO), namely Tafmer DF 740, is classified
as an elastomer derived from ethylene-based alpha-olefin.
This material is highly regarded for its notable characteristics
such as elasticity, transparency, and exceptional resistance to
impact, particularly in low-temperature environments. The
chosen blend system, EMA/TPO (80/20), exhibits outstanding
qualities including remarkable weather resistance, impressive
impact resistance at lower temperatures, flexibility, heat resist-
ance, and enduring lasting strength with repeated use. Moreo-
ver, the immiscibility of this blend results in a co-continuous
morphology. This unique morphology facilitates the prefer-
ential distribution of conductive RGO filler in one phase of
the polymer blend, allowing for reduced filler concentrations
while achieving optimal electrical and thermal conductivity.
As a result, the newly developed EMI shielding composite is
produced in a straightforward and economical manner, posi-
tioning it as a promising and effective substitute for traditional
EMI shielding materials in the realm of flexible and intelligent
electronics applications.

Experimental
Materials

The polymer Elvaloy® 1330, which falls under the category
of poly(ethylene methyl acrylate) (EMA), has been obtained
from DuPont India Pvt. Ltd. located in Mumbai. It has a
molecular weight of 186,000 g/mol (Mw), a melt flow index
(MFI) of 3.0 g per 10 min (according to ASTM D1238),
and consists of 30% methyl acrylate. The thermoplastic ole-
fin (TPO) utilised in the investigation was procured from
Mitsui Chemicals Singapore under the brand name Tafmer
DF 740. It possessed a molecular weight of 330,000 g/mol
(Mw). The reduced technique was utilised in our laboratory
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to synthesise reduced graphene oxide (RGO). The neces-
sary materials for the experiment, such as natural graphite
flakes, hydrazine (N,H,, 35%), hydrochloric acid (HCI), and
hydrogen peroxide (H,0,, 30%), were provided by Loba
Chemie Pvt. Ltd. Furthermore, the following chemicals
were obtained from Merck India: Chloroform (CHCl5), sul-
furic acid (H,SO,, 95%), phosphoric acid (H;PO,, 85%), and
potassium permanganate (KMnO,). The laboratory-based
reduction technique was employed in the manufacture of
reduced graphene oxide (RGO).

Synthesis of GO and RGO

The production of graphene oxide (GO) was conducted
using the Modified Hummer technique, commencing with
the utilisation of finely powdered graphite [16]. A mixture
of 40 mL of H;PO, and 360 mL of concentrated H,SO,
acid was combined with 3.0 g of graphite powder and sub-
sequently agitated. During the process of stirring, the solid
compound KMnO, was progressively added to the acidic
solution. After undergoing continuous stirring for a dura-
tion of 12 h, the mixture was subjected to an infusion of
500 mL of cold water. Subsequently, a gradual addition of
H,0, was initiated until the mixture exhibited a pale yellow
colour. After a period of 30 min of continuous stirring, the
solution was afterwards allowed to remain undisturbed for
a duration of three days. The resulting brown precipitate
(GO) was carefully rinsed with distilled water for a duration
of three days in order to remove any residual salts and acids

thoroughly. Subsequently, the material underwent a drying
process in a hot air oven in order to remove any moisture that
may have been trapped within.

Reduced graphite oxide (RGO) was prepared from gra-
phene oxide (GO) by adding GO powder to a flask contain-
ing purified water (3 mg mL™"). Hydrazine monohydrate (1
pL for 3 mg of GO) was then immediately added, and the
mixture was stirred for 12 h at 80 °C in an oil bath. For later
usage, the black precipitate of RGO that resulted was filtered
out and dried in a hot air oven.

Fabrication process of EMA/TPO/RGO composite

The process of fabricating a composite consisting of an EMA/
TPO/RGO is demonstrated in Fig. 1, employing magnetic stir-
ring, predetermined quantities of EMA and TPO were dis-
solved in a solvent. After full dissolution, the solutions were
homogenised through a 1-h blending process. Prior to addition
to the polymer blend, RGO underwent ultrasonic treatment for
1 h. The homogenised polymer blend solution received RGO
drop wise, followed by a 1.5-h stirring period. The resulting
solution was poured into a Petri dish and left undisturbed for
a duration of 24 h to facilitate the evaporation of the solvent.
The dried composite was subsequently shaped into a 1 mm
sheet utilising a hot press compression moulding machine for
5 min under a pressure of 5 MPa. The resultant nanocom-
posites were labelled as E, T,R,, where E, signifies the EMA
weight percentage, T, denotes the TPO weight percentage, and
R, represents the RGO weight percentage.
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Fig. 1 Process of blending for the creation of a composite involving EMA/TPO/RGO
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Characterization methods

The mechanical properties of EMA/TPO composites,
both with and without the addition of RGO, were evalu-
ated employing a Universal Tensile Machine (UTM) model
Hounsfield H10 KS. The testing was conducted under stand-
ard atmospheric conditions. The tests were conducted in
accordance with the parameters specified in ASTM D412-
98, and a predefined crosshead speed of 500 mm per minute
was utilised. The results were obtained by calculating the
average of three test samples in the shape of dumbbells. The
measurement of hardness was conducted utilizing a Shore A
durometer, while wide-angle X-ray diffraction (XRD) analy-
sis was carried out on both pure polymers and the resulting
composites. The XRD analysis employed Ni-filtered Cu K
radiation with a wavelength of 1.54 A. The scanning rate
employed for the experiment was 0.0050 (2/S), encompass-
ing a 20 angular span from 10° to 65°. The experimental
measurements were carried out using an Xpert PRO instru-
ment manufactured by PAN Analytical B.V., located in the
Netherlands. The Fourier transform infrared (FTIR) spec-
troscopy technique was utilised in attenuated total reflection
(ATR) mode to investigate the wavenumber range spanning
from 4000 to 400 cm™! under ambient temperature condi-
tions. The visualisation of polymer blend morphology and
filler distribution in the various composites was facilitated
by employing a Field Emission Scanning Electron Micro-
scope (FESEM) with a 5 kV acceleration voltage (Merlin,
Carl ZEISS Pvt Ltd.). The thermal response was evaluated
using differential scanning calorimetry (DSC) using a Q2000
V24.10 instrument from TA Instruments, USA. The meas-
urements were conducted in a nitrogen atmosphere through-
out a temperature range of -80 to 150 °C, with a heating rate
of 10 °C/min. The results are shown in (Supplementary S1).

(a)

The thermal degradation temperature of the materials was
evaluated using thermogravimetric analysis (TGA) with a
Q5000 instrument from TA Instruments, USA. The samples
had a weight range of 9 to 12 mg and were heated at a rate of
20 °C/s up to a temperature of 600 °C (Supplementary S3).
The measurement of the DC conductivity of the polymer
composites' electrical characteristics was conducted using
a Keithley 6514 system electrometer.

p=1/AR ey

The equation was used to express electrical conductivity
(p) in terms of resistance (R), thickness (f), and sample area
(A). The AC impedance analyser (WinDETA Novotherm)
was utilised to evaluate the AC conductivity within a fre-
quency range of 10 Hz to 10 MHz while maintaining a volt-
age of 1 V. The electromagnetic interference (EMI) shield-
ing effectiveness was calculated in the Ku band frequency
range (14.5 to 20 GHz). This evaluation was conducted
with a VNA model E5071C, MY46109484, manufactured
by Agilent Technologies in the United States. The complex
permittivity was derived from the scattering parameter by
the utilisation of the Nicolson-Ross-Weir model. The ther-
mal conductivity was evaluated using a TCi-3-A C-thermal
analyser manufactured by Hot Disc (Canada).

Result and discussion

Analysis of RGO by XRD and Raman

Figure 2a illustrates the XRD spectra of the produced
GO and RGO. The XRD evaluation of GO exhibited a dis-

tinct peak at a 26 angle of 10.81°, providing evidence for
the effective oxidisation of graphite finely powdered. Upon

(b)

2000

oy D band G band
-~ ——RGO =
~ 2
£ £
o% §
E E -‘OQ—AA e
GO
10 20 30 40 50 1200 1400 1600 1800
20 (degree) Raman shift (cm-1)

Fig.2 The a XRD spectra b Raman spectra for both GO and RGO
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reduction with hydrazine, GO underwent a transformation
into RGO, evidenced by broad main peaks around 24° [16].
XRD analysis for blends and resulting composites with vary-
ing filler weights are depicted in Fig. (S2). It is worth men-
tioning that the polymer blend in its pristine state displayed
a more pronounced peak, which suggests a decrease in crys-
tallinity as a result of the blending process of the polymers.
The inclusion of a 1 wt.% filler resulted in an augmentation
of the peak intensity. This observation implies that when the
filler loading is low, RGO functions as a nucleating agent,
hence enhancing the degree of crystallinity. On the other
hand, when the filler content is increased, the presence of
RGO impedes the organised alignment of polymer chains,
leading to a reduction in the degree of crystallinity within
the blend system.

The Raman spectral analysis displayed in Fig. 2b veri-
fied the reduction of GO. The G-band elucidates the scat-
tered arrangement of sp? hybridised carbon atoms, while
the D-band signifies structural flaws or disorder. The Raman
spectra of graphene oxide (GO) exhibit two prominent
bands, namely the D band and the G band, which are found
at wavenumbers of 1355 cm™' and 1600 cm-1, correspond-
ingly. These bands can be attributed to the presence of sp*
defects and in-plane vibrations of sp? carbons in the GO
structure. Significantly, the G band of reduced graphene
oxide (RGO) exhibited a shift of about 1600 to 1594 cm™!,
which suggests the inherent capability of RGO to remedy

hexagonal carbon-based flaws through a "self-healing"
mechanism [16]. It is worth noting that the position of the
D band in RGO remained unaltered.

In addition, the I/I; ratios of GO and RGO were meas-
ured to be 0.94 and 1.02, respectively. The increased inten-
sity ratio seen in RGO as compared to GO can be attrib-
uted to the generation of defects caused by the elimination
of oxygen functional groups from the surface of GO. The
increase in the intensity ratio between GO and RGO can
be attributed to the decrease in the sp> domain resulting
from the conversion of GO to RGO. The Raman examina-
tion of blends and resultant composites with different filler
weights is illustrated in Fig. S4.

Mechanical properties

The experimental data for the tensile strength of the EMA/
TPO/RGO composite, produced using varying weight pro-
portions of RGO as a filler, are displayed in Fig. 3(a, b) and
Table 1. The tensile strength of the pristine blend was meas-
ured at 7.6 MPa. Notably, the addition of 1, 3, 5, and 10 wt%
RGO to the blend matrix led to an augmentation in tensile
strength. However, when the composite reached a loading of
over 10 wt% RGO, its tensile strength exhibited a decline. This
decrease can be attributed to the blend system experiencing
even dispersion of fillers at lower content levels, emphasis-
ing polymer-filler interactions. It aligns with theoretical
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Fig. 3 comprises several graphical representations: a the stress—
strain profile of EMA/TPO/RGO composites, b the alteration in ten-
sile strength, ¢ the shifts in hardness, and d the changes in specific
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RGO loading (wt%)

gravity in response to escalating RGO loading. Additionally, e an
image visually depicts the EMA/TPO/RGO composite 15 wt% RGO,
showcasing its commendable flexibility.
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Table 1 Mechanical

N Sample TS (MPa) Elongation @ Modulus Modulus (200% Modulus
characteristics of EMA/TPO/ break (%) (100% elongation)  elongation) (300% elongation)
RGO composite

Eg, TR, 7.6+0.3 986 +30 25+0.2 3.1+03 34+0.2
Eg, TR, 7.9+0.3 973+32 25+0.3 32+02 3.7+0.3
Eg,TyR; 8.5+0.2 998 +£40 2.8+0.2 3.6+04 43+0.3
Eg,TyR5 8.6+0.4 1005 +33 3.0+04 3.7+0.1 4.5+0.2
EgTyRyy 8.8+£0.3 980 +35 32+03 39+0.2 4.7+0.1
EgTyRys  7.1+£0.2 653 +30 3.6+0.2 4.6+0.1 53+0.2

expectations that incorporating higher filler content should
increase tensile strength within polymer composites [21]. Nev-
ertheless, an escalation in filler content triggers the accumula-
tion of fillers and accentuates filler-filler interactions, result-
ing in a reduction in tensile strength. Figure 3(c) illustrates a
progressive increase in the hardness of the polymer composite
as filler content is raised. The specific gravity of the composite
reaches 0.99 when incorporating a 15 wt% RGO content (as
depicted in Fig. 3d). This specific gravity escalation follows
the trend of rising filler percentage in the polymer blend. It's
essential to note that flexibility plays an equally crucial role
alongside enhanced tensile strength and hardness for practical
applications. Figure 3(e) visually portrays the outstanding flex-
ibility of the nanocomposite containing 15 wt% RGO.

Wetting coefficient

Using the widely recognised Young's equation, an assessment
of the wetting coefficient was conducted to ascertain the ther-
modynamic element that dictates the favoured integration of
RGO within the immiscible EMA/TPO blend.

- YRGO/TPO ~ YRGO/EMA )
2=
YTPO/EMA 2

Here, the terms Yrco/rp0s YrGO/EMA> @04 Yrpo/Ema TEPIESENL
the interfacial tensions between RGO and TPO, RGO and

EMA, and TPO and EMA, respectively. The placement of
RGO filler specifically occurs within the EMA phase of the
EMA/TPO blend matrix when w,, “1. The Owens, Wendt,
Rebel, and Kaelble equation, which is widely used in both
polar and non-polar systems, is utilised to assess the interfacial
tension between two components.

Yo =7 +71 = 2\/vivd = 24/ViY) 3)

In this equation, d and p symbolise the dispersive and
polar parameters of surface energy, respectively, while y,
and y, denote the respective surface energies.

The determined free surface energy values for blend con-
stituents (EMA and TPO) and RGO are listed in Table 2
[22—-24], based on an analysis of existing literature. The
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calculated w,, from Eq. (3) signifies a value of 2.39 for the
EMA/TPO/RGO composite system. This observation indi-
cates that the integration of reduced graphene oxide (RGO)
tends to be mostly localised inside the polar ethylene methyl
acrylate (EMA) phase of the blended system.

Morphological study of EMA/TPO/RGO composite

The dispersion of the filler within the blended composite was
examined using Field-Emission Scanning Electron Micro-
scope (FESEM). Figure 4(a) presents the scanning electron
microscopy (SEM) micrograph of RGO. The co-continu-
ous morphology of the immiscible blend can be shown in
Fig. 4(b), where the TPO phase was etch out through the use
of cyclohexane. The co-continuous structure of this binary
blend is evident, and the deliberate inclusion of RGO sheets
into the ethylene-methyl acrylate (EMA) phase plays a
significant role in facilitating the simultaneous occurrence
of dual percolation in the resulting polymer composite. In
addition, the SEM images of the cryo-fractured surface of
composite samples containing different weight percentages
of RGO are presented in Fig. 4(c-e). Figure 4(f) presents
the TEM micrograph of RGO and the TEM micrograph of
the EMA/TPO blend at 5 weight percent and 10 weight per-
cent loading of the RGO component is shown in Fig. 4(g,
h). Micrographs distinctly display two regions: a lighter,
white region and a darker, black region. The EMA phase
with agglomerated RGO filler content is depicted by the dark
region, whereas no RGO filler in the TPO phase. The micro-
graphs demonstrate that the RGO exhibited a preferential
localisation inside particular regions, specifically the EMA
Phase, within the polymer composite. This localisation was
seen instead of a uniform distribution throughout the entire
blend system.

Table 2 Surface energy data of ymdim?) v

polymer and RGO
TPO 328 313 1.5
EMA 4238 389 39
RGO 46.7 4 427
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Fig.4 a FESEM micrograph of RGO, b FESEM micrograph of the
EMA/TPO (80/20) blend (TPO was selectively etched out using
cyclohexane), c-e further depict FESEM micrograph of the composite

Thermal conductivity of RGO-loaded EMA/TPO
composite

The thermal conductivity (T.C.) of the blend and its com-
posites, incorporating varying weight percentages of RGO
filler, can be assessed using the subsequent equation [25].
Ke =Ky
n= K, “
In this context, K, represents the T.C. of the blend
matrix, while K refers to the T.C. of the resulting com-
posite. The T.C. values for the blend composites at room
temperature are depicted in Fig. 5(a, b) for different load-
ings of RGO. The T.C. of the pure EMA/TPO blend is
initially measured to be 0.16 W/mK. It is evident that the
incorporation of RGO within the blend elevates its thermal
conductivity. Specifically, the introduction of 1 wt% RGO
enhances the composite's T.C. by 66%, reaching 0.25 W/

Fig.5 a Shows how the RGO

with 5wt, 10wt, and 15wt RGO, respectively, f TEM micrograph of
RGO g,h TEM micrograph of EMA/TPO/RGO composite

mK. Notably, a proportional relationship between RGO
content and T.C. is observed, indicating the establish-
ment of a network of thermally conductive RGO sheets.
With a 3 wt% RGO addition, the EMA/TPO composite
demonstrates a T.C. of 0.35 W/mK, marking a 2.33-fold
increase. Impressively, the blend composite experiences
a remarkable enhancement of T.C. by 3.5 times, reaching
0.48 W/mK, when supplemented with 5 wt% RGO. Upon
adding 10 wt.% and 15 wt.% RGO, the EMA/TPO com-
posite showcases notable T.C. values of 0.59 W/mK and
0.68 W/mK, respectively. Notably, the incorporation of 15
wt% RGO into the EMA/TPO matrix yields a substantial
353% escalation in T.C. compared to the neat blend. These
results show that the well-known Joule heating effect is a
highly efficient method for microwave energy dissipating
in the EMA/TPO/RGO composite. The EMA/TPO/RGO
composite as a result effectively dissipates heat energy,
particularly during the emission of electromagnetic waves.

loading affects the thermal con- (@
ductivity. b Percentage increase

in the T.C. with RGO content

-~
(=2 NS B )

(

Thermal comductivity
/m.
[— I —]
w s

=]
- N

(=
=]

-
[
=]

[ eg720Rx (b) I eg720Rx

- NN W W
S W S W
S o e <o

Thermal conductivity
enhancement(%)
n
>

100

0.5 :
z ]
.1 50-
o 12 e

RGO loadmg (wt %

16 0 2 6 8 10 12 14 16
RGO loading (wt.%)

@ Springer



459 Page 8of 14

Journal of Polymer Research (2023) 30:459

DC and AC conductivity

The electrical conductivity of the polymer composite is
subject to various factors, including inherent conductiv-
ity, the distribution of fillers within the matrix, the type of
fillers used, and the variables involved in the processing.
Figure 6(a) depicts the relationship between the concentra-
tion of RGO and the direct current (DC) conductivity of
the polymer composite. The polymer blend in its pure form
demonstrates insulating characteristics, as seen by its direct
current conductivity of 107!! S/cm. The incorporation of
RGO leads to a significant enhancement in electrical con-
ductivity, with a notable rise observed at an RGO loading
of 15 wt%. Specifically, the electrical conductivity reaches a
value of 107 S/cm at this loading concentration. An increase
in direct current (DC) conductivity is found when the
weight percentage (Wt%) of RGO is between 0 and 1 wt% in
the blend matrix. This is followed by a substantial increase
in conductivity between 1 and 3 wt% RGO, suggesting the
presence of a percolation threshold within this range. After
surpassing a filler concentration of 5 wt%, there is a mini-
mal increase in electrical conductivity. This investigation
reveals that the composite EMA/TPO/RGO has a percolation
threshold ranging from 1 to 3 wt%. The power law equation

10"
’E | (a) —®— EgT20Rx
- e
2 107
=~ |
:E ]05- -1.59 Pc=1.6phr -
= 1077 1 E 3
= i 2
S 10
U 1 L T 0.0 02 04 06 08 1.0 1.2
Q10-n —_— et

2 0 2 4 6 8 10 12 14 16
RGO loading (wt.%)

of classical percolation theory can be utilised to make pre-
dictions regarding the percolation threshold concentration.

opc = 0 (P = P¢)'forP > PC )

Taking logarithm on both sides, we can write Eq. (5) as
given below

logope = logog + tlog(P — P) (6)

In this context, the variable P is used to represent the perco-
lation threshold, while P symbolizes the filler percentage. The
variable ¢ is the critical exponent, oy, represents the DC con-
ductivity, and o, is a constant. The determination of the value
of £, which serves as a measure of the lattice distensibility of
the filler, is of utmost importance. When the value of ¢ is less
than 1.5, the conductivity is attributed to the interaction between
roughly spherical agglomerates. Conversely, when the value of
tis less than 3, the conductivity is attributed to the behaviour of
individual particles. The figure labelled as Fig. 6(a) illustrates
the utilisation of a linear-log plot to ascertain the most suitable
curve for P~ by examining the relationship between o, and
P-P. The obtained best-fit line demonstrates values of 2.92 for ¢
and 1.6 for P.. The obtained ¢ value indicates that the conductiv-
ity is attributed to the interplay between individual RGO sheets.
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Fig. 6 a direct current (DC) conductivity of the EMA/TPO blend and its composites, b the alternating current (AC) conductivity of EMA/TPO
blend and their composites, ¢, d demonstration of EMA/TPO/RGO composite's electrical behaviour
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Figure 6(b) illustrates the relationship between AC con-
ductivity and frequency for both the blend and its compos-
ite with different filler loadings. The composite exhibits an
increase in AC conductivity as the filler quantity is increased
[26]. The alternating current (AC) conductivity of the polymer
composite increases with frequency at lower concentrations of
RGO filler. On the other hand, when the filler concentration is
increased, the polymer composite demonstrates behaviour that
is not dependent on frequency. Lower concentrations of RGO
result in the isolation of individual RGO sheets. However, at
greater concentrations, electrons can leads to their excitation
and subsequent movement between conducting sites. This phe-
nomenon establishes a more efficient electrically conductive
network. Once the percolation threshold is surpassed, a net-
work composed of interconnected RGO sheets is established
within the polymer matrix. This network enhances the passage
of electrons across conductive sites, leading to frequency-inde-
pendent behaviour. In order to showcase the tangible electrical
capabilities, a circuit is created utilising a light-emitting diode
(LED) and a 5-V power supply, employing blend composites
containing 15 weight percent RGO, as depicted in Fig. 6(c,
d). The composites exhibit the emission of a vivid red LED
light upon the connection of an external 5 V power supply.
The nanocomposites exhibit good electromagnetic interference
shielding performance due to the presence of a thick and inter-
woven reduced graphene oxide (RGO) network inside the mix
matrix, which produces a beneficial interconnected conductive
network interface.

EMI shielding

The EMI shielding effectiveness (EMI-SE) is a logarithmic
expression that quantifies the relationship between the power
of incident electromagnetic (EM) radiation (P;) and the
power of transmitted electromagnetic (EM) radiation (P,).
Typically measured in decibels (dB), it reflects how shield-
ing materials block energy. For instance, a material with
a 20 dB EMI-SE can thwart nearly 99% of unwanted EM
waves [27, 28]. The incident EM radiation power impacting
shielding can be divided into reflected (R), absorbed (A), and
transmitted (7)) power, where

A+T+R=1 @)

In this investigation, a vector network analyser (VNA)
gauged scattering parameters like S}, S,;, S,,, which helped
derive reflection (R=IS,,I*) and transmittance (T =IS,,|.%)
power coefficients, Absorbance (A) was calculated using

Eq. (8)
A=1-R-T (8)

The cumulative shielding effectiveness (SE;) stems from
absorption (SE,), reflection (SEy), absorption (SE,), and

internal multiple reflections (SE,;) components, forming the
overall effectiveness (SE;) [29, 30], written as

SE; = SE, + SEp + SE), )

The occurrence of an impedance mismatch amongst dif-
ferent materials results in an increased level of reflection of
electromagnetic waves. The presence of free electrons or
charge carriers enables the process of microwave absorp-
tion. Factors like conductivity, permeability, and dielectric
permittivity influence absorption. In practical scenarios,
when the material thickness exceeds the skin depth or EMI
SE; surpasses 15 dB, EMI SE,, is negligible. Hence, EMI
SE, combines absorption and multiple reflections [31, 32],
leading to

SE; = SE, + SEj, (10)

The frequency-dependent SE;, SE,, and SEj, of the manu-
factured composite were evaluated from the VNA using the
following equations.

1 1
SEr = 10log;o(——) = 10log;g—— (1n
Slz |521|
1
SER = 1010%10(—2) (12)
IS
_ 1—18,
SE, = 10log,((—————) (13)

2
1512

The reflection coefficient for forward waves is denoted
as S}, the forward transmission coefficient is indicated by
S,,, and the reverse reflection coefficient is represented by
S,,. Measurements of scattering parameters had been con-
ducted in the expanded Ku-band frequency range, namely
spanning from 14.5 to 20 GHz. Effective electromagnetic
(EM) radiation shielding relies on electrical conductivity.
Figure 7a illustrates the overall electromagnetic interfer-
ence (EMI) shielding effectiveness (SE;) for created poly-
mer composites. The pure EMA/TPO blend (80/20) exhibits
-4 dB EMI SE, permitting easy passage of EM radiation.
Adding conductive filler gradually enhances composite SE
by constructing interconnected conductive pathways in the
matrix, blocking EM radiation in polymer composites. Add-
ing 15 wt% filler improves SE; to -39 dB. Incorporating 3
wt% RGO in the blend system results in -23 dB EMI shield-
ing efficiency, surpassing the -15 dB commercial use.

Figure 7(b, c) show SE; and SE of the polymer composite.
Figure 7d demonstrates that introducing RGO filler increases
SE, and SE;. Notably, SE, contributes more to SE; than cor-
responding SEj. This suggests that when conductive filler is
added, absorption, rather than reflection, primarily attenuates

@ Springer



459 Page 10 of 14

Journal of Polymer Research (2023) 30:459

-55

-12
—o—EgTaRy  —> EgpTaoRs —>—EgoTaoRe  —>—EggTaoR:
-50 (a) —»—z:v:a, > E:'n“m -404 (b) +e:vnn. > E:vz.,a:, (C) —o—EgTaoRg ——EgoT20Rs
-45 —o— EggT2oRy > EggT20Res =351 ——EggT20Ry >~ EgoT20R1s -104 —o—EgoT20Ry > EgoT20R10
-40 - ~-30- -~ N SR Py T+ EgoT20"3 " EgoT20R1s
2-35 & & -8
=30 .25 emmmm——~As | 2
E s =201 - 5’6' e
» 220 w 154 v 44 -
-15
-10 = 101 ~nvs AP R 2.
-5 =51
. Y T s ——— ey ——
14 15 16 17 18 19 20 14 15 16 17 18 19 20 14 15 16 17 18 19 20
Frequency (GHz) Frequency (GHz) Frequency (GHz)
& -45
° [ sey 3.01 (e —9— Skin depth -
Z -404 (d) = _ ( ) (f) Incident ““;(eﬂedcd —_—
i 235 e seq £ 25
@ =301 £
'E 254 :2'0 Internal
w " 2 = reflection
& 201 2 1.5
= == S = bsorption
gn_:(s) E 1.0 E===2] %”g
o= =1U1 w
= 5. 0.5 L \% Heat
<
= 0- 0.0 Transhnitted dissipation
g wav
u 0 1 3 5 10 15 20 2 4 6 8 1012 14 16 -
RGO loading (wt%) RGO loading (wt%)
-50 -42 (h) oo
-451 s S -394 ~ i-__fuw-“‘
s =t e —9— After bending
— ol
=351 - ] :
: 0.5mm 5-33 | 4 -
=301 “ 30
-25‘ -27‘ -
=20 . v v v - v v - v - - v
14 15 16 17 18 19 20 14 15 16 17 18 19 20
Frequency (GHz) Frequency (GHz)
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advancing electromagnetic waves. Above the percolation
threshold, a mesh-like structure emerges, potentially aiding
EM absorption. A concentrated, continuous conductive struc-
ture formed above the percolation threshold allows smooth
transmission of mobile charges and EM radiation absorption.
Moreover, the presence of the RGO defect can serve as a site of
polarization, leading to a decrease in the intensity of incident
electromagnetic radiation by absorption. The electric dipole
polarization in RGO flakes is a result of the presence of resid-
ual oxygen-containing groups such as C-O, -OH, and C=0.
Nevertheless, the presence of mobile charge carriers in reduced
graphene oxide (RGO) results in electron polarization, which
is associated with dielectric loss. This phenomenon contributes
to the attenuation of incident electromagnetic (EM) waves by
facilitating absorption.

Since EM radiation affects surface-near composite mate-
rials due to radiation impact, skin depth (8) also influences
composite SE. The skin depth of a composite material refers

@ Springer

mechanism, g SE; of composite samples of 0.5, 1 and 2 mm thick-
ness h SE; before and after 300 bending of sample

to the depth at which the strength of electromagnetic (EM)
radiation decreases to 1/e (about 36.8%) of the incident
radiation. This concept is technically defined as

2
fuo

o=

1

Within the given framework, the variables ¢, u, o,
and f are utilized to symbolize the thickness of the sam-
ple, permittivity, electrical conductivity and frequency,
respectively, measured in millimeters. Figure 7e depicts
the alteration in skin depth with increasing filler concen-
tration, while maintaining a constant frequency of 15
gigahertz. The graph depicts the relationship between the
skin depth of composite materials and the incorporation
of filler into the base polymer matrix. It demonstrates that
as more filler is added over time, the composite materi-
als exhibit an expanded network structure and improved
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conductivity. The skin depth of the material is observed to
be 0.26 mm when the loading of reduced graphene oxide
(RGO) reaches 15 wt%. The aforementioned result sug-
gests that the production of composites with the appro-
priate electromagnetic interference (EMI) shielding
capabilities for practical applications can be achieved by
decreasing the thickness of the sample and ensuring a suit-
able dispersion of filler materials. Figure 7f offers valuable
insights into the mechanism of electromagnetic interfer-
ence (EMI) shielding, highlighting the significant influ-
ence of the thickness of the shielding material in reduc-
ing the intensity of incoming electromagnetic radiation.
Figure 7g illustrates the comprehensive electromagnetic
interference (EMI) shielding efficiency (SE) of specimens
with varying thicknesses (0.5 mm, 1 mm, and 2 mm) that
incorporate 15 wt% reduced graphene oxide (RGO). It is
worth noting that the electromagnetic interference (EMI)
shielding effectiveness (SE) demonstrates an upward trend
as the thickness of the sample increases. According to the
data presented in Fig. 7g, it can be noticed that there is
an increase in the overall shielding efficiency (SE) when
the sample thickness is increased from 0.5 mm to 2 mm.
Specifically, the total SE rises from -32.6 dB to -43 dB.
Figure 7h showcases the total shielding efficiency before
and after subjecting a 1 mm thick EMA/TPO compos-
ite with 15 wt% RGO content to 300 cycles of bending.
Remarkably, there is only a marginal reduction in shield-
ing efficiency following the bend test, highlighting the
composite's effectiveness as a shielding material even
under challenging dynamic conditions.

Dielectric property

The investigation into the composite's ability to obstruct
electromagnetic radiation relied on its dielectric properties.
The Nicolson-Ross-Weir approach was employed, using "S"
parameters (S, S;,), to assess the complex permittivity,

with the real and imaginary components being determined
by the following Eq. (15):

E. =& +i¢E" (15)

The dielectric constant, also known as the real component
of the complex permittivity, indicates the composite's abil-
ity to polarize and store electrical energy [33, 34]. On the
other hand, the dielectric loss factor, which represents the
imaginary component, is associated with the loss of elec-
trical energy. Essentially, a higher magnitude of complex
permittivity contributes to increased shielding efficiency
through absorption mechanisms [35, 36]. Furthermore,
Eq. (16) associates both the real and imaginary parts of the
composites with specific capacitance (C), stimulated charge
(Q"), and electric charge (Q).

Cc_Q2_0+¢
G Qo Q

Figure 8(a-c) presents the frequency-dependent changes
of the real and imaginary permittivity, as well as the tan(d),
for the ExTxRy composite within the frequency range of
14.5-20 GHz. Figure 8a demonstrates that an augmentation
in the loading of reduced graphene oxide (RGO) results in an
escalation of the real component of the complex permittivity
of the composite. Figure 8b demonstrates a comparable pat-
tern, wherein the imaginary component, which signifies the
electric loss or energy dissipation of the composite, exhibits
an upward trend as the RGO loadings grow.

Within the microwave frequency range, the real com-
ponent of the complex permittivity is linked to inter-
facial polarization and space charge phenomena. The
Maxwell-Wagner theory of polarization posits that
in heterogeneous systems, the presence of interfaces
between different media with distinct conductivity and
permittivity leads to the development of virtual charges
through interfacial polarization. The increase in the

&= (16)

- —
284 (a) —=—EgoT20R0 Eg0T20R5 20 (b) FaoT20R0  —4+—EggTaoRs 0.96 (c) —®—EgoT20Rp  —v— EgoT20Rs
—*—EgoT20Rq —* EgoT20R10 EgoT20R1 “— EgoT20R10 * —®EgoToRy  —+—EgoTa0R10
® 24 —+—EgoT20R3 “—EgoT20R15 —*+—EgoT20R3 EgoT20R15 —&— EgoTooR3 “— EggT20Ry5
" 4 AMASAL L MMM < N ) o
> 20 A sl %w/a e%fo ‘N'e‘ia ‘ﬁw@@owm%ﬁ @,

O O o e aaata WP

Mﬂw
%

Real permitti
)

>
Imaginary permittivity (€")
Tan (3)
>
=]
>

- e
[—] (=
=) =3
N N~

o oS
P

8 NM\"W‘-. B T il

41 MW 0 W

14 15 16 17 18 19 20 14 15 16 17 18 19 20 14 15 16 17 18 19 20
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig.8 Presents the variations of a the real component of the complex permittivity, b the imaginary component of the complex permittivity, and

c the tan () as a function of frequency

@ Springer



459 Page 12 of 14

Journal of Polymer Research (2023) 30:459

Fig.9 a The process of estab-
lishing a connection between a
mobile phone and a Bluetooth
speaker. b phone, Bluetooth
speaker, EMA/TPO/RGO
composite, while music is being
played. ¢ The smartphone is
equipped with Bluetooth con-
nectivity, allowing for the trans-
mission of music to an audio
system consisting of a Bluetooth
speaker covered in aluminum
foil, featuring a subtle grooved
pattern. e The auditory output
was not being produced by the
Bluetooth speaker when the
EMA/TPO/RGO composite was
inserted into the narrow crevice

actual permittivity of the composite can be attributed
to the emergence of micro capacitors inside the com-
posite matrix. These micro-capacitors are formed by
nanofiller particles or aggregates that function as elec-
trodes while being surrounded by an insulating polymer.
The advancement of micro-capacitors results in a rise in
polarization centers, hence augmenting the actual per-
mittivity with increasing RGO loadings. The existence
of structural imperfections within the reduced graphene
oxide (RGO) material adds to the creation of additional
polarization centers, hence augmenting the actual per-
mittivity of the composite. The imaginary permittivity
of the composite material is also of significance in the
context of electromagnetic interference (EMI) shield-
ing applications. The value of (£”) is influenced by the
conductivity of the composite materials, which is deter-
mined by the existence of a three-dimensional conduc-
tive structure within the composites. The augmentation
of RGO loadings leads to an increase in the quantity of
three-dimensional networks within the composites, so
resulting in a notable enhancement of their conductivity,
as elucidated earlier. The conductivity of the composites
is enhanced with higher RGO loading, resulting in a rise
in dielectric loss. This phenomenon can facilitate the
dissipation of electromagnetic waves. As a result, the
increase in loading of reduced graphene oxide (RGO)
in the blend system has a direct impact on enhancing
the electromagnetic interference (EMI) shielding per-
formance of the composite.

@ Springer

Bluetooth demonstration

An experiment was done to showcase the practical utility
of the nanocomposite. In the initial phase of the experi-
ment, a musical signal was communicated from a mobile
phone to a Bluetooth speaker, leading to the subsequent
playback of the music by the speaker. Following that, we
proceeded to completely encase the speaker with alumin-
ium foil, while ensuring the presence of a small aperture in
the foil to facilitate the transmission of the musical signal
to the Bluetooth speaker. Subsequently, a segment of poly-
mer composite was strategically placed onto the visible
groove. Within this particular arrangement, the transmis-
sion of the auditory signal was impeded, resulting in the
Bluetooth speaker being devoid of sound. The conducted
experiment successfully demonstrated the efficacy of our
synthesized nanocomposite material, which shares simi-
larities with aluminium foil, in its ability to operate as both
a conductive material and a shielding material, effectively
blocking the signal. The complete experimental procedure
is depicted in Video 1, while a concise overview is pro-
vided in Fig. 9(a-e).

Conclusion
In the present study, a novel and economically efficient poly-

mer blend composite reinforced with RGO has been effectively
fabricated by the utilization of a solution mixing technique. The
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composite material has a high level of effectiveness in shield-
ing against electromagnetic interference. The increased tensile
strength and modulus of the composite can be ascribed to the
interaction between RGO and the blend matrix. The results of
our Field-Emission Scanning Electron Microscopy (FESEM)
investigation provide unambiguous evidence of the selective
dispersion of RGO filler within the blend composite. The inte-
gration RGO nanosheets inside the polymer matrix facilitates
the effective dissipation of heat from the composite material,
leading to a significant thermal conductivity value of 0.75 W/K.
In addition, the composite material demonstrates enhanced
electrical conductivity and better dielectric permittivity, hence
resulting in its superior efficacy for electromagnetic interference
(EMI) shielding. By including a 15 weight percent of RGO into
the composite material, a notable electromagnetic interference
shielding effectiveness (EMI SE) of -39 dB was attained when
the sample thickness was 1 mm. This study introduces a benefi-
cial methodology for the fabrication of conductive EMA/TPO/
RGO nanocomposites, which exhibit potential uses as shielding
materials in diverse electronic devices.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-023-03843-y.
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