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The rapid growth and day to day skyrocketing use of electronic equipment and gadgets used across a
vast spectrum of industrial, military, consumer, and commercial sectors have led to a meteoritic rise in a
new type of electronic pollution such as electronic noise, radiofrequency interference (RFI), and
electromagnetic interference (EMI) which leads to the interference or malfunctioning of the electronic
equipment. Studies in the past revealed that metals and their alloys, dielectric ceramics, and
semiconductors are promising candidates for EMI shielding materials but their high cost, heavy weight,

Received 23rd October 2021, and low corrosion resistance have narrowed their application. On the other hand, polymer composites

Accepted 2nd February 2022 are easy to fabricate, more economical, and corrosion-resistant. Although inherently being insulators,
these polymer composites can be made conductive by adding conductive fillers to the polymer matrix

to increase their electrical conductivity. This review paper reports the application of conductive
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1 Introduction

In the past few decades electromagnetic interference has
become a matter of great concern affecting our day-to-day life
terribly owing to the rapid evolution of technology and global
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thermoplastic elastomer (TPE) nanocomposites in the shielding of electromagnetic interference.

usage of electronic gadgets.' Electromagnetic interference is
the electromagnetic pollution or signal that can result from any
man-made device (computer circuits, arc welders, brush
motors, etc.) or natural source (lightning, solar magnetic
storms, earth’s magnetic field flux, etc.). A higher electronic
wave frequency potentially disrupts the performance of
sensitive electronic equipment and devices with effects ranging
from short-term disturbances to permanent system failures.®”
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The adverse effects of EMI are not only limited to the mal-
functioning of electronic appliances; they also pose a significant
threat to biological lifeforms. Constant exposure to electro-
magnetic radiation increases the chances of life-threatening
conditions such as heart problems, asthma, cancer, and even
miscarriages.” "

Previous research studies have proved that conducting or
magnetic materials such as metals, conducting polymers,
carbon-based materials, dielectric, and magnetic materials can
be effectively used to block the penetration of EM radiation.'*™"”>*
Traditionally, metals and metallic composite materials have been
used for EMI shielding, but their applications are confined by
their heavyweight, poor mechanical flexibility, high density, corro-
siveness, and high processing costs.'® > Thus, active research has
been ongoing towards fabricating light-weight, flexible, and
corrosion-resistant materials such as polymer matrix composites,
which can be effective in EMI shielding applications with low
processing cost.>*> Although some polymers are conductive,
most of them are insulating by nature, and thus additives are
needed in the polymer matrix to generate conductivity of the
polymer composites. Carbon nanofibers,**™’ single-walled carbon
nanotubes (SWCNTs),***° multi-walled carbon nanotubes
(MWCNTSs),**"** graphene,*>*®%* etc. have proved to be valuable
nanofillers in polymer composites. These polymer composites
give designer flexibility and offer significant benefits over tradi-
tionally used metals, unfilled resins, and coatings.

From an industrial point of view, EMI is related to technical
problems. Most electronic devices in operation emit electromagnetic
waves, and all electronic devices are prone to EMI problems; and
as a result, ensuring electromagnetic compatibility becomes
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necessary. In order to ensure the performance requirements,
EMC regulations have been established and standards set by
international organizations.® These standards must be satisfied
for commercial electronics, and one way to achieve the EMC
required level is to use shielding materials. Therefore, in a global
context, the interest in investments to develop advanced
materials capable of, for example, reflecting or absorbing electro-
magnetic radiation to overcome the crescent electromagnetic
pollution is evident. Consequently, lots of research studies are
being conducted with the aim of developing multifunctional
shielding materials®”° that may present suitable mechanical
properties, lower density, good processability, and, at the same
time, fully satisfy aesthetics parameters.

In general, composites based on conventional thermoplastic
polymers and carbon nanoparticles appear as candidates to
meet most of these advanced requirements. However, EMI
shielding materials must also mandatorily present flexible
properties for some applications. Currently, composites based
on conventional rubbers and traditional carbon particles are
the most flexible EMI shielding materials. However, these
composites present some significant drawbacks mainly related
to the curing process and the need of a high amount of
conducting fillers. Therefore, the development of materials
that combine the outstanding properties of thermoplastic
elastomers and carbon nanoparticles may be a promising
option for developing a new generation of high-performance
flexible EMI shielding materials.

2 Basic mechanism of EMI shielding

EMI shielding is the phenomenon of protecting the signals from
being affected by external electromagnetic noise using manu-
facturing techniques or materials which can act as a barrier
between the device and the surrounding component. The materials
used for EMI shielding give immunity to the sensitive components
in devices from incoming interference and also prevent noise from
reaching other susceptible equipment.>®>*%°

The total EMI SEt for an EMI shielding material is contributed
by three mechanisms mainly; absorption (SE,), reflection (SEg),
and multiple internal reflections (SEyg). (Fig. 1)

SEt = SEA + SEg + SEpmr (1)

The phenomenon of absorption is associated with the
dissipation of the energies, whereas the surface reflection is a
result of impedance mismatching of the shielding material and
approaching EM wave. The multiple reflections, on the other
hand, are calculated by radiation scattering inside the shielded
material, which happens because of the inhomogeneity within
the material.® However, SE, equal to or higher than 15 dB is
generally considered to be sufficiently high for the multiple
reflection component not to be considered, and the shielded
materials are regarded as electrically thin.*'~>?

The reflective nature of an EM wave is directly related to the
surface charge in the material for which the material is
required to be conducting in nature. The incident waves which
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Fig. 1 Schematic representation of the EMI shielding mechanism.

are not reflected are transmitted through the medium and are
dissipated as energy by absorption.®*®® Therefore, it is important
to quantify the amplitude of a transmitted EM wave. The
amplitude of the wave is e “°; where z is the distance until
the EM wave penetrates into the conductive material and ¢ is the
skin depth of the conductive material. Skin depth is defined as
the distance within the conductive material where the power of
the EM wave decreases by a factor 1/e as the EM wave trans-
mitted goes deeper inside. Skin depth can be calculated as®”®®

8 = 1/\/rowuc (2)

where o is frequency, u is the relative magnetic permeability of
shielding materials and ¢ is the electrical conductivity of
shielding materials. The above equation shows that skin depth
has an inverse relation with electric conductivity, magnetic
permeability, and frequency. Thus, an increase in the magnitude
of electric conductivity, magnetic permeability and frequency
will increase the reflection rather than absorption.*®

The losses associated with reflection and multiple internal
reflection are dependent on the impedance and therefore, their
value varies for the electric field, magnetic field, and plane
wave. Contrarily, the absorption losses will be the same for all
three fields as the absorption phenomenon does not depend on
the impedance.”®

2.1 EMI shielding effectiveness (SE)

The shielding effectiveness (SE) of the material is defined as the
ratio of the incidence field strength to the transmitted field
strength. The shielding effectiveness in decibels (dB), is given

as71

SEp = 10log 10(Pin/Pout) (3)
SEg = 2010g10 (Ein/Eout) (4)
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SEn = 2010g10 (Hin/Hout) (5)

where P represents the energy field, E represents the electrical
field, and H represents the magnetic field. The subscripts in
and out represent the magnitude of the field strength that is
incident on and transmitted through the EMI shielding materials,
respectively. All electromagnetic waves propagate at a right angle
to the plane containing electric field and magnetic field, which are
orthogonal to each other. Its characteristic depends on its
frequency and associated photon energies. The ratio between
the electric field strength and the magnetic field strength is called
wave impedance. Based on the distance (r) of the EMI shielded
material from an EM wave source, the regime of measurement is
separated into the far-field and the near field. The far-field region
is determined by the condition when the distance (r) is greater
than 4/2n between the EM wave source and shielding material.
In this, for the field region, EM wave impedance is equal to
the intrinsic impedance of free space [Zo= [1o/£of = 377 Q] where
to = 4n x 1077 H m™ " is the permeability of free space and
£o = 10/(4nc®) F m ' is the permittivity of free space (where
¢=2.998 x 10° m/s is the velocity of light). In the near field region,
the distance (r) between the EM wave source and shielding
material is less than 2/2r.”>7°

2.1.1 Shielding by reflection (SEg). The primary mecha-
nism of EMI shielding is reflection. Reflection loss (SEg) is
related to the relative impedance mismatching between the
surface of the shielding material and the EM waves. The
magnitude of reflection depends upon the surface conductivity
and can be expressed as

SEg = —101logyo + 101og (or/16weopy) (6)

where o is the total conductivity of the shielding material, and
Uy is the relative permeability. Therefore, shielding by reflection
is a function of the conductivity and the permeability of the
shielding materials.”®”®

2.1.2 Shielding by absorption (SE,). Absorption is the
secondary mechanism in EMI shielding. Unlike metals, where
shielding is primarily due to reflection, for polymer nano-
composites, shielding is driven by absorption,®*® which helps
in controlling EM smog. Thus, shielding by absorption is mainly
due to the current generated in the material (Ohmic losses) and
magnetic hysteresis losses. For homogeneous materials, shielding
by absorption can be calculated by

SE, = 8.7d/d = 8.7d\/nfuc (7)

where d is the thickness of the shielding material and ¢ is the
skin depth. Hence, shielding by absorption is directly propor-
tional to the thickness of the shielding material. Shielding by
absorption increases with an increase of incident frequency,
while shielding by reflection decreases with an increase of
incident frequency.”® %2

2.1.3 Shielding by multiple reflections (SEpg). For thinner
materials, radiation is trapped between two boundaries due to
multiple reflection, ie., EM waves reflect from the second
boundary, come back to the first boundary and are re-reflected
from the first to second boundary, and so on. Shielding due to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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multiple reflections can be estimated by the following equation
if skin depth > material thickness,

SEmr = 20log 10(1 — e~ 2%) (8)

This shielding by multiple reflections can be neglected when the
thickness of the shielding material is greater than the skin depth
(0) as the amplitude of the absorbed wave becomes negligible by
the time it crosses the boundary. In other words, the SEyr of the
shielding material is negligible if SE, is >10 dB.>>®

2.2 Shielding mechanism of polymer composites

To understand the EM shielding behaviour of the composite
material, it is important to study all the aspects related to it.
There are many efficient media theories (EMT) providing homo-
genization of composite media. The Maxwell Garnett (MG) model
is the simplest and the most well-known model to use. This model
is effectively applicable for multiphase systems.”® The Maxwell
Garnett multiphase formula for composites having particulate
conducting inclusions below the percolation threshold is

3
&b
&, =& + Vi —_— T 1
off b 32 ! Z{-‘b—i—N,k(?,—Sb)/
1 n 3

31:1 leb+le 81_8b)

)

where ¢, is the relative permittivity of the dielectric matrix phase;
& is the relative permittivity of the i-th type of particulate inclu-
sions; v; is the volume fraction occupied by the conducting filler or
inclusions of the i-th type; Ny is the depolarization factor of the i-
th type of foreign inclusions, and the indices & = 1, 2, 3 correspond
to x, y, and z Cartesian coordinates.

In the case of composite materials assisted with the conductive
inclusions around the percolation threshold, the effective permit-
tivity can be incurred from the McLachlan’s effective medium
theory.”® McLachlan’s equation is suitable for tracing out the
effective parameters of the mixture close to or above the percola-
tion threshold;

81 /s)

/s /s 1

(I =) <3b/ - Vi <3b/ - Scf/tg>
1/s 1/s + l/t

e + ((1 pc)pc) & ((1 - pc)pc

These above equations are derived based on the percolation
threshold of the composite material. Materials with a medium
range of conductivity such as polymeric materials are
known as lossy materials. Where the EM wave losses its energy
by heating up the medium. Pozar explained the measurement
of shielding effectiveness through mathematical calculation
for a lossy material like rubber composite. The equation
is classified based on absorption loss and reflection loss.
In the case of linear isotropic lossy materials, the alternating
current (AC) electrical wave propagation has two basic
components.

The free electrons/holes transport obeying the complex
conductivity ¢, which can be expressed as

e =0  (10)

(11)

og=0 —jo'
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and the bound electron dielectric displacement implied in
the permittivity which can be expressed as

e=¢ —j¢' (12)

Where ¢’ and ¢” are the real and imaginary part of the complex
conductivity respectively. The real component ¢’ is colligated to
the phase of polarization and ¢’ as an imaginary component is
the result of the losses consorted with the dielectric damping
i.e., the bound electrons in the dipoles experience fluctuation of
the electric field at an angular frequency designated as w. Thus,
the current density, J, determined by an electric field E, is
/ 1
J = jo (s’ —je %+ “—) E (13)
o o
Imaginary conductivity is usually negligible at a frequency
lower than 300 GHz. So, it can be assumed that

o' =opc=0 (14)
Hence, we can write the current density as
a
J=jold —j(#+2)]E (15)
)

where the term (e” + %) linearly depends on the total effective

conductivity.
The inherent impedance of a material # is

U
8/ 7‘]'(8// + G/w) (16)
where u is the magnetic permeability of the composite material.
For a viscoelastic lossy material viz. rubbery system, the expres-
sion related to the attenuation constant « as a function of the
electrical, magnetic losses and dielectric losses was reported else-
where by Paul. The propagation constant, y, can be expressed as

]’,:

y = joulo + jor) (17)
If the above equation is combined with complex
permittivity we get
7 = jop{o +jole —ji")} = jop{(o + wo") + joc’y  (18)

The propagation constant is also defined in terms of its complex
components, ie., the attenuation «, and phase constant f;

7* = jou(o + jor) = (o + jB)° (19)

(o« + B?) +j20f = jou(c + we") — w’ue’ (20)
Comparing from both sides

2uf = wu(o + we")

(o2 — B?) = —pe!

ou(o + we")

P
o

12
- [wmaz; v q e

—w e + 1/ (e’ +op(o + ve)?
! +/( u2> [wn(e + we)] on
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hence the value of o will be

/ 7y 2
e’ 1+{0’/a)+3} _1

8/

o=w

2.3 Shielding effectiveness measurement techniques

Measurement of shielding effectiveness for any composite materials,
a solid material network analyser is used which is divided into two
types (a) a scalar network analyser (SNA) which can compute
electrical signal only, that’s why it is not useful for measuring
complex signals; and (b) a vector network analyser (VNA) can
compute both electrical and magnetic signals and measure the
transmission coefficient and reflection coefficient. Complex
permeability and permittivity can be measured by analysing the
reflection and transmission signals of VNA. Thus, more prefer-
ence has been given to VNA as compared to the previous one.

Generally, in the case of VNA, (Fig. 2), a high frequency wave
sweep to measure the signal of the EM wave ranges from a few kHz
to 110 GHz or even higher is used. To measure the transmission
and reflection signals of the sample, a single frequency signal
launches from the source of the system to the material under
test (MUT). The receiver is set to this frequency to detect the
reflected and transmitted signals arising from the material. The
measured response produces the magnitude and phase data at
that frequency. The source is then stepped to the next frequency
and the measurement is repeated to display the reflection and
transmission measurement response as a function of frequency.’>

Fig. 2 shows a schematic of the VNA technical arrangement
with experimental setup. The technique involves the measurement
of the reflected (S;;) and transmitted signal (S,,). The SE of the EMI
shield can be expressed as

1 1
Er =101 —=101 — 2
SEr = 10 logy, T 0 Og'0|S212\ (23)
SEr =10 lo L _ 10 lo ! (24)
R= glol_R— g101—|S“2|
1-R 1— [Si?]
SEAx = 10 1 ——=101 _— 25
A 0L T 0810 15207 (25)
A=1—-R-T (26)

1 -
Focture ransmitted

Qe

SOURCE l Aoy

Ris

INCIDENT REFLECTED TRANSMITTED
®) A (8)

SIGNAL % )

SEPARATION

N

Fig. 2 Photo of two port VNA and schematic of VNA. Adapted from
ref. 172 Copyright 2012, In Tech Open.
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where in the above equations the SE provides details on the
desired deactivation mechanisms whereas the coefficients give
detailed information about the fractions of EM radiations lost

via reflection as well as absorption.®* ¢

2.4 Percolation theory

The electrical conductivity of the polymer nanocomposites
strongly depends on the concentration of the nanofillers,®"*>
their dispersion and distribution, processing techniques and
nature of the polymer matrix.?® In EPC’s, the dispersed state
of the conductive filler plays a vital role in deciding the
conductivity of the composite and is well explained by the
percolation theory.

The theory gives an idea about the minimal amount of
conductive filler required to convert an insulating polymer
matrix to a conductive one. As in Fig. 3, the conductivity versus
filler concentration plot can be broadly divided into three
regions: Region 1, 2 and 3. At a lower concentration of filler
i.e. region 1, the composite acts as an insulating material as the
filler particles are separated from one another without the
formation of a continuous conductive network. Region 2 shows
an abrupt increase in conductivity. In this region, a continuous
conductive network forms through the arrangement of filler
particles in the polymer matrix. Beyond a particular concen-
tration, a very small increment in conductivity is observed and
this particular concentration is called the electrical threshold
concentration. More or less a plateau region is formed beyond
the threshold concentration of filler (region 3) without any
significant increase in conductivity. Excessive addition of filler
above the threshold concentration can lead to an increase in
agglomeration and aggregation of filler particles which will not
help in improving electrical conductivity.

The percolation threshold concentration or limit can be
predicted using the power law of classical percolation theory
as per the equation

opc = 0o (p — po)f for p > p. (27)

where opc is the DC conductivity and o, is a constant quantity.
p and p. are the filler fraction and filler fraction at critical or
percolation concentrations respectively and ¢ is the critical

Region 1 : Region 3

I
J.
e = I
IReglon ZI
1
|

Electrical conductivity

Filler content

Fig. 3 Schematic diagram showing the percolation behaviour of the filler
in the polymer matrix.
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exponent. The critical exponent value is an important factor
that indicates the lattice dimensionality of the filler.?”"%®
A t value ie. close to 1.5 says the electrical conductivity is due
to the contact between agglomerates whose shape is close to
spherical. A higher value of ¢ (close to 3) indicates the con-
ductivity is imparted by the contact between individual fibers.®°

3 Preparation techniques of polymer
nanocomposites

Nanocomposites are developed by the homogeneous dispersion
of the nano-material (filler) in the polymeric matrix to enhance
the physical properties of the composite material. The properties
of a polymer nanocomposite can be modulated by varying the
concentration of the nanomaterial (wt%) in the polymer matrix
and using various polymerisation techniques. Various types of
compounding methods are used to synthesize nanocomposites;
such as (i) in situ polymerization, (ii) solution compounding,
(iii) melt blending; (iv) soljet methods and (v) electro spinning. As per
a literature survey, the first 3 methods are being used for synthesizing
thermoplastic elastomer nanocomposites. All these methods have
some pros and cons which are explained in this section.

3.1 Solution mixing

This is a solvent based method (Fig. 4). A prerequisite of this
method is that the polymer should be dissolvable in the solvent
such as tetrahydrofuran (THF), dimethyl formamide (DMF),
toluene or acetone. Then the nanofillers are also dispersed in
this polymer solvent solution. Then the solution is mixed
homogenously using mechanical mixing, magnetic agitation,
or high-energy sonication. Because of the high shear force the
fillers are finely dispersed in the polymer matrix. Pre-dispersion of
the nanofiller in the solution using ultrasonication eases mixing
of the polymer and filler solution. The optimum sonication
condition (power and time) can be decided based on filler
concentration.””

As compared to other methods, here filler dispersion in the
polymer matrix can be easy due to low viscosity. After mixing,
the solvent is removed by evaporation and the matrix is molded
to give the appropriate shape. Here, surface modification of the
filler can also be done without drying. The electrical conducting
composites prepared by solution compounding have a lower

’ Polymer Solvent

(Matrix)

+
+

Stirring

Casting and
Drying

’ Nano

Solvent
filler

.. e Heat
el

Composite |
—_— Nanoparticle in
insulating matrix

Fig. 4 Method of preparation of extrinsic polymers by solution mixing
methods.
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percolation threshold. The main disadvantage of this method is
in large scale production i.e difficulties in extraction and
disposal of solvent on a large scale. This is also hazardous for
the environment. Several research groups have been using this
method to produce thermoplastic polyurethane (TPU) based
nanocomposites.

3.2 In Situ Polymerization

In situ polymerization takes place between a nanofiller and
monomer at the beginning (Fig. 5). Covalent bonds form between
the filler and polymer matrix, and because of this homogeneous
dispersion strong bonding can be achieved in this method.

This method is preferred for thermally unstable or insoluble
polymers which cannot be processed by other in situ polymer-
ization, and is the most efficient method among the other three
methods. Due to strong interaction between the filler and
matrix these composites show very good mechanical properties.
The main disadvantage of this technique is the consumption of
a lot of electrical energy to disperse the filler in the polymer
matrix, so this method is not fruitful for mass production.

3.3 Melt blending

Compared to the other two techniques melt blending is the most
preferred technique for mass production (Fig. 6) because it is
simple, environmentally friendly and cost effective. In this process
nanofiller is dispersed into a viscous fluid of molten polymer
using a high shear force. Therefore, solvents are not required and

| Monomer ‘ + IRencli\'cmn(orinll Mising

Add

l NanoFiller | Polymerization
Mixing
o °
Heat - ’.. ° .°.
® 'o ° o® o ®o©

[ composite

Nanoparticle dispersed

in matrix (conducting/
insulating)

Polymer
(Matrix)

Fig. 5 The in-situ polymerization method of preparation of conductive
and insulating polymers.

Heat

Polymer . A e
(Matrix) Blending
Molten
Add i
Nano matrix
Filler Casting /curing

Nanoparticle in
insulating matrix

Fig. 6 Method of preparation of polymer composites by melt mixing
methods.
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Table 1 Polymerisation techniques of various TPE composites and their SE
Polymerisation techniques Base polymer Nano filler SE (dB) Ref.
Solution compounding TPU RGO (2.5%) 53 98
Solution compounding TPU foam RGO (3.2 vol%) 21.8 99
Solution compounding TPU foam Graphene 23-24 100
Melt compounding SEBS GNP + CNT 36.47 101
Melt compounding SEBS CNT 29.6 102
Melt compounding SBS/PVDF/PVA MWCNT
Melt compounding TPU Silver 103.5 103
Natural rubber Fe;0, reduced graphene 26.4 104

traditional mixing devices such as an extruder, internal mixer, and
two-roll mill are used for these techniques.

In the case of melt blending, the percolation threshold is
comparatively higher than the in situ polymerization or
solution compounding. Unlike the studies involving in situ
polymerisation and solution compounding techniques, here,
a fine balance has often been struck between mechanical and
electrical properties, which could lead to faster realization into
commercial products.

Table 1 shows the compositions, shielding effectiveness
(SE) and polymerisation techniques of various thermoplastic
elastomer nanocomposites.

4 Thermoplastic elastomers

Thermoplastic elastomers bridge the gap between rubber and
thermoplastic polymer materials. Thermoplastic elastomers
possess the ability to be stretched to more than 100% strain,
returning to their original shape after removal of the applied
stress showing their elastomeric behaviour while ensuring the
good process-ability of thermoplastics at elevated temperatures.
Thus, thermoplastic elastomers are the blends which can be
recycled and remoulded like thermoplastics and show the
characteristic property of elastomers at ambient temperature.
These blends exhibit excellent service properties at the econom-
ical price whose material properties can be modified by varying
the blend component, viscosity of the components and com-
pounding ingredients."*>'

The initial thermoplastic elastomer that was introduced was
thermoplastic polyurethane in the 1950s."”” Later that decade,
researchers focused on the manufacturing of novel block
copolymers and thermoplastic polyolefins (TPO)."*® Thermoplastic
elastomers based on styrenic block copolymers became more pop-
ular in polymer industries in the 1960s."” The first TPE to be
commercially available was a blend of partially cured mono olefin
copolymer rubber with a polyolefin thermoplastic in the year
1972.1'%1!1 In the late 1950s, the emergence of the TPEs in the field
of polymer science and technology fetched a new horizon.">™**

Most often the thermoplastic elastomers are block copolymers
(Fig. 7) consisting of soft and mobile “rubbery” blocks with a low
glass transition temperature (Ty), and rigid or hard “glassy”
blocks with a high melting temperature (71,) or high T,. They
can be commercially divided into two broad categories: (a) based
on block copolymers (triblock or multi-block), and (b) based on
polymer blends. The tri block copolymers have a soft and flexible
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Fig. 7 Morphology of (a) a block copolymer thermoplastic elastomer and
(b) a rubber/plastic blend thermoplastic elastomer (TPE). Reprinted with
permission from ref. 134 copyright 2020 Elsevier Ltd.

mid-block surrounded by rigid end blocks like SBS (styrene-
butadiene-styrene) or SEBS (styrene-ethylene-co-butyl-ene-
styrene). Whereas in the multi-block copolymers, rigid or hard
blocks are constituted of polyesters, polyamides or polyur-
ethanes and polyethers form the soft blocks.'™>™""”

The rigid blocks together form clusters which act as physical
cross-links between the soft blocks. Under deformation, the
hard blocks remain crystalline and do not deform, therefore
the deformation is governed by the soft rubber domains. Under
the melt temperature, the copolymer chains start to flow and the
material can be processed like all thermoplastic polymers.**™">*

Thermoplastic elastomers have various advantages like easy
processability, better quality control and easy variation in
properties by varying the ratio of components. They do not need
vulcanization and require much less compounding. They also offer
recycling of the scraps without the significant deterioration of the
properties. Disadvantages of thermoplastic elastomers include
creep response upon extended use and loss of elastic behaviour
at a higher temperature. As the rubber phase is not cross-linked, it
does not provide enough resistance to set behaviour under
prolonged deformation. This led to the formation of dynamic
vulcanizates or thermoplastic vulcanizates where the elastomeric
phase is cross-linked leading to superior elastic behaviour.

4.1 Block copolymer based thermoplastic elastomer for EMI
shielding

Various studies have reported the effectiveness of block
copolymer based thermoplastic elastomers for the EMI shielding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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application. Literature shows that SEBS (poly styrene-b-ethylene-ren-
butylene-b-styrene) mixed with different fillers show exceptional
conductivity and prove to be a suitable materials for shielding.
Kcheyla et al.'®* reported an electrically conductive thermo-
plastic elastomer composite based on the SEBS and expended
graphite (EG)/carbon black (CB) through melt blending for the
application of EMI shielding. They compared the electrical
conductivity, as well as EMI of SEBS/EG and SEBS/CB. The
incorporation of the EG and CB additives into the SEBS matrix
were responsible for the composites having electrical conductivity
15 orders of magnitude higher than that of the pure SEBS. The
SEBS/EG and SEBS/CB composites fabricated show high electrical
conductivities of 0.2 S cm ™" but the SEBS/EG composites were
found to have higher electrical percolation thresholds than the
SEBS/CB composites. The EMI SE (Fig. 8) acceptable value for the
SEBS/CB composite blended with 15 wt% of CB showed promising
results for shielding applications. They showed that the electromag-
netic interference shielding effectiveness increases with an increase
in the additive weight fractions in the matrix. For both SEBS/EG and
SEBS/CB the EMI SE was found to be predominantly due to
reflection. At a higher amount of conducting additive, beyond the
percolation threshold, the composite containing CB displayed a
higher EMI SE than those containing a similar amount of EG.
Kuester et al.’®® demonstrated SEBS and carbon nanotube
(SEBS/CNT) nanocomposites fabricated by melt compounding
for shielding applications. The nanocomposite exhibited an
EMI SE of 30.07 dB upon addition of 15 wt% of CNT in the SEBS
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Fig. 8 EMI SE versus frequency for (a) SEBS/EG and (b) SEBS/CB composites
with 5,7, 10, 15 and 20 wt% of EG, and 3, 5, 7, 10, and 15 wt% of CB, respectively.
Reprinted with permission from ref.122 copyright 2015 Elsevier Ltd.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

.'..Q'
304 ...'Q.Q'.......Q.......

® - SCOS -9~ 8 CONT
@~ 1ONT —4— 10CNT
254 & ICNT w18 CNT
v-sont

B e o s il S S S S

90t e 0000000000000 0000000000 00

SE (dB)

YYVvve
YYvYvew
- YYVYVYYTYYYYTvryvvvve
Aada
AdAddassssassssscssssanaan

©0000000000000000000000000000
04 ""essssssssssssssnsnssnnanann

T T
10 1" 12

8 9
Frequency (GHz)
35
30] OSEA
55| WSER
= 20
-
S 15
10
m=a BE BB mm B B
o4
1 3 3 8 10 15
CNT (wt. %)
Fig. 9 (a) Shielding effectiveness versus frequency of SEBS/CNT nano-

composites at different CNT weight fractions. (b) Contribution of reflection
(SER) and absorption mechanisms (SE,) to the total EMI-SE (dB) at different
CNT weight fractions for the SEBS/CNT nanocomposites. Reprinted with
permission from ref. 102 copyright 2016 Elsevier Ltd.

matrix. They evaluated the electromagnetic interference shielding
effectiveness (EMI-SE) of the nanocomposites for the X-band
microwave frequency range which showed that maximum con-
ductivity of approximately 1 S cm ™" with 8.0 wt% of CNT. EMI SE
is increased with the increase in the CNT weight fraction in the
prepared nanocomposite (Fig. 9 a and b). The average shielding
effectiveness due to reflection, SER, is predominant at a lower
weight fraction of CNT whereas the SEA contributed more at a
higher CNT weight fraction for the SEBS/CNT nanocomposites.

In extension to the previous paper, Kuester et al.'°* reported
other hybrid nanocomposites of SEBS with carbon nanotubes
(CNT) and graphene nanoplatelets (GnP) fabricated by a melt
mixing process and nanocomposite tested in the X band.
The hybrid nanocomposites presented synergic effects on EMI-
SE when compared to the single-component nanocomposites
(SEBS/GnP and SEBS/CNT). The maximum EMI-SE of 36.47 dB
was achieved for the SEBS/GnP/CNT nanocomposite with
5/10 wt% of GnP/CNT. The electrical conductivity increased by
17 orders of magnitude when compared to the pure polymer
matrix, reaching 2/8 wt% of GnP/CNT. Fig. 10 a and b show that
the EMI SE of the prepared SEBS/GnP nanocomposite increases
with an increase in the weight fraction of GnP.

In their work, Xu et al'* reported reversibly crosslinked and
solvent-proof SEBS/carbon hybrid composites for (EMI) shielding,
utilizing Fur-SEBS as the matrix, BMI as the crosslinking agent, and
FG and MWCNTs as fillers. The reaction between furan and the filler
is based on the Diels Alder (DA) reaction. The composite designed was
based on the microwave absorption capacity of the resulting compo-
site which could be enhanced and a maximum SE of 36 dB was
reported (Fig. 11) by the composite with 4 wt% FG and 12 wt% CNTs.

Mater. Adv., 2022, 3, 2670-2691 | 2677


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00989c

Open Access Article. Published on 08 February 2022. Downloaded on 10/19/2025 8:57:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

—=—2GnP
—e—5GnP

T
8 9 10 1" 12
Frequency (GHz)

45  GnP+CNT=10wt%
—8— 7/3 GnP/CNT
—@—5/5 GnP/CNT
—4A— 2/8 GnP/CNT

He etk eI Ao kR

GnP +CNT =15wt.%
—4&—7/8 GnP/CNT
—*—5/10 GnP/CNT

IS
o
1

w
a
1

©w
k=]
1

0009000900000000000000000000600

MMHMMM

©0000000000000000000000000000

M

9 10 1|1 12
Frequency (GHz)

Shielding effectiveness (dB)
a 8 B
1 1 1

o
1

o

<3

Fig. 10 (a) Shielding effectiveness of SEBS/GnP nanocomposites at dif-
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weight fractions as a function of frequency. Reprinted with the permission
from ref. 101 copyright 2017 Elsevier Ltd.
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Fig. 11 EMI shielding properties of the prepared composites: (a) com-
parative EMI SE curves of Fur-SEBS9/BMI/FG4, Fur-SEBS9/BMI/CNTs and
Fur-SEBS9/BMI/FG4/CNTs composites; (b) contribution to total SE due to
absorption and reflection for Fur-SEBS9/BMI/CNTs12 and Fur-SEBS9/BMI/
FG4/CNTs12 at 9 GHz; (c) power coefficients of Fur-SEBS9/BMI/CNTs12
and Fur-SEBS9/BMI/FG4/CNTs12 composites at 9 GHz; (d) SEM image
of Fur-SEBS9/BMI/FG4/CNTs12; (e) magnified image of image d; (f)
schematic diagram of attenuating the microwave for the Fur-SEBS9/
BMI/FG/CNTs hybrid composites. Reprinted with permission from
ref. 123 copyright 2018 Elsevier Ltd.

To measure the EMI SE of the novel composite material
for the application of sealant and gasket in radiofrequency
appliances Albers et al. prepared SEBS and silver nanoparticle
(spheres, fibers) composites. Fiber shaped fillers exhibit more
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conductivity as compared to sphere shaped ones because the
conductive path reduces the percolation threshold. Previously it
has been studied that coating of conductive filler enhances the
electrical conductivity of the composite by arresting the matrix
and particle interaction and increasing inter-particle interactions.
Thus, this group selected some organic solvents (ODM & DPHT)
for coating. They observed that the DC conductivity and radio
frequency impedance were reduced by the coating. In the case
of DPHT coating, DC conduction was attained through a combi-
nation of particle alkylation and doping with polarizable
n-conjugated compounds and electron tunneling was dominant
in the DC conductivity of ODM coated composites. A combination
of both effects was observed in the case of ODM + DPHT coated
composites.' The RF shielding characteristics of various elasto-
mers were evaluated in the frequency range from 20 MHz to
2000 MHz. It has been observed that in the case of RF attenuation
measurements fibers gave better result as compared to the
spheres and only ODM coated composites enabled an SE of
120dB, whereas the effect of DPHT was not significant.

Pan et al. fabricated SEBS based nanocomposite micro-
spheres with a carbon nanoparticle (MWCNT & rGO) based
filler."*® They had prepared SEBS/MWCNT microspheres first by
a solvent evaporation method. Then in situ reduction of gra-
phene oxide was added to coat the SEBS/MWCNT microspheres.

Finally, segregated SEBS/MWCNT/rGO nanocomposite
microspheres were achieved by hot pressing, as shown in
Fig. 12, for further study such as electrical conductivity, perco-
lation threshold, and EMI SE were done on the sample.

This group observed that a conductive 3-D network was
formed in the SEBS/MWCNT/rGO composite where rGO was
the most important for the conductive path. Though MWCNT
had little effect on the conductive network, it does not affect the
percolation threshold of the composite because MWCNT is
covered by an insulated SEBS matrix. When the SEBS matrix
was loaded with 2.1 vol% CNT and 3.3 vol% rGO, the con-
ductivity reaches 0.14 S/m, which is 16 orders of magnitude
greater than the original SEBS matrix. It is found that the
composite samples have an excellent EMI shielding perfor-
mance due to their special 3D conductive network. The EMI SE
of the composite filled with 2.1 vol% CNT and 3.35 vol% rGO

Self assembly

%

Reduction

e

Solvent evaporarion

E Homogenization

Fig. 12 Schematic of the preparation of SEBS/MWCNT/rGO nanocom-
posite microspheres. Reprinted with permission from ref. 125 copyright
2019 Wiley Periodicals, Inc.
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reaches 26 dB in the X band (meaning that 99.75% of the
incident EM radiation is blocked) as shown in Fig. 13, which is
6 dB higher than the commercial requirement of 20 dB. From
the perspective of EM energy distribution analysis, its reflectance
coefficient (19-41%) reveals that the main shielding mechanism
is absorption. On the basis of contrast experiments, the results
show that the EM absorption ability is greatly influenced by the
content of CNT and rGO, molding temperature.'

Another EMI shielding material based on SEBS was reported
by Zhao et al.**® which is based on ZrO,-coated graphene oxide
(GO)/SEBS. These nanocomposites showed an excellent EMI
shielding effectiveness (SE) of 37.9 dB (Fig. 14) over the X band.
The SEBS/ZrO,-coated GO nanocomposite showed better oxida-
tion resistance due to a high-order architecture and effective
compatibility due to better interaction between the ZrO,-coated
GO and SEBS matrix surfaces.

Styrene-butadiene-styrene copolymer (SBS) based composites
have also been proved to have excellent EMI shielding properties.
A conductive (SBS/CNT) composite foam with three-dimensional
networks, reported by Tian et al'> was made by freeze-drying
technology. The SBS copolymer helped strengthen the CNT frame-
work and improved the mechanical strength of the composite
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Fig. 14 EMI SE of SEBS/pristine GO and SEBS/ZrO,-coated GO over the
X-band (a) SET; (b)SEA; and (c) SEg. Reprinted with permission from ref. 126
copyright 2018 Society of Plastics Engineers.
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foam. With a loading of 9 wt% CNTs, the composite foam exhibited
an excellent compression modulus of 1.15 MPa and good recovery
of 32%. Furthermore, it also showed an outstanding total EMI
shielding effectiveness above 47 dB within the frequency scope of
8.4-12.4 GHz and electrical conductivity of 51.8 S m™".

4.2 Thermoplastic PEBA based thermoplastic elastomer
composite for EMI shielding

Thermoplastic elastomer poly ether block amide (PEBA) is a
block copolymer composed of rigid polyamide (PA6, PA1l1,
PA12) and flexible alcohol terminated polyether (PEG) by
condensation reaction. These polymers exhibit low density
and good flexibility under varying temperature with high
strength and toughness.'?® PEBA resin has a high gas perme-
ability, which can help the sorption of a foaming agent and
reduce the required foaming time."?° It can be easily dissolved
in the environmentally friendly solvent ethanol."*® PEBA resin
can be synthesized from biomass raw materials, and it can be
recycled by simple eco-friendly methods."**

Wang et al. prepared flexible and conductive PEBA/IMWCNT
nanocomposite films in solid and porous (microcellular and
nanocellular) structures. Microcellular, co-microcellular and
nanocellular foaming was created by biaxial stretching with
& =0.5,¢=1and ¢ = 1.5. The presence of MWCNT and biaxial
stretching refined the cellular structure and give uniformity.
Solid PEBA/MWCNT nanocomposite films exhibit a conductive
nature due to the MWCNT nanoparticles which create a
conductive network in the PEBA matrix. But the conductivity
properties decrease in the case of microcellular foaming because
the micro cell is too large compared to the particle size MWCNTS,
which could muddle the conductive network. In the case of
nanocellular PEBA/MWCNT, the conductivity increased two
orders of magnitude higher than the solid sample (Fig. 15).

In this case MWCNT reorientation increases the contact
opportunity of MWCNTs, thereby increasing the conductive
networks and improving conductivity. For EMI shielding

1.0E-01 I
1.0E-03 1 T
1.0E-05

ﬁ Large cells

1.0E-07 A

Opc (S/ecm)

; @ Small cells

Fig. 15 DC conductivity of solid and foamed PEBA and PEBA/MWCNT
composites (left) and a schematic illustration of the effect of cell growth
on fiber orientation and distribution (right). Adapted from ref. 132 copyright
2021 The Royal Society of Chemistry.
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composite films with their contribution by reflection, absorption and
multiple reflection. Adapted from ref. 132 copyright 2021 The Royal
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properties both solid and porous PEBA/MWCNT nanocomposite
films exhibit outstanding behaviour. Porous films have an enhanced
EMI shielding capacity compared with solid films. Reducing
cell size leads to enhanced EMI shielding performance. While
the solid PEBA/MWCNT nanocomposite film shows a SET value
of 26 dB, the nanocellular PEBA/MWCNT nanocomposite film
possesses a SET value as high as 41 dB. (Fig. 16) More
importantly, the nanocellular PEBA/MWCNT nanocomposite
film shows an absorption-dominated EMI shielding behaviour,
while the solid one shows a reflection-dominated EMI shielding
behaviour.'*?

Chengbiao et al. made a microcellular PEBA/MWCNT com-
posite by preparing PEBA foam bead and PEBA + MWCNT
solution separately and mixed all of them for uniform distribution.
A segregated composite was achieved by using pressure on the
mixture. In this composite good conductivity and EMI shielding
effectiveness was achieved due to the segregated structure and
excellent flexibility and hysteresis was about 15% during cyclic
tension and compression deformation was achieved because of
the PEBA matrix. This group also observed that the conductivity
and EMI shielding properties of these composites did not
vary from the initial value, under the application of multiple
deformation in the tension and compression mode.""

Zhao et al. prepared a PEBA/graphene nanocomposite film
using a facile melt mixing scheme and varying the concen-
tration of filler from 0 to 8.9 vol%."** They observed the effect of
graphene concentration on the electrical, mechanical and EMI
shielding properties of the film. The film was flexible up to the
concentration of 4.45 vol%. With the increment of graphene
loading the electrical conductivity and EMI shielding properties
enhanced. EMI shielding reaches up to 30.7 dB (Fig. 17) and the
shielding mechanism of the material preferred more absorption
than reflection. Their prime focus was to observe the electrical
behaviour with the application of pressure. The composite film
exhibits a linearly negative pressure effect with more conductivity.
The composite films show good sensitivity, recoverability and
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Fig. 17 Graphical comparison of average total shielding (SEq), reflection
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reproducibility after stabilization by cyclic pressure loading, and
also possess good discernment in pressure sensing.'*?

4.3 Polyolefinic based nanocomposite

Polyolefin thermoplastic elastomers are the materials combining
polyolefin semi-crystalline thermoplastic and amorphous
elastomeric components. They exhibit rubber-like characteristics
and can be processed as melts by common thermoplastic
processing equipment. Polyolefin nanocomposites based on
nanofillers offer opportunities for the improvement of polyolefins
(POs) with relatively small amounts of nanofiller concentration.
Polyolefins became popular due to their low cost, recyclability,
good processability, non-toxicity and biocompatibility. POs
have a wide range of applications in orthopaedic implants,
durable equipment automobile parts, consumer goods and indus-
trial machinery.™**

Park et al. prepared poly(ethylene-ter-1-hexene-ter-divinylbenzene)
terpolymer (PEHV) and graphene nanocomposites by a solution
casting method. The mechanical properties improved slightly
with the addition of graphene. Though the EMI shielding
behaviour of the material has not been observed by the group
they have predicted the possibility of application in this field
because of the electrical properties. The electrical resistance
was decreased and capacitance was increased with the addition
of graphene filler even if the amount was small."*®> iPP/MWCNT
is a continuous phase such that the MWCNTs are properly
dispersed in the iPP phase to form a more conductive network.
Percolation theory shows the 3-D and 2-D conductive network
in the segregated and conventional sample respectively. As a
result the segregated sample will have a high conductivity and
low percolation threshold as compared to the conventional
sample. The average EMI SE of the segregated sample is more
than the conventional sample at same concentration of
MWCNTs because of the continuous and dense distribution
of MWCNT networks and higher interfacial reflection between
the iPP and POE phase. Furthermore, the segregated samples

© 2022 The Author(s). Published by the Royal Society of Chemistry
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also exhibited a relatively linear negative temperature coefficient
(NTC) effect through wide temperature ranges of 45-120 °C and
150-190 °C because of the anisotropic volume expansion effect
caused by the segregated structure.'®

4.5 Thermoplastic polyurethane based thermoplastic
elastomer composites for EMI shielding

Thermoplastic materials are commonly the matrix of conductive
polymer composites, such as polypropylene (PP),"*” polyethylene
(PE),"*® polymethyl methacrylate (PMMA),"*® poly-styrene (PS),"*°
and poly(vinylidene fluoride) (PVDF)."*" Although these compo-
site materials have a high mechanical strength and electromag-
netic shielding effect, they generally have low flexibility and
elasticity, leading to limited applications. Therefore, the thermo-
plastic elastomer is a strong candidate for preparing flexible
conductive composites. Thermoplastic polyurethane (TPU), one
of the thermoplastic elastomers, has attracted widespread atten-
tion due to its excellent properties such as high modulus, high
strength, excellent wear resistance, chemical resistance, and low
temperature resistance.'** Therefore, TPU is widely used in a
variety of industries, such as cable, automotive, medical, heavy
engineering, construction and sports, and its application scope
can be further expanded by introducing inorganic conductive
additives."*®

Valentini et al.'** fabricated a TPU composite with EG (0 to
20 wt%). The TPU composite sample with 4 mm thickness and
20 wt% of EG exhibited excellent shielding effectiveness with
an average value of —20 dB in the X band frequency range. A
flexible and lightweight thermoplastic polyurethane/reduced
graphene oxide (TPU/RGO) composite foam was reported by
Jiang et al.®® which was prepared using a supercritical CO,
foaming method. With the increase in RGO content, the
electrical conductivity and EMI shielding of the samples
increased because of the improvement in the conductive network.
For solid samples, an electrical conductivity of 2.77 S/m and an
EMI SE of 24.7 dB were achieved with only 3.71 vol% RGO loading
when tested in the X-band. Jun et al'*® fabricated graphene
nanoribbon (GNR)/TPU and MWCNT/TPU composites. They
reported a shielding effectiveness of 24.9 dB for GNR/TPU which
was significantly greater than that of the MWCNT/TPU composite
(9.3 dB) achieved at 8.2 wt% with enhanced contribution from
absorption. The GNR/TPU composite exhibited a significantly
enhanced electrical conductivity of 1.9 x 107* S cm™,
three orders of magnitude higher than that of the MWCNT/TPU
composite (1.1 x 1077 S em ™).

Li et al.**® prepared a flexible thermoplastic polyurethane
(TPU) with flake-shaped nano graphite polymer composite
membranes with enhanced mechanical and EMI shielding
properties. The EMI shielding effect of the TPU/G composites
increased with the increase in graphite content (Fig. 18a).
However, the EMI shielding effect of the TPU/GF composite
decreased in contrast to the corresponding TPU/G composite,
as shown in Fig. 18b. This phenomenon was predicted to be a
result of breakdown in the conductive network generated by
graphite flakes. It is commonly known that foaming within
limits can contribute to the improvement of the conductivity as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 EMI shielding performance of (a) solid and (b) foamed samples.
Reprinted with permission from ref.146 copyright 2020 Elsevier Ltd.

well as the EMI shielding. When the foam expansion ratio is
larger than a critical value, it will be difficult to generate
conductive networks, as shown by the increased percolation
threshold, due to its high orientation of conductive additive.
Another group, Shen et al.,"*’
mer/graphene composite films for ideal electromagnetic

reported strong flexible poly-

interference (EMI) shielding applications with a sandwich structure
consisting of polyester non-woven fabric as a reinforcing interlayer
and thermoplastic polyurethane (TPU) and graphene loading as a
conductive coating layer. The fabricated film composite with a
graphene loading of 20% exhibited a qualified bandwidth of
shielding effectiveness (SE) > 20 dB as wide as ~49.1 GHz in a
broadband frequency range of 5.4-59.6 GHz. Esfahani et al.'*®
prepared nanocomposites based on TPU and both unmodified
and surface functionalized graphene sheets via a solution mixing
process. The influence of graphene modification on the electri-
cal and dielectric properties were studied for both groups of
composites loaded with various levels of filler. The study showed
that the TPU/mTRGO composites exhibited a higher electrical
conductivity and improved dielectric properties due to the
stronger interfacial interaction between the mTRGO and the
TPU matrix. The TPU/mTRGO film with 5 vol% graphene and
thickness of 1 mm exhibited commercially relevant EMI SE of
~25 dB in the X-band frequency range.

Hong et al'*® fabricated the aligned Fe;0,@RGO/TPU
composites, random Fe;O,@RGO/TPU and random RGO/TPU
composites. The random Fe;0,@RGO/TPU composites showed
224% increased EMI SE over random RGO/TPU composites.
The highest EMI SE, a 250% improvement over random
RGO/TPU composites, was observed in the in-plane aligned
Fe;0,@RGO composite among the four different composites.
The orientation of fillers can play a key role in determining the
EMI SE in the composites (Fig. 19).

Ji et al.**® demonstrated a thermoplastic polyurethane (TPU)
based composite with a carbon nanotube (CNT) conductive
filler and intumescent flame retardants TPU/IFR/CNT by a melt
compounding process. The results showed that the addition of
1 wt% CNTs and 10 wt% IFRs into TPU could achieve good
flame retarding and electromagnetic interference (EMI) shielding
properties simultaneously. On the other side, the particle
compounding was also beneficial for improving the dispersion
of CNTs and establishing the continuous conductive pathways
among the IFR particles. As a result, the TPU/IFR/CNT system
obtained a higher conductivity than that of the TPU/CNT system
and its EMI SE even reached 20 dB, which was sufficient to meet
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mechanism of Fez0,@RGO aligned TPU; in-plane direction (C) and out-of-
plane direction (D). Reprinted with permission from ref.149 copyright 2020
Elsevier Ltd.

the practical requirements of many electronic devices. In another
work Ji et al.™" reported a multi layered TPU-based composite
consisting of flame-retarding and conducting layers fabricated via
layer-multiplying co extrusion. The average EMI SE of 32.7 dB in
the X band was obtained with less than 4 wt% CNTs, exhibiting a
competitive advantage in comparison to the composites made by
conventional methods. By virtue of the appropriate layer space
and the addition of CNTs, the V-0 rating and low heat release were
achieved with the production of continuous and foaming chars in
the combustion. Moreover, the average SE value of the char
residue was even beyond 60 dB, demonstrating that the material
could also fulfill excellent EMI shielding after experiencing a
complete burning process. Therefore, the present strategy paved
a new way to fabricate EMI-shielding composites with compre-
hensive performances. In this research work Fu et al.*>> fabricated
an excellent and lightweight TPU-GNSs@MF composite. The
resultant TPU-GNSs@MF composite with 3D porous structure
had a high electrical conductivity of 45.2' S m ™" and an exceptional
shielding effectiveness (EMI SE) of 35.6 dB in the X-band at only
2.01 vol% GNSs loading and 2 mm thickness of TPU-GNSs@MF
composites. More importantly, an extraordinary EMI shielding
performance durability was demonstrated in the obtained TPU-
GNSs@MF even undergoing vigorous physical and chemical
damage and long-term compression cycles. The compressible
and robust TPU- GNSs@MF with efficient EMI shielding perfor-
mance will be potentially suitable for the next-generation of
flexible and portable electronic devices.

In their research work, Shin et al."®® reported light weight
and flexible TPU based composite films with different lengths
of CNTs for superior EMI shielding efficiency and thermal
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management performances. Herein, the effect of different
lengths of CNTs on the EMI shielding, electrical and thermal
conductivity performance of TPU nanocomposites have been
studied explicitly. The composite with long length CNT
(10 wt%) offered a remarkable EMI shielding efﬁciency of
42.5 dB and electrical conductivity of 1.9 x 107> S cm™ ', whereas
the composite with short length CNTs showed a thermal con-
ductivity of 0.51 W m~" K and the corresponding thermal
conductivity enhancement efficiency exceeded 145% relative to
pure TPU. The composites showed a high response in electrical
conductivity and minor change in EMI shielding efficiency with
repeated bending cycles.

Jiang et al.">* fabricated TPU/GA composite foams through
the vacuum assisted impregnation method using the GA as the
template followed by scCO, foaming, during which multi-stage
networks were formed. The TPU/GA composite foams displayed
good electrical conductivity and EMI shielding performance.
The electrical conductivity of the TPU/GA composite foam was
50 S m ™' and the EMI shielding value was 34.3 dB with 2 wt%
GA. And the introduction of the cellular structure of TPU
provided the EMI waves with more paths, resulting in the
improvement of the EMI shielding absorption coefficient A
and the reduction of the EMI shielding reflection coefficient R.
Bansala et al.'® fabricated thermoplastic polyurethane (TPU)-
based nanocomposites with different concentrations (ranging
between 0 and 5.5 vol%) of TRG nanosheets for the application
of EMI shielding. The fabricated nanocomposite showed an
excellent shielding effectiveness of between —26 and —32 dB
in the Ku band frequency region. Results obtained in this study
clearly demonstrate that TPU/TRG nanocomposites are potential
novel materials that can be utilized for protection against
electromagnetic pollution. In similar research work, Bansala
et al."°® prepared thermoplastic polyurethane (TPU) based nano-
composite films with chemically reduced graphene (CRG) and
thermally reduced/annealed graphene (TRG). The EMI shielding
effectiveness for neat CRG and TRG graphene sheets was
reported (Fig. 20) to be —80, —45 dB, respectively, at 2 mm
thickness in the Ku band. The EMI shielding data revealed that
TRG/TPU nanocomposites showed better shielding at a lower
concentration (10 wt%), while CRG displayed better attenuation
at higher concentrations.
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Fig. 20 Variation of skin depth with frequency of the (a) TPU/CRG and
(b) TPU/TRG nanocomposites. Reprinted with permission from ref. 156
copyright 2019 Wiley Periodicals, Inc.
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Verma et al."”’ designed nanocomposite materials based
on commercial thermoplastic polyurethane filled with gra-
phene, which are new alternative candidates for electrostatic
charge dissipation and electromagnetic interference shielding
applications due to their light weight, ease of processing
and tunable electrical conductivities. The solution blending
approach was used to fabricate a series of polyurethane/
graphene (PUG) nanocomposites with graphene loading
ranging from 0-5.5 vol%. The shielding effectiveness of —21
was achieved in the frequency range of 8.2-12.4 GHz (X band) at
5.5 vol% graphene loading.

Feng et al.">® reported the use of microwave selective sintering
to prepare mechanically strong segregated TPU/CNT composites
for the EMI shielding. The obtained microwave sintering TPU/
CNT composites with 5.0 wt% CNTs showed an excellent
conductivity and an EMI SE of 17.9 S m* and 35.3 dB, respec-
tively. In their research, Durmus et al.'>® prepared a flexible TPU-
CNF-Fe;0, nanocomposite having the composition of 80-5-
15 wt% showing the reflection loss (RL) value of —32 dB which
signified that the composite material could absorb the 97% of an
incident electromagnetic wave at around 12.14 GHz. Gulzar
et al.'® presented nanocomposites composed of cobalt ferrite
(CoFe,0,), thermoplastic polyurethane (TPU), and fly ash. They
focused on the change in electrical conductivity due to increasing
the concentrations of fly ash and cobalt ferrite. The highest EMI
shielding of 35 dB was reported within a vast range of frequencies
from 0.1 to 8 GHz. Jan et al.'®" reported that liquid-exfoliated,
high-aspect-ratio, few-layer a33 are utilized as a filler in TPU for
EMI shielding applications in the X-band (8-12 GHz). GNS-TPU
composites are fabricated via the solution processing technique.
Free-standing composite films are turned conducting from
insulating as the GNS content is increased. For the TPU only
film, the EMI shielding effectiveness value is about 1 dB. At
maximum loading (0.12 Vf GNS), the EMI shielding effectiveness
of about 14 dB is attained in the X-band. In another work,
Jan et al.*®* theoretically estimated the EM shielding effectiveness
of GNS-TPU composites both as a function of concentration and
temperatures. Dielectric characteristics, measured experimentally
(25 kHz-5 MHz) are particularly utilized for the theoretical
evaluation. The percolative network formation at 0.0055 Vf GNS-
TPU composites was further enhanced at higher temperatures
as the electrical conductivity was increased and thus the EMI
shielding effectiveness. A total shielding effectiveness of ~139 dB
is predicted at 473 K, making these composites a suitable
candidate for such applications.

Kasgoz et al.'® studied the effect of processing method on
microstructure formation and the related electrical conductivity
and electromagnetic interference shielding effectiveness of
carbon nanofiber (CNF) filled thermoplastic polyurethane (TPU)
composites. They prepared the composite via three different
processing techniques; melt compounding (MC) in a twin-screw
extruder, simple solution mixing (SM) on a magnetic stirrer, and
solution mixing with sonication (SM-U). They found that SET
values of samples including 20 phr of CNF prepared with MC,
SM-U and SM methods varied in the range of 10-30 dB, 20-60 dB
and 20-80 dB, respectively within a frequency range of 1-12 GHz.
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Ramoa et al.'®* prepared an electrically conducting thermoplastic
elastomer composite based on thermoplastic polyurethane (TPU)
and carbon nanotubes (CNTs) through melt blending. The study
focused on the electrical conductivity, morphology, rheological
properties and electromagnetic interference shielding effective-
ness (EMI SE) of the TPU/CNT composites and compared them
with those of carbon black (CB)-filled TPU composites prepared
under the same processing conditions. EMI SE and electrical
conductivity was found to be increased with an increasing amount
of conductive filler, due to the formation of conductive pathways
in the TPU matrix. EMI SE values found for TPU/CNT and TPU/CB
composites containing 10 and 15 wt% conductive fillers, respectively,
were in the range —22 to —20 dB, indicating that these
composites are promising candidates for shielding applications.
Zahid et al®® fabricated nanocomposites based on TPU and
reduced graphene oxide (RGO) and evaluated their shielding
properties in a microwave range (11 GHz to 20 GHz) as well
as near infrared (NIR) wavelength range (700-2500 nm). The
maximum shielding effectiveness obtained was 53 dB with the
addition of 2.5% RGO. The increase in shielding effectiveness
was mainly achieved in the frequency range of 12-14 GHz.
Transmission observed in the IR region was less than 0.5%.
The nature of the filler, the interaction of the filler with the
polymer matrix and the dispersion state primarily contribute in
increasing the EMI SE.

4.6 Rubber/plastic blend based thermoplastic elastomer
composite for EMI shielding applications

Thermoplastic vulcanizates (TPVs) mainly based on ethylene-
propylene-diene rubber (EPDM) and polypropylene (PP) have
been extensively used in many industries. These kinds of
materials behave like a thermoplastic polymer despite having
cross-linked droplets of rubber which result in properties of
rubbery materials at room temperatures such as good
processability, high impact resistance, and recyclability.'®>*6¢
For the preparation of the conductive nanocomposite, carbon
nanoparticle-like carbon nanotubes (CNTs) are used.'®”
Comparing TPVs to TPE composites prepared by a similar
processing method, TPVs show an enhanced electromagnetic
interference (EMI) performance and balanced mechanical
performance at a lower percolation threshold.

Mehranvari et al.'®® fabricated an electrically conductive
thermoplastic elastomer nanocomposite based on PP/EPDM
(40/60 wt%) and MWCNT as a conductive filler by dynamic
vulcanization. The EMI shielding and the complex permittivity
of the sample tested in the X-band frequency. The EMI shielding
result revealed that in all the samples, absorption had a major
contribution in shielding effectiveness. The EMI shielding effec-
tiveness increased upon increasing the CNT filler percentage in
the nanocomposite.

A flexible composite (PP/EPDM/NCGF) for EMI shielding
consisting of NCFG (nickel coated glass fiber) as a conductive
filler and PP/EPDM as a matrix was prepared by electroless
deposition and melt reactive process demonstrated by Duan
et al.'® The composite with 0.789 vol% Ni of filler showed
conductivity of 0.42 S m~" and SE of 22.2 dB in the X-band.
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frequency in the X-band. Reprinted with permission from ref.170 copyright
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Adding 1 vol% Ni (16.36 vol% NCGF) gave an elongation at
break of 126.5%. The obtained EMI shielding effectiveness and
mechanical property suggested that TPV/NCGF is a favourable
lightweight, recyclable and low cost shielding material.

Ma et al.'’® (Fig. 21) also fabricated a flexible and lightweight
composite for EMI shielding in which MWCNTs were used as
the filler and PP/EPDM (50/50) as a matrix by a melt mixing
method. The prepared TPV composite exhibited (Fig. 21) a good
EMI SE of 28 dB at 4.1% loading of MWCNT in the X-band. The
composite with PP/EPDM (50 : 50 wt%) showed little increase in
gauge factor (GF) at 100% strain loading, showing excellent
potential to be used as a highly stretchable conductor material.

Sharika et al.'”* fabricated a conductive nanocomposite with
PP/NR as matrix MWCNTs with different loading (1, 3, 5 and 7 wt%)
by a melt mixing method with a tunable EMI SE. The work focused
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Fig. 22 (a) Total shielding effectiveness as a function of frequency for 80/
20 PP/NR blend composites. (b) Contribution of reflection and absorption
losses to shielding effectiveness of composites with MWCNT at 3 GHz.
Reprinted with permission from ref. 171 copyright 2019 Elsevier Ltd.
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Fig. 23 (a) Total shielding effectiveness as a function of frequency for 50/
50 PP/NR blend composites. (b) Contribution of reflection and absorption
losses to shielding effectiveness of composites with MWCNT at 3 GHz.
Reprinted with permission from ref.171, 2019 Elsevier Ltd.
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on the effects of phase morphology and selective distribution of the
filler in the NR phase on the EMI performance of the materials. Both
system PP/NR (80/20) and PP/NR (50/50) with 7 wt% MWCNT exhibit
(Fig. 22 and 23) a total SE of around 20 dB at 3 GHz.

5 Conclusions

In this article we have highlighted the recent research progress
in the development of thermoplastic elastomers with a con-
ductive filler like carbon black, CNT, MWCNT and hybrid fillers
for EMI shielding applications. A concise introduction to EMI
shielding has been reviewed. Then, thermoplastic elastomer
materials with various methods and strategies to develop high-
performance, light weight and cost-effective carbon filler
reinforced thermoplastic elastomer polymer composites for
EMI shielding applications have been summarized in detail.
A lot of research has been done on conductive thermoplastic,
non-conductive thermoplastic materials with conductive filler
and elastomer materials with conductive filler for EMI shielding
applications. Most of the composites based on elastomer and
conductive filler are mostly flexible materials for EMI shielding
applications. But these elastomer composites need a high con-
ductive filler and curing process. Therefore, TPEs and carbon
nanoparticle composite materials could be new highly-flexible,
high-performance materials for EMI shielding applications.
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