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Abstract

Short carbon fiber (SCF) filled ethylene methyl acrylate (EMA)
nanocomposites of excellent mechanical strength and flexibility
has been fabricated by using a facile and commercially
feasible melt blending method to evaluate its electromagnetic
interference shielding effectiveness (EMI SE) as well as the
mechanical and thermal properties of the composites. Improved
dispersion offers three dimensional interconnected networks
within polymeric matrix to achieve lower percolation threshold of
3.10 wt%. Morphological analysis has been carried out by using
field emission scanning electron microscope (FESEM) to reveal
good dispersion of SCFs in EMA matrix even at a higher loading
of 10 wt%. The influence of aspect ratio with increasing filler
concentration on mechanical strength and electrical properties of
composites has been explained by optical microscopic images.
Experimental results demonstrate that an improved tensile
strength of 37% in comparison with neat EMA and an increasing
thermal stability along with excellent EMI SE of -23.9 dB has been
achieved at 10 wt% SCF loading, which makes it a potentially
flexible, light weight, mechanically robust, efficient EMI shielding
material for commercial applications.
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Introduction

Progressive implementation of modern technologies, especially
high-frequency electronic devices such as microwave transmission,
communication satellites, telephone, radio and fiber optics causes
severe electromagnetic (EM) pollution in the society. Generated
electromagnetic waves of the instruments result an electromagnetic
interference (EMI), which not only affect the performance of other
devices but also disturb human life [1,2]. Polymer nanocomposites,
containing carbonaceous fillers, have drawn great interest in the
present science and technological field for their improved electronic
and shielding effectiveness (SE) altogether mechanical and thermal
stability, easy processability, light weight, low cost and superior
performances in automobiles, aerospace, defense and energy storage
devices [3-6]. Incorporation of various carbon based fillers, such as
carbon black, carbon nanotube (CNT), graphene, expandable graphite
(EG) etc. although improves the electrical and shielding properties
of composites but still now they have suffered through processing
difficulties, poor dispersion, lower filler-polymer interactions, high
cost etc [7-13]. Carbon fibers can improve the shielding effectiveness
of composites through uniform dispersion in the matrix at low filler
concentration [14]. Carbon nanofiber (CNF) and Short carbon fiber
(SCEF) are very well known fibrous filler of carbon fibers family and
have been employed in polymer industry to improve the electrical
properties of composites in commercial field of applications. Although
CNF has been widely used with various polymer to improve their
thermal, mechanical, electrical and EMI SE but dispersion of CNF
in polymer matrices is very difficult because of their small diameter
and very high surface area [15-23]. On the other hand, SCF improves
the EMI SE of polychloroprene rubber composites at 20 phr loading
[24]. Yang et al. observed that 5 wt% SCF lowered the electrical
resistivity of LCP composites of 11" order magnitude and showed 41
dB EMI SE at 15 wt% loading [25]. Although incorporation of SCF
improves electrical conductivity by lowering percolation threshold
but it shows adverse effect on the mechanical properties of SCF filled
PVDF composites for poor filler-polymer interaction [26]. Properties
of composites depend on several factors, such as, nature of polymer
and filler, aspect ratio of filler, uniform dispersion of filler in polymer
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matrix with loading, filler-filler and filler-polymer interaction,
process of mixing, mixing time and temperature etc [6,27-40]. The
above mentioned factors affect physical, thermal as well as electrical
properties of the composites significantly.

Since addition of SCF deteriorates the mechanical properties
of the composites, hence carbon black has been incorporated in
SCF filled nitrile rubber to study the improvement of mechanical
and electrical properties of the composites [41]. SCF has been also
incorporated in blend system to investigate the effect on mechanical,
electrical and shielding properties of composites [42]. Still now very
less works have been reported on the improvement of electrical and
EMI shielding effectiveness of SCF filled composites with moderate
mechanical and thermal endurance without hampering the flexibility
of composites. Therefore, we have been motivated to explore a new
strategy for the development of cost effective, light weight, flexible
SCF filled composites with improved EMI SE along with moderate
mechanical and thermal stability.

Interesting features of semi-crystalline ethylene methyl acrylate
(EMA) plays an important role to govern the properties of filled
composites. Very high weather, ageing resistance and wide temperature
range of application raises the demand of EMA in polymer field [43].
Very high strength to weight ratio and lower density compared to
major plastics enhances the opportunity to choose EMA as the basic
requisites for the fabrication of SCF filled EMA polymeric composites
(ESCEF) to achieve the required EMI SE and mechanical strength [44].
Ethylene vinyl acetate (EVA) is also very well-known thermoplastic in
polymer industry, but much higher thermal, ageing and degradation
resistance of EMA makes it advantageous over EVA in commercial
applications. Polar and nonpolar backbone of EMA also facilitates the
dispersion of SCF through the matrix for betterment of properties.
Dispersion of nano-filler in polymer matrix is significantly governed
by the mixing procedure. Over last decades, many researchers have
been worked how the dispersion of carbon-fiber in polymer matrices
are affected by the processing condition of melt blending and solution
mixing [17,19,45-50]. Solution mixing generally used to fabricate
composites for academic purpose and it also exhibits the problems of
toxicity and pollution. Solution mixing gives improved end properties
at very lower loading of filler, whereas increasing loading deteriorates
the properties sometime with complete failure. Melt blending
overcomes the demerits and plays very important role to fabricate
composites for large scale production in industrial application cost-
effectively but long mixing time and very high shear of melt blending
also deteriorates the conductivity of composites by reducing the
aspect ratio of nanofibers. Henceforth, it is still a challenge to fabricate
cost-effective, flexible short carbon fiber filled polymer composites to
achieve superior EMI SE altogether moderate mechanical strength.

Thus, mixing of variable amount of carbonaceous fibrous filler in
thermoplastic polymeric matrix by melt blending for the development
of flexible composites with well dispersed nanofibers is an important
technique to propel the work in this direction. In this work EMA
is used as the base material and SCF of varying concentration has
been incorporated to achieve mechanical, thermal stability with
improve conductivity and EMI SE with increased dispersibility and
compatibility of nanofiber with neat polymer. The result of mechanical,
thermal, electrical and EMI SE analysis of ESCF composites (ESCF)
confirm that ESCF can be used for commercial field of applications.

Experimental
Materials

Commercial ethylene methyl acrylate copolymer or EMA
(Elvaloy’ 1330) was purchased from Dupont, Mumbai to use as
base material. It contains 30% methyl acrylate and melt flow index
(MFI) is 3.0 g 10 min™ (at 190 °C and 2.16 Kg) as per ASTM D1238.
Conductive short carbon fiber (SCF) was obtained from Nanotech
Private Limited, India. SCF has diameter = 7 um, density = 1.8 g cm?,
electrical resistivity = 10 Q cm and the fibers have been chopped at
an average length of 4 mm.

Preparation of ESCF composites

ESCF composites were prepared by melt mixing in Brabender
Plasticorder PLE-330. To fabricate ESCF composites variable amount
SCF was incorporated separately in to neat EMA. Table 1 represents
the composites of different loading of SCE. Mixing was carried out for
10 min at a fixed temperature of 150°C by maintaining a constant ro-
tor speed of 60 rpm for all the composite samples. The compounded
sheets were passed through two-roll mill to get a sheet like material.
The sheets were then moulded in hydraulic press (Moore press, Unit-
ed Kingdom) under a pressure of 5 MPa and 160°C temperature for 5
min to obtain the final sheets thickness of 1 mm.

Characterizations

Dispersion of SCF through polymeric matrix was observed from
FESEM (Field Emission Scanning Electron Microscope, MERLIN of
tungsten filament; Carl ZEISS, SMT, Germany) analysis. Mechanical
properties of neat EMA and ESCF composites were conducted by us-
ing Universal tensile testing machine (Hounsfield H10 KS) at room
temperature with a constant cross head speed of 500 mm min™ (Ta-
ble 2). All dumb-bell shaped specimens were tested by following the
specification of ASTM D412 and ASTM D624 and the results were
reported on the average value of three measurements. To study the
effect of temperature on dynamic mechanical properties of pure EMA
and filled composites, dynamic mechanical thermal analysis was car-

Table 1: Designation of the ESCF composites made, by adding variable amount
of SCF in EMA.

Sample designation EMA (wt%) SCF (wt%)
EMA 100 0

ESCF 0.1 100 0.1

ESCF 0.5 100 0.5

ESCF 1 100 1.0

ESCF 5 100 5.0

ESCF 10 100 10.0
ESCF 15 100 15.0

Table 2: Mechanical properties of pure EMA and filled ESCF composites.

Sample Tensile Elongation

d_esigna- strength  at break ?’IM@P;;)O% ?&@PE?O% ?:IVI@Pz;)O%
tion (MPa) (%)

EMA 8.0 1168 1.7 2.1 2.1
ESCF0.1 83 1233 1.70 1.8 2.0
ESCF0.5 838 1220 1.9 22 25
ESCF 1 9.1 1203 1.9 2.3 2.6
ESCF 5 10.0 1170 2.1 24 27
ESCF 10 10.9 1113 22 25 2.8
ESCF 15 85 1130 1.4 1.6 1.9

‘M@X% = Modulus at X% elongation
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ried out in dynamic mechanical analyzer (Mertavib 50N, France) by
varying temperature range from -60 to +60°C under a constant heat-
ing range of 3°C min™ with constant frequency of 10 Hz and 0.001%
strain. Thermal properties, such as glass transition temperature (T,)
and melting temperature (T ) were measured from differential scan-
ning calorimeter (DSC Q2000 V24.10, TA Instruments, USA) within
the temperature range of -80 to +100°C with heating rate of 10°C min™
under nitrogen atmosphere. DC resistivity of SCF filled composites
were determined at room temperature by using Agilent 4339 high re-
sistance meter (electrical resistance > 10° Q) and Agilent 3440A 6%
digital multimeter (electrical resistance < 99 x 10° Q). Electromag-
netic interference shielding effectiveness (EMI SE), return loss, ab-
sorption loss of the 3 mm thick rectangular composite samples were
measured by using Vector Network Analyzer (N9926A, Agilent Tech-
nologies) in the X-band frequency region of 8.2-12.4 GHz. Composite
samples were placed in a holder of matching dimension of X-band
waveguide and connected with Vector Network Analyzer (VNA) to
obtain the SE of composites.

Results and Discussion

Dispersion mechanism of short carbon fiber in polymer ma-
trix during melt blending

Dispersion of carbon fiber (CF) in melt mixing technique de-
pends on various factors, like, temperature, time, shearing action,
pressure, rotor speed, amount of filler incorporation and nature of
filler and polymer. Despite the above mentioned factors, Kasaliwal et
al. described that dispersion and distribution of nano-filler in melt
blending encompass with some inherent mechanism, such as, wet-
ting, infiltration and flocculation [49]. Very high aspect ratio and
Van-der Waals force of interaction are responsible for the formation
of agglomerated carbon-fiber. Melt mixing at first helps to wet filler
surfaces by molten polymer and the process has been considered as
relatively fast process. Although quality of wetting is governed by the
interfacial energy of carbon-fiber and polymer melt but good wet-
ting is required to achieve the polymer infiltration in the aggregated
structure of fibers. Shearing force of melt blending breaks down the
agglomerated structure and also helps to wet the new developed filler
surfaces by molten polymer. As a result, the aggregated carbon-fiber
starts to distribute throughout the base matrix and reduction of length
has been obtained depending on applied shear force. Shorten fiber
further infiltrated by the polymer chains which assist in easy break-
down of smaller agglomerates in clusters and individual carbon-fiber.
During melt mixing, molten polymer erodes carbon-fiber; as a con-
sequence fibers become separated from their surfaces and dispersed
through the base polymer. All the mentioned wetting, infiltration and
erosion processes have been accelerated at lower viscosity of polymer;
henceforth, higher temperature of mixing and high speed can give
improved dispersion of carbon-fiber. On the contrary, high melt vis-
cosity and shear stress can disperse carbon-fiber through breaking the
fiber at comparatively lower temperature. The breakage reduces the
aspect ratio of carbon-fibers and responsible for high electrical perco-
lation of the composite material. Since, fibers are attached with poly-
mers through physical adhesion; therefore, high temperature mixing
is more favorable by balancing the rupture and erosion mechanism
to minimize the damage of fiber length and results lower electrical
percolation by the formation of networks of finely dispersed carbon-
fibers.

To follow the above mention mechanistic pathway of melt blend-
ing we fabricated the ESCF composites by maintaining temperature

at 150°C and 60 rpm rotor speed. Since, breakage of fiber depends on
shearing force; increasing filler concentration enhances the shearing
force towards composite materials. Since shearing strength, viscosity
of polymer and size of aggregates are the key factor to control shear-
ing forces on agglomerates; lower filler concentration suffers through
poor breakage for higher availability of space to rotate the fibers freely
by lowering the shearing strength. Therefore, low filler concentration
demonstrates inferior dispersion of SCF through the polymer matrix
and results higher electrical resistivity for lower network structure
in melt blending, which is also evidenced from FESEM and optical
microscopic images. On the other hand, increasing concentration of
SCF exhibits much higher shearing force on fiber agglomerates and
polymer chains during melt blending and suppresses the free rotation
of aggregates by increasing melt viscosity to starts easy degradation of
SCF aggregates. FESEM images, optical microscopic analysis reveals
that with increasing concentration of SCF the quality of dispersion
also improves and achieves more homogeneity to result improved
network structure through the base matrices by lowering electrical
resistivity and percolation threshold up to a certain level of loading.
At very high concentration of SCF Vander Waals forces of interaction
predominates over shearing force even at higher temperature and it
becomes very difficult to detach the agglomerates and results poor
dispersion, which is also confirmed from the optical microscopic im-
ages.

Physico-mechanical behavior of ESCF composites

Stress-strain behavior of SCF filled ESCF composites are repre-
sented in Figure 1(a) , which demonstrates that mechanical properties
of polymer composites depend on nature of base matrix and filler,
filler loading, dispersion and distribution of filler through the matrix.
Neat EMA has tensile strength of 8.0 MPA with an elongation at break
of 1168%. SCF loading results an enhancement of tensile strength for
a certain level of filler loading, after that deterioration of properties
are observed at very high loading. From plot it is clear that maximum
improvement of tensile strength of 10.9 MPa has been observed on
10 wt% loading with an elongation of 1113%, whereas 15 wt% SCF
decreases tensile strength to 8.5 MPa by increasing elongation at
break of 1130%. This improvement of tensile strength is observed as a
combined effect of polymer matrix and filler interfacial adhesion and
also the stiffness of fibrous filler. Elongation at break of filled polymer
composites endorses the flexibility of material [51].

Stress-strain plot of Figure 1(a) demonstrates that incorporation
of filler exhibit lower elongation of filled composites progressively
than neat EMA up to 10 wt% SCEF, on the contrary 15 wt% SCF in-
creases elongation at break. This decrement of elongation of filled
composites than the base matrix results significant drop in ductility
with an augmentation of stiffness of ESCF composites for the addition
of fibrous filler [17].

In case of modulus of ESCF composites we can see that all com-
posites follow the same trend of tensile strength. For 300% modulus,
EMA shows the modulus value of 2.1 MPa, whereas ESCF 10 results
a highest modulus of 2.8 MPa, i.e., exhibiting 33.3% improvement on
modulus value. ESCF 15 reveals a decrement of properties may be as a
result of aggregation or agglomerations of fibrous filler for their high
inter filler interaction, which offers poor filler dispersion and lower
filler-polymer interaction.

In previous research work it has been described that short car-
bon fiber offers poor filler-polymer interaction which accounts for
lower mechanical strength of polymer composites [26,42,52]. There-
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Figure 1: (a) Stress-strain plot of EMA and different amount of SCF filled ESCF composites and variation of (b) hardness and tensile strength of composites as

a function of filler concentration.

fore it is still now a challenging work to prepare flexible SCF filled
composite with improved mechanical properties. Although modifi-
cation of short carbon fiber results an improvement in mechanical
properties but high oxidation deteriorates the strength of fibrous filler
and reduces the aspect ratio, which is responsible for lower electrical
conductivity [53]. Hence, choice of polymer, method of mixing and
amount of filler loading is very essential parameter to govern the end
properties of composites. As we already mentioned that in solution
mixing improved dispersion of filler within base matrix is achieved at
lower level of loading, whereas increasing concentration of fillers have
a tendency to form aggregation or agglomeration within the matrix
through Vander Waal’s interaction; where melt blending is prefer-
able over solution mixing for high dosage of loading. In melt blend-
ing fillers are dispersed into the base polymer by the shearing action.
Low filler concentration offers lower shearing action on the aggre-
gated particles, which results comparatively poor dispersion of filler
within the matrices or fillers remain in scattered fashion. Increasing
filler loading enhances the shearing action in between filler-filler and
polymer-filler particles which not only help to separate the aggregated
particles for viscosity of melts, also improve the degree of mixing by
breaking the aggregated particles through the suppression of free ro-
tation [15]. Thus, the influence of fiber amount and aspect ratio on
mechanical properties draws a great attention. It is often noticed that
higher amount of fiber improves the strength and modulus altogether
toughness if the polymer has low toughness [54].

At very low filler concentration of 0.5 wt% the stress-strain plot of
Figure 1(a) shows poor improvement of tensile strength and modulus
altogether an enhancement of elongation at break. This result may be
explained by the combination of two factors: a) at very lower level of
loading poor dispersion of filler in base matrix during melt blend-
ing and b) also EMA has a tendency to show strain-induced crystal-
lization at higher strain because of its linear polyethylene domains,
which reflects self-reinforcing behavior of matrix and accounts for
higher tensile strength, modulus and improved elongation at break.
Generally, tensile strength is governed by the fiber length than the
amount of fiber [55,56]. Physical adhesion is the only interaction
present between polymer and fiber to attach the fibers on polymer
matrix. Investigations of failure mechanism reveal that under load-
ing of tensile stress, crack initiates from the fiber ends and spread

along fiber-matrix interface and finally reached to base polymer [57].
Fiber ends concentrate the stress in adjacent matrices and it can be
decreased with matrix flow, interface debonding and matrix fracture.
Therefore, deterioration is associated with number of fiber ends and
fiber amount. Increasing loading demonstrates an improvement in
mechanical properties with lowering elongation at break from 1 wt%
loading and follow the same trend for ESCF 10 for improved mechan-
ical mixing and better polymer-filler adhesion by physical bridging
of SCF with. Improvement of tensile strength is also influenced by
the high strength of carbon fiber. Comparatively high aspect ratio
of ESCF 0.1 to ESCF 10 demonstrates lower fracture of fiber length
which facilities the orientation of carbon-fiber towards flow direction
to impart strength in filled composites, but much higher loading de-
creases the end properties.

During melt mixing fiber length decreases with increasing fiber
content for fiber-fiber, fiber-polymer interaction and friction with the
wall of processing equipment [58,59]. The very low aspect ratio of fi-
ber reduces the strength of material. Thus, increasing fiber concentra-
tion reduces the tensile strength of composites after 10 wt% loading.
In Composite ESCF 15, tensile strength is predominantly controlled
by the fiber length rather than the fiber weight fraction, where very
low aspect ratio reduces the tensile strength for poor physical adhe-
sion of SCF and EMA [60,61].

Shore a hardness of EMA and all ESCF composites have been
measured and shown in Figure 1(b). The plot states that increasing
filler concentration enhances hardness of the composites than pure
EMA having shore hardness of 55 shore A. Hardness increases pro-
gressively with increasing SCF concentration and results 72.3 shore A
of ESCF 15. The moderate hardness of filled composites is suitable for
commercial applications.

Morphological analysis

Morphological analysis of cryo-fractured ESCF composites has
been performed by FESEM to investigate the dispersion and distri-
bution of fibrous filler throughout the base polymer. Figure 2 (a-f)
represents the typical cryo-fractured FESEM microphotographs of
the different amount of SCF filled melt blended ESCF composites. At
very lower loading from 0.1 wt% to 0.5 wt% we can observe that the
fillers remain scattered in the matrix and are not able to construct
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Figure 2: (a-f) Field emission scanning electron microphotographs of cryo-fractured ESCF composites demonstrate the dispersion of variable amount fibrous
filler (0.1 wt%, 0.5 wt%, 1 wt%, 5 wt%, 10 wt% and 15 wt% respectively) through the matrices to impart improved mechanical strength, electrical conductivity and
efficient EMI SE in composite materials.

conductive network through the matrix for experiencing lower shear-
ing action in melt blending process by the lesser amount of SCFE. The
roughness of cryo-fractured surfaces is also lower than the other filled
composites in Figure 2 (a-c), which signify poor interfacial adhesion
of filler with matrix. FESEM images of increasing filler concentration
of Figure 2 (d-f) reveal an improved dispersion of SCFs in neat EMA,
where fillers are strongly embedded within matrix. The microphoto-
graphs demonstrate that increasing loading enhances surface rough-
ness as well as porosity and voids in the matrix which signifies higher
filler-polymer adhesion and offers improved mechanical properties of
filled composites. Although fibrous fillers are individually pulled out
from EMA surfaces at lower loading but at higher filler concentration
individual SCFs are not pulled out from base matrix as a consequence
of improved dispersion and physical interaction of fibrous filler with
EMA for wetting of filler surfaces by the polymer melt and infiltration
of polymer chains to separate the aggregated structure of SCF during
melt blending. Increasing filler loading not only improve the mechan-
ical properties of composites it also facilitates the generation of inter-
connected conductive network through the matrix which enhances
the electrical conductivity as well as shielding properties of materi-
als. Aspect ratio of fibrous fillers has an important role to govern me-
chanical, electrical properties and shielding effectiveness of SCF filled
composites which can be explained by optical microscopic analysis.

Effect of fiber length and aspect ratio in composite materials

Fiber length, aspect ratio and their distribution plays very impor-
tant role to govern the mechanical, electrical and EMI shielding prop-
erties of composites. Variation of aspect ratio not only depends on the
method of processing condition; it was also controlled by the amount
of filler loading, viscosity of the system and the nature of polymer.
Lower aspect ratio of fibrous filler generally decreases the electrical
conductivity by inhibiting the formation of continuous intercon-

nected network in the polymer matrix. Whereas higher aspect ratio
assistances to generate continuous network for the improved electri-
cal and shielding effectiveness by lowering the percolation threshold.
Hence, fiber length is very important to control the end properties of
composites. Since fiber diameter remains unchanged during process-
ing, so maintaining the fiber length is a challenging work for filled
composites.

Before mixing, short carbon fibers were cut with an average length
of 4 mm. Very low bending strength and brittle nature of short carbon
fibers have a tendency to undergo break down during mixing with
polymer. High filler concentration increases the viscosity of filled
material to experience higher shearing action for breakdown of fiber
length.

Figure 3(a-g) represents the typical optical microscopic images of
SCF (before mixing) and SCF filled EMA composites with increasing
filler of 0.1 wt%, 0.5 wt%, 1 wt%, 5 wt%, 10 wt% and 15 wt% respec-
tively. Variation of fiber length against number of fiber with increasing
filler concentration is shown in Figure 3(h-1) by using Image J soft-
ware. Microscopic images reveal that SCFs are randomly distributed
in the matrix and at very low filler concentration and they remain
separated from each other. The plot demonstrates that although in-
creasing filler concentration reduces the average length but the effect
was not significant upon 10 wt% loading. Whereas, at 15 wt% loading
comparatively lower aspect ratio of SCFs are obtained for the very
high shearing action and results in deterioration of mechanical prop-
erties of the composites [42]. On the contrary very high concentration
of filler forms dense mesh through interconnected network by de-
creasing inter-particle gap which enhances the shielding effectiveness
of composite materials. Increasing SCFs results more closed packed
structure but the improvement becomes marginal after a certain level
of loading (here 10 wt%) as a consequence of already framed network
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structure which only increases the number of continuous path and
sometime shows poor results in mechanical and electrical properties
for lowering average length and aspect ratio of SCE

The extent of fibrous filler breakage can be determined from the
following equation [42]:

Extent of fiber breakage = [(L - L,)/L ] x 100 (1)

Where, L = length of fiber befor mixing, L, = length of fiber af-
ter mixing respectively. Figure 3 (m) represents the plot of extent of
fiber breakage vs filler concentration and states that increasing filler
concentration reduces the fiber length and aspect ratio as a result of
higher viscosity of polymer matrix.

Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical thermal analysis has been performed to
study the relaxation behavior of ESCF composites filled with variable
amount of SCF by evaluating the storage modulus (E’) and tan § of
neat polymer and composites materials. Storage modulus is defined as
the modulus of elastic part of polymeric material, whereas tan § rep-
resents the damping property of material and described by the ratio
of loss modulus and storage modulus. EMA, being a semi-crystalline
polymer show different response towards dynamic loading at differ-
ent temperature. Incorporation of fibrous filler also affects the crystal-
line property of base polymer. Figure 4(a) and 4(b) demonstrates the
variation of E’ and tan § against temperature of filled composites and
pure EMA respectively. Figure 4(a) demonstrates that at low tempera-
ture region (i.e., ~-60°C) all the filled ESCF composites and pure EMA
have improved storage modulus value because of limited or restricted
molecular mobility of polymer chains and crystalline backbone of
EMA. With the attainment of glass temperature all the filled and pure
material unveil a large drop of E’ value for phase transition from rigid
glassy to flexible rubbery state. In glassy state the molecular chains
have restricted motion which move freely in rubbery state. As a con-
sequence the storage modulus value of both pure and filled materi-
als deteriorates with increasing temperature. That's why Figure 4(a)
reveals that increasing temperature deteriorates the storage modulus
value of both the filled and pure system than glassy region but filler
incorporation gives higher storage modulus (E’) value of the filled
composites than neat EMA. Addition of SCF results some interaction
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of filler with EMA through physical adhesion, which enhances the dy-
namic mechanical property of the filled composites. Amount of fiber
and fiber aspect ratio also influences the dynamic mechanical prop-
erty of the composite materials. With incorporation of higher amount
of filler SCF exhibits much higher shear action, which reduces the as-
pect ratio in higher extent for higher filler loaded composites in com-
parison to lower amount of filler loaded composites. Small sized fillers
are unable to impart stiffness to the base polymer and results smaller
storage modulus value. Thus although incorporation of filler enhances
the storage modulus value but the extent of improvement is observed
at an optimal breakage of fiber length after that marginal or very poor
improvement has been observed. This improvement of E’ value is ob-
served up to 10 wt% SCEF, after that a certain deterioration of E’ value
is observed. Generally semicrystalline polymers show glass transition
with increasing temperature as a consequence of the motion of amor-
phous part. Incorporation of fibrous filler offers higher sustainability
and withstanding ability for improved E’ value of the filled composites
than the neat EMA even at high temperature region [62]. The maxi-
mum tan § value of tan § vs temperature plot is considered as the glass
transition temperature (T ) of the corresponding material. Figure 4(b)
provides higher tan § value of filled ESCF composites up to 10 wt%
SCF loading than neat EMA but very high filler loading (15 wt%) re-
sults a decrement in T, value. Tan § versus temperature plot shows
that neat EMA has a and B peak, where a peak is observed at +28.0°C
for inception of molecular motion and f peak at -23.2°C for the onset
movement of methyl acrylate groups [63]. Figure 4(b) demonstrates
that 10 wt% SCF loading enhances T of ESCF 10 at -17.1 °C (also the
same trend is observed in DSC analysis) with lower tan 6 magnitude
in comparison to pure polymer for very high filler-polymer interaction
through physical bridging and restrict the molecular mobility of polymer
chains to improve the T, of composites [62,64,65]. Increasing filler concen-
tration also broadens the tan § peak at higher temperature side. Unrestricted
polymer segments try to maintain the glass transition temperature of bulk
EMA, whereas polymer chain adjacent to the SCF attempt to restrict the mo-
bility of polymer chain and increases the T of materials [66]. On the contrary
very high loading (15 wt%) results lower glass transition temperature for poor
filler-polymer interaction due to improper dispersion of SCF in EMA matrix
and lower aspect ratio of SCE Since tan § peak is responsible for the damping
character of material, hence it is evidenced that control filler loading plays an
important role to govern the end properties of filled composites.
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Figure 4: Variation of (a) storage modulus (E') and (b) loss tangent (tan &) of neat EMA and SCF filled composites against temperature.
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Study of Differential Scanning Calorimetry (DSC)

Glass transition temperature (T ) and crystalline melting point
(T) of neat polymer and filled composites can be easily determined
from DSC analysis. Figure 5 represents the 2™ heating DSC thermo-
gram of pure EMA and different amount of SCF loaded ESCF com-
posites. DSC plot of Figure 5 clearly demonstrates that increasing
filler enhances T_ of filled composites about 5.0°C than neat EMA
on 10 wt% SCF loading (ESCF 10) and the data are summarized in
Table 3. Increasing T_ of filled composites are obtained as a result of
restricted movement of polymer chains for high interfacial interac-
tion between EMA and SCF up to 69.3% breakage of carbon fiber,
whereas 78.4% breakage of SCF shows decrement of glass transition
temperature of filled composites during melt blending, the same trend
is also observed in DMA analysis [65,67]. The result demonstrates
that like other properties T of filled composites is also influenced by
the amount as well the aspect ratio of SCE. A likely explanation is that,
comparatively higher aspect ratio of fibrous filler can easily attach
on the polymer surfaces through physical adhesion and restrict the
mobility of polymer chain to exhibit higher glass transition tempera-
ture, while lower aspect ratio (corresponding to lower chain length)
offers poor dispersion and interaction of fibrous fillers with polymer
matrices. As a consequence increasing concentration of SCF at first
show an improvement of T of filled composites progressively up to
an optimal level of 10 wt% loading followed by a decrement at 15 wt%
of SCF, which manifests that loading of fibrous filler, fiber length and
aspect ratio are very important parameter to govern the end proper-
ties of SCF filled EMA composites. This improved thermal stability
broadened the application of filled ESCF composites at higher tem-
perature region than the pure EMA matrix for 10 wt% loading. Hence,
control loading of nanofiller is still now a challenging approach for
melt blending for betterment of properties. Table 3 represents that
incorporation of SCF does not show any significant improvement in
the melting temperature (T ) of filled composites, which is very much
similar with the other SCF filled thermoplastic polymer composites [68].

Analysis of DC conductivity

Incorporation of conductive fillers in insulating polymer matrix
results an increment of electrical conductivity of filled composites
by the formation of conductive network through materials. Figure 6

0.0+
-0.14
o5 0.2
_E EMA
= 034 ESCF 0.1
é ESCF 0.5
3 -0.44 ESCF 1
E ESCF5
= -0.54
o ESCF 10
T .06+ ESCF 15
-0.7 4
T L] L] L 1 1
-80 -40 0 40 80 120

Temperature (°C)

Figure 5: Second heating DSC thermogram of EMA and 0.1 wt%, 0.5 wt%, 1
wt%, 5 wt%, 10 wt% and 15 wt% short carbon fiber filled ESCF composites.

Table 3: Glass transition temperature (T ) and melting temperature (T, ) of neat
EMA and ESCF composites obtained from DSC analysis.

Sample designation T, (°C) T.(°C)
EMA -34.1 83.5
ESCF 0.1 -33.7 834
ESCF 0.5 -33.9 83.9
ESCF 1 -32.8 83.8
ESCF 5 -31.6 84.6
ESCF 10 -29.2 84.3
ESCF 15 -30.6 84.2

represents the changes of DC conductivity of neat EMA with filler
loading. Pure EMA has very low conductivity of 10’ S cm™ and
shows very marginal change at low filler loading of 0.1 wt%. From 1.0
wt% loading a progressive change is noticed in DC conductivity of the
composites, which increases continuously upon 10 wt% loading and
has been reflected in Figure 6 for the construction of interconnected
conductive network of fibrous filler. Electrical conductivity of SCF
filled composites is also governed by the fiber amount, length of fiber,
their aspect ratio and distribution through the base polymer matrices
[42]. Melt blending offers improved degree of dispersion of SCFs in
matrix with increasing filler concentration by disintegrating the filler
particles through shearing action and forms very high interconnected
conductive mesh network to increase the conductivity of filled
composites. Henceforth, melt blended ESCF 10 exhibits conductivity
of 10° S cm™ The critical filler concentration at which the composite
changes from an insulating polymer in to a semiconducting or
conducting material for the ease of formation of continuous filler-
filler network inside polymer matrix is known as critical percolation
threshold [69]. Comparatively low filler concentration exerts lower
shearing action during melt blending and offers high aspect ratio to
fibrous filler to facilitate the generation of continuous conducting
path through improved dispersion and distribution of filler. After
percolation changes of conductivity with filler become very marginal
as the combination of following two factors; i) completion of network
formation at high filler concentration and ii) high filler concentration
experiences very high shearing action during melt blending, which
deteriorates the length of SCF to gives lower aspect ratio and poor
tendency to form conductive network through the polymer matrices.
As a result increasing filler concentration is not able to improve the
electrical conductivity very high level after a certain amount of filler
loading. Therefore it is preferable to maintain the filler concentration
and their initial length during melt mixing.

Percolation threshold of filled composites can be obtained by the
power law equation of classical theory as follows [15]:

o(p) = oo(p-pc)‘ forp > p. (2)

Where, o(p) = DC conductivity of composite, 6, = constant
quantity, p = filler weight fraction, p = filler weight fraction at
percolation threshold and t = critical exponent.

p. and t can be evaluated from the best fitted log-log plot of o(p)
vs (p-p.) and shown in Figure 6 inset. Critical exponentt has been
calculated from the slope of best fitted curve and the value becomes
t = 2.81, with respective percolation threshold of p_ = 3.1 wt% from
the intercept. Therefore it can be stated that addition of SCF in EMA
enhances the electrical conductivity up to certain loading which
helps to improve the shielding effectiveness of composites as well as
enhances the mechanical strength and thermal stability for increased
commercial viability.
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Figure 6: Plot of DC conductivity of ESCF composites as a function of
SCF loading. Inset: best fitted straight line is obtained by using power law
equation of log o against log (p—p,), which gives percolation threshold of p_
=3.1wt% andt=2.81.

Analysis of Electromagnetic Interference Shielding Effec-
tiveness (EMI SE)

EMI SE is the measure of attenuation of radiated electromagnetic
waves by the shielding materials. Electromagnetic shielding efficiency
is measured as the cumulative result of reflection loss, absorption loss
and multiple reflection loss at the interfaced of shielding material and
mathematically represented as [70-72]:

EMI SE, (dB) = 10 log,, (P,/P,) = SE, + SE, + SE,, (3)

Where P, and P, is the transmitted and incident electric or mag-
netic field intensity of electromagnetic radiation, SE,, SE,, SE,, rep-
resents the reflection, absorption and multiple reflection through the
interfaces.

Scattering parameters S, (or S,)) and S, (or S,)) are used to de-
termine the transmittance (T), reflectance (R) and absorbance (A) of
electromagnetic waves as follows:

T=[S,|*=1S,,[*(S,, or S, = transmission coefficient) (4)
R=|[S, |*=[S,*(S, or S, = reflection coefficient) (5)

In generally the multiple reflection term is ignored when SE,>10
dB and total EMI shielding becomes [73]:

SMI SE, = SE, + SE, (6)

Polymers are generally insulating in nature and show very poor
shielding effectiveness. Incorporation of filler generates conductive
network to resist the electromagnetic pollution of any external source.
Fiber length, aspect ratio and distribution of filler in base polymer
play important role to control the electrical property and electromag-
netic interference (EMI) shielding effectiveness of composite mate-
rial. During mixing fiber diameter remain constant only fiber length
changes as a result of fiber-fiber interaction, fiber-polymer interaction
and contact with the surface of processing equipment [74]. Lower
aspect ratio of fiber has a reverse effect on the electrical property;
because longer length of fiber can easily form conductive network
through the system and reduces the electrical percolation, whereas
lower aspect ratio of fiber reduces the tendency to form network
through the system and gives higher percolation [75]. EMI shielding

effectiveness also depends on the formation of dense conductive filler
network through the base matrices, but the influence of the aspect
ratio of fibrous filler on EMI shielding is completely different from the
electrical property.

To understand the effect of variable amount of fibrous filler load-
ing in a thermoplastic material EMI SE, of pure EMA and ESCF com-
posites have been measured against variable filler loading within the
X band frequency range of 8.2 - 12.4 GHz and shown in Figure 7(a).
The plot clearly demonstrates that pure EMA having shielding effec-
tiveness of 1.75 dB acts as transparent towards EM (electromagnetic)
radiation, whereas filler loading progressively enhances the shielding
effectiveness of filled composites with frequency and results SE of 38.7
dB on 15 wt% SCF loading. Improved SE is the result of interaction
of incident radiation with dense conductive network structure of SCF,
which reduces the perforation of filled composites through better
dispersion of fibrous filler by melt blending. For a particular loading,
aspect ratio of fibrous filler changes the shielding effectiveness of a
material proportionately; increasing aspect ratio accelerates the for-
mation of conductive network, whereas lower aspect ratio adversely
affect the shielding effectiveness for less tendency to form conductive
network. On the other hand, variable loading of fibrous filler plays
two opposite effect; i) increasing concentration of filler enhances the
tendency to form dense network structure to give enhanced EMI
shielding, ii) incorporation of filler results higher breakage of fibrous
length which suffers through the formation of network structure as
well as mechanical, thermal and electrical properties. Therefore, we
have to select the material depends on their utmost properties and
application fields.

Further study has been carried out by evaluating the changes
of SE, SE, and SE, with filler concentration at a fixed frequency of
10 GHz in Figure 7(b). SE,, SE, and SE, of all composites increase
continuously with filler loading, but the enhancement of SE_ is very
much relevant with the increase of SE,. SE_ increases from -2.17 dB to
-30.73 dB with increasing filler of 0.1 wt% to 15 wt% and SE, increases
from -0.85 dB to -22.91 dB for the same concentration of filler, where-
as SE, does not show significant improvement of SE on SCF loading.
Absorption depends shielding mechanism of filled composites are
observed due to the formation of fine conductive mesh by SCF in the
base matrices, which augments the absorptivity of EM waves in the
system by decreasing the perforation through close packing and sig-
nify that amount of filler predominate the shielding effectiveness over
the aspect ratio of SCF with deteriorating the mechanical strength of
composite after 10 wt% of loading. Shielding effectiveness also gov-
erned by the increasing energy consumption and high mobility of
SCEF electrons on application of electric fields. Absorption mechanism
generally influenced by conductivity and polarization of filled com-
posites. In ESCF presence of defects, interfaces and functional groups
intensifies the polarizability of filled composites [15]. Increasing fill-
er concentration reduces the mesh size but enhances the thickness
of absorbing materials which act as absorbing sites to improve the
shielding effectiveness. Therefore it is very difficult to determine the
optimal SCF breakage to achieve the effective shielding effect of vari-
able filler loaded composites without considering the sustainability of
filled composites. Considering the above mentioned factors ESCF 10
can be considered as the requisite composite, which contain the op-
timal SCF breakage to give effective shielding effect with improved
mechanical and thermal stability. Figure 3(m) divulges that although
78.4% breakage of SCF exhibits improved EMI shielding but there was
deterioration of thermal and mechanical stability of the composites,
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Figure 7: Variation of (a) EMI SE of ESCF composites with variable filler concentration against X-band frequency of 8.2 GHz to 12.4 GHz; (b) SE,, SE,, SE and (c)
skin depth of pure EMA and filled ESCF composites as a function of SCF loading at fixed frequency of 10 GHz.

while 69.3% SCF breakage of ESCF 10 composite can be referred as
the optimal SCF breakage required to provide enhanced EMI shield-
ing effectiveness of -23.8 dB with absorption efficiency of 77.1% in
comparison to reflection efficiency of 12.47% and 99% blocking of
electromagnetic radiation in X-band frequency region altogether
36.2% improvement of tensile strength property and ~ 5°C improve-
ment of glass transition temperature.

Influence of skin depth on Electromagnetic Interference
shielding effectiveness

Primary EMI shielding mechanism is influenced by the reflection,
followed by the secondary mechanism of absorption. Beyond these
two mechanisms another important shielding mechanism is multiple
reflections, which describes the reflection obtained from various sur-
faces and interfaces of the shield material. Multiple reflections require
the presence of large surface or interfaces of shield. Porous material or
foam contains large surface area, whereas composite material contain-
ing filler of large surface area are the suitable example of materials hav-
ing large interfaces [76]. Multiple reflection loss can be ignored when
the difference between reflecting surfaces and interfaces is higher in
comparison to the skin depth. On the contrary it reduces the overall
shielding effectiveness when the shielding depth is thinner than skin
depth [77]. Therefore, skin depth (J) is an essential phenomenon to
control the shielding effectiveness of composite materials having dif-
ferent concentration of filler (Figure 8). Skin depth of composite can
be described as the depth at which the EM radiation decreased to 1/e
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Figure 8: Pictorial representation of Electromagnetic Interference Shielding

mechanism of ESCF composites.

of incident radiation and mathematically defined as [78,79]:

8 = 1/(nfua)'? =

-8.68 (t/SE,) (7)
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Where, t represents the thickness of nanocomposites, f, ¢ and o
is the frequency, magnetic permeability (u p; where p_is the relative
magnetic permeability and p, = 4m x 107 Hm™) and electrical
conductivity in Q'm™ respectively. Equation (7) clearly depicts
that increasing frequency, electrical conductivity and magnetic
permeability decreases the skin depth of composite materials. The
effect of filler concentration on skin depth of composites at a fixed
frequency of 10 GHz is demonstrated in Figure 7(c). The plot of skin
depth against filler loading describes that skin depth decreases with
filler concentration. ESCF 0.1 has a skin depth of 27.1 mm which
reduces to 1.1 mm upon 15 wt% SCF incorporation. This result also
satisfies equation (7) in terms of electrical conductivity as well as fiber
aspect ratio. Incorporation of SCF from 0.1 wt% to 15 wt% enhances
the shielding effectiveness of composites materials, but it decreases
the skin depth of the composites of ESCF 0.1 to ESCF 15 from 27.1
mm to 1.1 mm. Although the improvement of conductivity after 10
wt% is marginal but the changes of skin depth is much significant
from 1.4 mm to 1.1 mm. Figure 3(b-g) and (i-1) reveals that though
incorporation of filler reduces the aspect ratio of SCF for high
shearing action during melt blending, but it imparts positive effect
on the skin depth, where increasing SCF concentration reduces
the skin depth through the formation of dense conductive network
structure in the composites. As we already mentioned that the
combined effect of filler loading and aspect ratio influences the EMI
shielding effectiveness of different SCF loaded composites, Figure 7(c)
demonstrates that the same factor is also accountable for the variation
of skin depth with filler loading. The experimental result describes
that before and after percolation threshold a continuous improvement
of EMI SE is observed as a consequence of interconnected network of
SCF through the matrix, which is contradictory with the conductivity
of composites and the composites are very much effective for the
commercial applications of improved EMI shielding.

Conclusion

In this study, we developed the SCF filled flexible elastomeric
composites to improve the electrical conductivity and mechanical
property through a non-hazardous solvent free melt mixing process.
Melt blending is very much cost-effective and commercially viable ap-
proach to give good dispersion of fibrous fillers through the matrix for
achieving lower percolation threshold of 3.1 wt% and efficient EMI
SE. Morphological analysis (FESEM and Optical Microscope) reveals
that increasing filler concentration enhances the dispersion of fibrous
filler and offers better filler-polymer interface adhesion to give im-
proved mechanical strength with flexibility, thermal stability and also
good conductivity by the formation of 3D networks. Stress-strain plot
demonstrates the nature of polymer composites inhibits the tenden-
cy to form yielding and necking, compared to some earlier reported
result, by offering higher polymer-filler adhesion and improved me-
chanical strength of 37% than neat EMA by maintain the optimal SCF
breakage of 69.3%. Along with superior mechanical strength ESCF
composite also exhibits EMI SE of -23.83 dB only on 10 wt% SCF
loading where the shielding efficiency is governed by the absorption
phenomenon via maintaining the concentration of filler as well as
the thickness of material. DMA result reflects that storage modulus
progressively increases with filler concentration and shows opposing
effect with temperature. DSC and DMA analysis also confirms that
addition of fibrous fillers marginally increases the glass transition
temperature of filled polymer composites by restricting the move-
ment of polymer chains. Henceforth, our experimental works can
be envisaged as an excellent method to prepare mechanically strong,

thermally stable, highly efficient EMI SE materials for the application
in cost-effective electro-mechanical, techno commercial appliances,
where improved mechanical strength and moderate thermal stability
are essential necessities.
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