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Abstract: A suitable polymer matrix and well dispersed conducting fillers forming an electrically
conducting network are the prime requisites for modern age electromagnetic shield designing. An
effective polymer-based shield material is designed that can attenuate 99.9% of incident electromagnetic
(EM) radiation at a minimum thickness of <0.5 mm. This is accomplished by the choice of a suitable
partially crystalline polymer matrix while comparing non-polar polypropylene (PP) with polar
polyvinylidene fluoride (PVDEF) and a best suited filler nanomaterial by comparing different types of
carbon nanotubes such as; branched, single-walled and multi-walled carbon nanotubes, which were
added in only 2 wt %. Different types of interactions (polar-polar and CH-m and donor-acceptor)
make b-MWCNT more dispersible in the PVDF matrix, which together with high crystallinity resulted
in the best electrical conductivity and electromagnetic shielding ability of this composite. This
investigation additionally conceals the issues related to the thickness of the shield material just by
stacking individual thin nanocomposite layers containing different carbon nanotube (CNT) types
with 0.3 mm thickness in a simple manner and finally achieves 99.999% shielding efficiency at just 0.9
mm thickness when using a suitable order of the different PVDF based nanocomposites.

Keywords: polymer nanocomposites; polypropylene (PP); polyvinylidene fluoride (PVDF); carbon
nanotube; microwave shielding

1. Introduction

Recently, with the gigantic increment in the use of electronic gadgets and the quick advance of
telecommunication innovation, electromagnetic radiation is being produced as an offshoot, which
is turning into a genuine worldwide issue [1]. For more than 10 years, monitoring exposure of
electromagnetic waves specifically has fuelled numerous level-headed discussions, which have
regularly been quite heated. An examination of reports and scientific productions committed to this
theme demonstrate that this radiation can meddle effectively in different surroundings instruments
and causes a glitch [2,3]. Various examinations have been completed on the potentially hazardous
impacts of electromagnetic waves on our wellbeing also [4].

Polymer composites with conductive fillers incorporated in them have high potential in different
applications including electromagnetic interference (EMI) shielding [5,6]. These conducting fillers
are usually randomly distributed in a polymer matrix and in general they require high loadings to
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attain an insulator/conductor transition. High loading of these fillers usually results in high melt
viscosities, inferior mechanical properties, and low economic affordability [7]. Since the discovery of
carbon nanotubes (CNTs), alluring properties simply change the mind of the researchers and CNTs
have been utilized enormously in the polymer matrix as potential fillers [8-10]. The high aspect ratio,
high electrical conductivity, and low percolation threshold in a suitable matrix are the most critical
parameters for any polymer based shield designing [11,12]. Due to the presence of different structural
confinements, CNTs can exist in different forms, such as singlewall and multiwall or non-functionalized
and functionalized, which generally have diverse properties [13-16]. There is no study in literature
dealing with comparable electromagnetic (EM) shielding properties when using different types of
CNTs varying in their properties.

In regard of the previously mentioned certainties, herein, the first time in literature, we focus to
determine the structural effect of different CNTs such as singlewalled carbon nanotubes (SWCNTs),
multiwalled carbon nanotubes (MWCNTs), and branched MWCNTs (b-MWCNTs) in EM shield
design while incorporated in the polymer matrix. In addition, we also compared our results by
using two different semi-crystalline polymer matrices on the basis of their polarity and degree of
crystallinity, namely non-polar polypropylene (PP) and polar polyvinylidene fluoride (PVDF). The
state of dispersion of the three different types of CNTs in two different matrixes was investigated by
morphological structures, rheology, differential scanning calorimetry (DSC), and electrical resistivity
measurements. It has been found that due to the low van der Waals’ attraction forces and specific
interaction between the PVDF and MWCNTs as well as branched MWCNTs such nanocomposites
exhibited the highest values of total shielding effectiveness, especially in a multilayer assembly. This
study is of paramount importance in guiding researchers working in this area.

2. Materials and Methods

2.1. Materials

Moplen HP400R, Polypropylene was procured from LyondellBasel. Kynar 720 poly (vinylidene
fluoride) (PVDF) was purchased from Arkema. Tuball™ SWCNT with average diameter of 1.6 nm
and a length exceeding 5 pm was purchased from OCSiAl S.a.rl. (Luxembourg) [17]. NC7000™
MWCNT were obtained from Nanocyl, S.A. (Sambreville, Belgium) [18]. CNS-PEG branched MWCNT
(b-MWCNT) were provided by Applied NanoStructured Solutions LLC (Baltimore, MD, USA).

2.2. Composite Preparation Method

A twin-screw microcompounder (Xplore DSM 15, Sittard, The Netherlands) (volume 15 ccm)
was utilized for the preparation of polymer composites. PP-based composites were prepared at a
temperature of 210 °C and a rotational speed of 250 rpm for 5 min. This melt mixing condition is
comparable with that used in previous literature [17]. The PVDF-based composites were prepared as
according to previous studies [19]. All polymer/CNT composites contain 2 wt % CNT.

2.3. Characterization

A DHR-3 rheometer (TA instrument, New Castle, DE, USA) was utilized here for measuring
the flow characteristics of the composites under nitrogen atmosphere at 210 °C. Frequency sweeps
were performed in the linear viscoelastic range between 0.1 and 100 rad/s at strain rate of 1% using
compression molded plates (thickness 1 mm, diameter 25 mm).

A differential scanning calorimetry (Q2000 DSC TA instrument) was utilized for thermal
characterization at a temperature range of —80 to 200 °C with a scan rate of +10 K-min~' under
N, atmosphere. The reported melting temperature is obtained from the second heating scan. The
crystallinity « of the materials was calculated using AH values of 100% crystalline polymers as given
in literature, whereby 207 J/g was used for 100% crystalline PP and 105 J/g for 100% crystalline
PVDF [20,21].
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For FT-IR, a Perkin-Elmer GX instrument was utilized for determining the polar crystalline phase
of the PVDF and PP composites. Thin films of PP and PVDF were analyzed.

Raman spectra were recorded using a LabRam HR (UV) system using polymeric films.

A scanning electron microscope (Carl Zeiss GmbH, Jena, Germany) was utilized for Morphological
characterization of the CNT powders and the cryo-fractured composites. All the composites were
cryo-fractured in liquid N, and the surfaces were coated with 3 nm platinum prior to the imaging.

A transmission electron microscope BX53M (Olympus, Olympus Deutschland GmbH, Germany)
fitted with an Olympus DP71 camera was utilized to evaluate the dispersion of the fillers. Prior to
the TEM imaging, extruded strands were cut into thin sections with a thickness of 5 um using a Leica
RM2265 microtome at room temperature and then fixed on glass slides using Aquatex.

A PW40EH (Otto-Paul-Weber GmbH, Remshalden, Germany) compression molding machine
was utilized for preparing the samples for electrical characterization and EM shielding measurements.
The samples were pressed into sheets having a diameter of 60 mm and different thickness of 0.3 mm,
0.5 mm, and 1 mm. PP composites were compression molded at 210 °C for 2 min [17] and PVDF
composites at 200 °C for 2.5 min [19]. It is well established that unlike injection molding, compression
molding does not impart any preferred orientation of nanoparticles.

Depending on the resistivity of the samples, here we have measured the electrical volume
resistivity in two different configurations. For samples with high resistivity, the compression-molded
plates were characterized using a Keithley 8009 Resistivity Test Fixture combined with a Keithley
electrometer E6517A. Rectangular strips were cut so as to measure samples with low resistivity and
were characterized by making use of a 2-point test fixture, combined with Keithley electrometer.

A vector network analyzer (VNA; Anritsu MS4642A) with a KEYCOM wave-guide adaptor was
utilized for electromagnetic shielding measurements in 12-18 GHz frequency. Multi-layer assemblies
were prepared by placing three individual layers of nanocomposites filled with the different CNTs
(thickness 0.3 mm each) one upon another inside the adaptor of the waveguide. The scattering
parameters were recorded and were used to estimate the total shielding effectiveness using the input
and output power. The waveguide was thoroughly calibrated using short-open-load-transmission
(SOLT).

3. Results

3.1. Characterization of Different Carbon Nanotubes

The CNT morphology was characterized using SEM (see Figure 1). A mat-like structure was
observed for b-MWCNT as well as for SWCNT (Tuball) nanotubes. For MWCNT (NC7000) a finer
combed yarn structure was well evident from the micrographs.

'y

Figure 1. SEM micrograph of fillers: (a) multiwalled carbon nanotubes (MWCNT) NC7000,
(b) singlewalled carbon nanotubes (SWCNT) Tuball, and (c) branched multiwalled carbon nanotubes
(b-MWCNT).

To determine the structural properties of the various CNTs, Raman spectroscopy was used.
Figure 2 exhibits Raman spectra of MWCNT, SWCNT, and b-MWCNT, where each of them contains
three different characteristics band. The D bands of MWCNT and b-MWCNT observed between
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1240 and 1420 cm™! feature an induced disorder arising from a double-resonance Raman scattering
process which is, for the most part, starting from a non-zero focus phonon mode [22,23]. This band is
as a result of the first order scattering process of sp? carbons by the presence of layers, vacancies, or
in-plane substitutional heteroatoms, which can break the basic symmetry of the graphitic network [24].
Here, due to the concentric graphene sheets rolled in a cylindrical fashion that creates a multi-layered
architecture for originating the D bands of MWCNTs and b-MWCNT however, SWCNT does not
have any such band. The intensity of the D band depends on the association of symmetry breaking
parameters, which is directly proportional to the phonon density of states. It is interesting to note that
for the second overtone of the D band no elastic defect related scattering is required, but it is related
to the deformity of free sp? carbons. Due to this reason, all of the carbon structures exhibited such
D’ band between 2600 and 2760 cm~!. The G band, which is originating from the in-plane tangential
stretching of C-C bonds in graphite sheets, is observed here between 1500 and 1670 cm~!. The G
band is the intrinsic feature of any CNT, which is firmly identified with the vibration in all sp? carbon
materials [24]. The vital part of the G-band is the asymmetric characteristic Raman line-shape, which
depends on whether the nanotube is semiconducting or metallic, permitting promptly recognizing
the two sorts. Here all three different CNTs show the G band spectra, which clarify their metallic
characteristics, but the intensities and areas under the bands are different. For more understanding the
intensity ratio of D and G band was evaluated (see Figure 2), which is a good indicator for extent of
defects in CNTs. The Ip/Ig ratio is highest in MWCNTs, which means that there are defect sites than
for both other CNT types. The charge conduction properties of these nanoparticles are also directly
related to this ratio.

b-MWCNT
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Figure 2. Raman spectra of the different carbon nanotube (CNT) types.

3.2. Dispersion of Various CNTs in the Matrices

Advancement of polymer nanocomposites has turned into an appealing subject lately because of
their alluring properties. Numerous exploration endeavors have been coordinated towards constructing
CNT/polymer composites for diverse applications [15]. Due to the entangled nature of CNTs and
lack of sufficient interfacial interactions with the matrix, the structural properties in polymer/CNT
composites is always lower than the predicted values [15]. The existing solutions for dispersing other
conventional filler materials cannot be applied a priori for CNTs due to their nanometer scale and
higher surface area [4]. The problem is more pronounced due to the cost minimization race in the
commercial market of CNT sources, which actually provides more CNT types with highly entangled
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bundles. It is obvious that final nanocomposite properties may actually vary due to the different
dispersibility of different CNTs in the used matrices.

Here we have attempted to disperse three different kinds of CNTs, which are MWCNTs (NC 7000),
SWCNTs (Tuball), and b-MWCNTs (CNS-PEG) in PP and PVDF matrix systems. In both cases, the
dispersion of the different CNTs is very different, as shown in Figure 3. The SWCNTs display a similar
type of noticeable agglomerates irrespective of the matrix (Figure 3b,e). This can be attributed due to
the formation of nano-ropes by stronger van der Waals’ forces of attraction, compared to the MWCNTs,
which makes it difficult to separate them and infiltrate with the matrix polymer chains. The larger
diameter due to the several concentric walls of MWCNTs favors their dispersion. However, the best
dispersion is observed in composites filled with b-MWCNT, which may be attributed to the branched
structure and the presence of PEG molecules on the nanotube surfaces, which eventually overcome
the van der Waals’ forces of attraction between the tubes. The CNT dispersion in polar PVDF is quite
better than in non-polar PP as inferred from the number and size of the agglomerates. The variation
in CNT dispersibility controlled by the polarity of the polymer matrix was also discussed earlier in
the literature [25-27]. At nano/micro scale, the CNTs were effectively dispersed, irrespective of their
type, as indicated by SEM (see Figure 4) except for SWCNTs, where a dense CNT network is visible,
however, the optical micrographs reveal that b-MWCNTs are better dispersed in the bulk.
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Figure 3. Light microscopy image of a thin section of polymer/2 wt % CNT composites: PP with
MWCNT (a), PP with SWCNT (b), PP with b-MWCNT (c), PVDF with MWCNT (d), PVDF with
SWCNT (e), and PVDF with b-MWCNT (f).

It is envisaged that the difference in the degree of dispersion in any polymer matrix is largely
dependent upon the physico-chemical property of the polymer. Both the polymers here are
semi-crystalline in nature however; PVDF is more polar and can presumably interact better with the
CNT network [28]. Further, CH-m interaction between the CNTs and PVDF also helps in the dispersion
and favor the deagglomeration between CNTs [28,29]. Besides, it is also well established that during
the melt compounding with PVDE, a possible interaction between the polymer and the CNTs at the
molecular level is mainly due to the donor-acceptor complex between the delocalized 7-electron clouds
of CNTs and strongly electrophilic F groups, which facilitates the wrapping of PVDF chains on the
surface of CNTs. thus, the polar crystalline structure and different type of electronic interactions lead
to better dispersion of CNTs in PVDF than PP.
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Figure 4. SEM micrographs of the cyo-fracture surface of polymer/2 wt % CNT composites: PP with
MWCNT (a), PP with SWCNT (b), PP with b-MWCNT (c), PVDF with MWCNT (d), PVDF with
SWCNT (e), and PVDF with b-MWCNT (f).

3.3. Effect of CNT Type on Melt-Viscosity

Rheological studies serve as a useful method in revealing the effects of incorporating nanoparticles
in different polymer matrices as they reflect the filler network formation by a notable change in the
complex viscosity and the viscoelastic properties [30]. The complex viscosity is a very important
property and reflects summarily the polymer—particle interactions in different polymer matrices [31].

For both polymer matrices the complex viscosity as well as the storage modulus generally increases
significantly with the addition of the CNTs, which is a well-known effect.

In the PP matrix, the melt viscosity of MWCNT based composites was lowest when compared
with the other types of CNTs possibly due to worse dispersion throughout the matrix (see Figure 5a).
For the PP/b-MWCNT composite exhibiting the best dispersion, the highest viscosity was measured.
The overall distribution of CNTs as observed from light microscopy data (Figure 3a—c) correlates well
with the melt-rheology data. Both distribution and dispersion play a vital role in restricting the motion
of the polymer chain. Well dispersed but poorly distributed CNTs in the matrix are not effective for
rendering high electrical conductivity in a given polymeric matrix. On the other hand, a very good
distribution of well dispersed CNTs can form a network in the matrix volume and results in significant
improvement in the electrical bulk conductivity. The latter scenario is also reflected in higher viscosity
and storage modulus G’, which stems from the jammed network of polymer chains and CNTs.

In the PVDF matrix, the CNT dispersion was very similar for all three kinds of CNTs (Figure 3d-f),
which is reflected in the similar complex viscosity as well as storage modulus curves (Figure 5b,d). There
are very few differences measurable between the CNT types. Only the values for PVDF/b-MWCNT
composite are slightly above those of the other composites.

Under this framework, the interaction between polymer and nanoparticles also influences the
chain motion. When the host matrix interacts with the nanoparticles, the polymer chains surrounding
the particle are immobilized, which leads to an effective particle volume fraction, which is greater than
the actual particle volume fraction. This results in an improved storage modulus G’ at low frequencies.
This observation echoes with the results of light microscopy wherein the well dispersed b-MWNTs
were effectively well distributed in the host (irrespective of the matrix type) and thereby resulted in
higher G’ values (Figure 5c¢,d).

The mentioned effects are much more pronounced in the PP matrix than in PVDE, where with all
CNT types comparatively similar increases in the complex viscosity and storage modulus. At low
frequencies, again the composites with b-MWCNTs show the highest |1]*| and G’ values, whereas at the



J. Compos. Sci. 2020, 4,9

highest measured frequency of 100 rad/s MWCNT based composites show slightly higher values than

the other composites.
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Figure 5. (a,b) complex viscosity In*I of PP and PVDF based composites, (c,d) storage modulus G’ of
PP and PVDF based composites. All composites contain 2 wt % CNTs.

3.4. Effect of CNT Type on Crystalline Morphology

For semicrystalline polymers like PP and PVDF, the degree of crystallization are important factors
determining the structural properties of the matrix. It is well known, that nanofillers can influence the
crystallization significantly [17,32,33]. Hence the crystallization and melting behavior of the different
composites was investigated using DSC (Figure 6) and the obtained parameters are listed in Table 2. It
was observed that the incorporation of different types of CNTs into the matrix alters the crystallization
and melting temperatures significantly. In addition, the crystallinity changed upon CNT addition.

However, the changes are more prominent in PVDF than PP based composites.
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Figure 6. Differential scanning calorimetry (DSC) cooling cycles for PP and PVDF based composites
(a,b), DSC heating cycles for PP and PVDF based composites (c,d). All composites contain 2 wt % CNTs.

Incorporation of three kinds of CNTs in PVDF and PP composites results in an increase of the
crystallization temperature, melting temperature, and a decrease in crystallinity (Table 2). The increases
in the crystallization temperature T max were more pronounced for SWCNT and b-MWCNT than for
the incorporation of MWCNT in PVDF composites. In PP composites, the SWCNTs had the lowest
increase in crystallization temperature T max compared to the other CNT types. This could be related
to the very poor distribution of SWCNT in the PP matrix.

It is well-known that CNTs are forced out in the amorphous phase when the polymer matrix
crystallizes. Thus, as higher matrix crystallinity, the CNTs are forced in a less spacious amorphous
phase and as higher is the local concentration in that phase. This was shown as well for PP as for PVDE.
In this comparison, PP has the lower crystallinity than PVDE. Calculating the amount of amorphous
phase and relating the filling level of 2 wt % in the nanocomposite only to the amorphous phase,
relative CNT loadings of 3.3-3.4 wt % (in PP) or 6.0-7.0 wt % (in PVDF) result.

Besides the nature of CNTs, the specific interactions between the CNTs and the polymer also play
a significant role. For instance, in PVDF, through CH-7t and/or donor-acceptor conjugation, MWCNTs
are relatively better dispersed in PVDF than in PP. This resulted in elevated crystallization and melting
temperatures in PVDF based composites [34]. It is well known that PVDF exists in the different crystal
structure and interestingly from the FT-IR experiments we have observed the existence of 3-phase
in PVDF based composites (Figure 7) [34]. Among the different CNTs, b-MWCNT facilitated in the
formation of 3-PVDF. This is manifested from the appearance of a new peak centered around 840
cm™! in case of PVDF based composites. It is evident from the above discussion that besides the CNT
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type, the nature of the polymer in general and specific interactions in particular controls the overall
crystalline morphology in the polymeric composites.
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Figure 7. FT-IR spectra of PP based composites (a) and PVDF based composites (b) All composites
contain 2 wt % CNT.

3.5. EMI Shielding

EM shielding efficiency is the ability to attenuate incident EM waves, which can be measured by
the logarithmic proportion of incident and transmitted power [35]. In this study, the total shielding
effectiveness (SE1) in 12-18 GHz frequency region was calculated by using the scattering parameters,
which are specifically accessible from the VNA (vector network analyzer) [36]. Figure 8a,b shows
the SEt of various nanocomposites in the Ku band frequency, where SEt = @, where S1/55; is the
forward/reverse transmitted coefficient [37]. It is observed that the SEt is strongly dependent on the
structural properties of the CNTs. As, neat PP and PVDF are transparent to EM waves so, the shielding
efficiency is primarily originated from the conducting network of the CNTs inside the insulating matrix.
In this context, it is well known that the existence of a well interconnected conducting network is
crucial rather than higher bulk electrical conductivity of the fillers for effective shielding. The obviously
remaining agglomerates of SWCNTs at different length scales resulted in its composite in the lowest
direct current (DC) electrical conductivity when compared with the other CNTs (Figure 8c,d). [38]
Both MWCNTs and b-MWCNT are capable of rendering higher shielding efficiency by forming better
interconnected networks in their composites.

PVDF through specific interactions led to the more effective dispersion of CNTs in the composites
and resulted in higher shielding effectiveness when compared with PP based composites. Among the
different CNTs, b- MWCNT showed the highest shielding presumably due to a better-interconnected
network in the host. This observation begins to suggest that the structural properties of CNTs control
the overall shielding effectiveness in the composites besides the nature of the polymeric host.
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Figure 8. Total electromagnetic shielding efficiency of samples with a thickness of 1 mm for (a) PP
based and (b) PVDF based composites, and (c¢) DC electrical conductivity of PP and (d) PVDF based
composites. All composites contain 2 wt % CNT.

The literature suggests that surface reflection is the dominant mechanism for conducting materials
due to impedance miss match [39,40]. However, in our study the shielding efficiency decays as a function
of film thickness (see Table 1). This decrease in shielding efficiency attributes to a reduction in the
conducting mesh size, which is a significant contributor to the absorption through multiple reflections.

Table 1. Shielding effectiveness (SE1,@ 18 GHz) of various composites with thickness variation.

Composition SEt (dB) @ SEt (dB) @ SEt (dB) @
1 mm Thickness 0.5 mm Thickness 0.3 mm Thickness

PP with MWCNT -18 -18 -12
PP with SWCNT —4 -2 -1
PP with b-MWCNT —-24 -22 -17
PVDF with MWCNT -24 =20 -18
PVDF with SWCNT -7 -5 -2
PVDF with b-MWCNT =31 —-24 =21

Theoretical knowledge further reinforced our understanding that absorption through dissipation
of incident energies through dielectric heating has an impressive impact [36,41]. Interactions with
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dielectric materials can be comprised of the conductivity loss and various polarization losses [42]. Here
conductivity losses arise from spillage current in CNTs and polymer interfaces [43]. Due to its small
size and various interactions with the matrix, CNTs are fully fenced by PVDE. So, during interaction
with EM waves, the movement of free charge carriers occurs through electron hopping and that results
some conductivity losses.

Table 2. DSC melting and crystallization temperatures and crystallinity.

Crystallization Temperature at Melting Temperature

.. e o
Composition Maximum (Tgmax; °C) T, °O) Crystallinity (%)
PP (processed) 115.6 160.8 42.0
PP + 2 wt % MWCNT 129.8 168.0 41.3
PP + 2 wt % SWCNT 129.0 166.0 40.0
PP + 2 wt % b-MWCNT 130.0 167.6 39.7
PVDF (processed) [42] 140.8 168.6 75.0
PVDF + 2 wt %
MWCNT [42] 144.3 169.9 66.7
PVDF + 2 wt %
SWCNT [42] 146.9 169.5 68.9
PVDF + 2 wt % 146.6 170.0 715

b-MWCNT [42]

However, polarization losses depend on the many factors although; only a few are active in the
higher frequency region. Generally, dipoles of the dielectric materials will try to orient themselves
by the interaction with the electric field vector of the incident EM waves [44]. However, in the GHz
frequency region, the responding time for the preferred orientation of the active dipoles of the shielding
materials is very less. As a result, dipoles collide with each other, which actually leads to the dissipation
of energies through dielectric heat generation. Here, the presence of the polar 3 phase in the PVDF
crystal structure, efficiently accounted for the polarization losses through dipoles orientation [29].
In addition, the enhancement in the polar 3 crystal also maximizes the overall losses and the total
shielding efficiency.

On the other hand, charge accumulation due to the Maxwell-Wagner polarization mechanism is
also helping in elevating the shielding efficiency. Interfacial polarization occurs when materials with a
different dielectric constant are present in the system and therefore requires different voltage gradients
to trans-conduct a current of constant density [45]. As a result, we assumed that some sort of free
charge is accumulated at the inner dielectric boundary layers of PVDF due to the Maxwell-Wagner
interfacial polarization. In addition, the donor-acceptor conjugation with the matrix and fillers also
be effective for enhancing such polarization [29]. As a whole the effect of conductivity losses and
polarization losses led to absorption driven shielding in the composites. The better dispersion of
b-MWCNT in contrast with the other CNTs resulted in overall higher shielding efficiency.

The results thus obtained further gave motivation to design multi-layer assembly of the different
nanocomposites to achieve more effective shielding (Figure 9). Three distinct layers from the same
composites were stacked and were measured for its shielding effectiveness in 12-18 GHz frequency.
Thereby, the sequence of layers was modified by using all three nanocomposites with 2 wt % CNTs
of the different types. Table 3 shows an elevation in shielding effectiveness when comparing the
three-layer composites with 0.9 mm thickness with the single layer composites with 1 mm thickness.
This effect might be due to the charge storing capacity of the layers due to the variations in the dielectric
materials [46]. Again, in case of PVDF based composites the shielding efficiency was higher when
compared with PP based composites. On the other hand, the sequence of layering in both of the cases
had little effect on the shielding efficiency (Table 3). The highest values were for both matrices observed
when the stacking was done in the order MWCNT + SWCNT + b-MWCNT.
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@ PP based (MWCNT+SWCNT+b-MWCNT)
-354 @ PVDF based (MWCNT+SWCNT+b-MWCNT)

Total shielding efficiency (dB)

Frequency (GHz)

Figure 9. Shielding effectiveness of multi-layered stacks of PP with MWCNT + SWCNT + b-MWCNT
and PVDF with MWCNT + SWCNT + b-MWCNT All composites contain 2 wt % CNT. Stack thickness:
0.9 mm.

Table 3. Total shielding effectiveness (SEt) of multi-layer assemblies of 0.9 mm thickness at 18 GHz of

0.9 mm thickness.
Layer Composition (Each Layer Thickness is 0.3 mm) SEt (dB)
PP, MWCNT+ SWCNT + b-MWCNT -29
PP, SWCNT + MWCNT + b-MWCNT -26
PP, SWCNT+ b-MWCNT + MWCNT =27
PVDE MWCNT+ SWCNT + b-MWCNT =53
PVDE SWCNT + MWCNT + b-MWCNT —49
PVDE SWCNT+ b-MWCNT + MWCNT -51

4. Conclusions

PP and PVDF based composites were prepared by melt-mixing using different CNTs (MWCNT,
SWCNT, and b-MWCNT) having different structural properties so as to understand the effects of the
matrix and CNT type on the overall shielding performance. Their dispersion state, melt viscosity,
electrical conductivity, and electromagnetic shielding ability in 12-18 GHz frequency region were
thoroughly evaluated. We observed that the polar semi-crystalline host (here PVDF) favors better
dispersion of CNTs in the composites when compared with the non-polar host (here PP). The branched
CNT (b-MWCNT) resulted not only in best dispersion and highest influences on the crystallization
behavior of the respective matrix, but also in higher shielding effectiveness when compared with
other CNTs irrespective of the host matrix in the composites. This was especially evident in the PVDF
matrix, where the interconnected network of CNTs acts as a fence in the composites to attenuate the
incoming EM radiation through multiple internal reflections. Thereby, the type of CNTs controlled
the overall shielding performance. In addition, by stacking three individual layers with only 0.3 mm
thickness, in PVDF composites with only 2 wt % CNT loading, 99.999% of the incoming EM radiation
can be attenuated. Thus, layered assemblies containing nanocomposites seems to be an effective way
to enhance EM shielding capability.
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