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uoride based lightweight and
corrosion resistant electromagnetic shielding
materials

Viraj Bhingardive,†a Maya Sharma,†b Satyam Suwas,a Giridhar Madrasc

and Suryasarathi Bose*a

Various NixCo1�x alloys (with x varying from 0–60 wt%, Ni: nickel, Co: cobalt) were prepared by vacuum arc

melting andmixed with polyvinylidene fluoride (PVDF) to design lightweight, flexible and corrosion resistant

materials that can attenuate electromagnetic radiation. The saturation magnetization scaled with the

fraction of Co in the alloy. Two key properties such as high-magnetic permeability and high-electrical

conductivity were targeted. While the former was achieved using a Ni–Co alloy, multiwalled carbon

nanotubes (CNTs) in the composites accomplished the latter. A unique approach was adopted to

prepare the composites wherein PVDF powder along with CNTs and Ni–Co flakes were made into a

paste, using a solvent, followed by hot pressing. Interestingly, CNTs facilitated in uniform dispersion of

the Ni–Co alloy in PVDF, as manifested from synergistic improvement in the electrical conductivity. A

significant improvement in the shielding effectiveness (41 dB, >99.99% attenuation) was achieved with

the addition of 50 wt% of Ni40Co60 alloy and 3 wt% CNTs. Intriguingly, due to the unique processing

technique adopted here, the flexibility of the composites was retained and more interestingly, the

composites were resistant to corrosion as compared to only Ni–Co alloy.
1 Introduction

Electromagnetic (EM) interference has become a major concern
because of increasing demand for electronic equipment and
various devices operating at high frequencies.1–5 Devices like
wireless computers, mobile phones, microwaves and radios
emit EM radiation.3,4,6 This EM radiation can cause severe
damage to the system itself and/or other electronic devices in
the vicinity ultimately leading to malfunctioning of devices.1

Further, advancement in nanotechnology has resulted in
densely packed2 electronic components within an instrument
causing electronic noise and creating a problem of interference
with other systems by radiation. These emissions, in addition,
have adverse effects on the human body and causes serious
damage to human tissues.1,2,6 EM frequencies ranging from low
to high causes ow of current through human body and
generate heat and thermal injury to the human system.1,2,6 High
frequency sources such as mobile phones, WLAN1 etc. affects
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the nervous system.2 Therefore, devices that are vulnerable to
EM radiation need to be shielded to avoid their malfunctioning.
It is, therefore, important to understand the properties and
behavior of EM radiations in order to shield them.

EM radiations are due to synchronized oscillations of electric
and magnetic elds at right angles to each other and to the
direction of propagation.5,7,8 These radiations can be arrested or
reduced by either absorption and/or reection. Conducting
polymer matrix composites have received signicant attention
in effective shielding of EM radiations due to their high
conductivity and dielectric constant.5,9 The absorption loss in
the shielding material is a function of magnetic permeability
and the conductivity of the material.5 Therefore, incorporating
magnetic particles within conducting polymer composites can
promise materials that can attenuate the radiations. Therefore,
these materials will possess a unique combination of both
magnetic and electrical dipoles in the system. Conducting
llers such as carbon black, metallic particles, carbon nano-
tubes (CNTs), graphene etc. are the most widely used materials
for improving the conductivity of a polymer matrix.5,7,8,10 The
ability of metals to conduct heat and electricity is the reason for
their widespread use in EMI shielding. However, the disad-
vantages with metals are their bulkiness, poor processability,
and poor oxidation resistance. In addition, metallic coating is
costly since it consists of at least two processing steps, such as
one for the support and other for the coating. Moreover, it is
very difficult to coat intricate shapes.7 In this context, low-
RSC Adv., 2015, 5, 35909–35916 | 35909
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density carbon nanostructures are effective material for EM
interference shielding as it has high current density. In addi-
tion, they have high aspect ratio, which facilitates inter-
connected network like structure at relatively lower fractions.
Overall, these properties makes CNT based polymeric compos-
ites a promising candidate8,11 over conventional materials.

In the recent past, ferromagnetic particles like Fe Co, Ni and
their alloy have received a great deal of attention due to their
potential use as electromagnetic shielding materials in the
gigahertz frequency region. In addition, owing to their high
Snoek's limit12 they are ideal candidates among themetallic and
alloy magnet class of materials.13 Further, carbon/ferromagnetic
composites exhibit a good balance between permittivity and
permeability.14–18

In the light of the existing literature, we aim to develop
lightweight, exible, and corrosion resistant polymeric
composites containing small volume fractions of ferromagnetic
material with high magnetic permeability and intrinsically
conducting nanomaterials like CNTs. Therefore, nickel–cobalt
alloys with different compositions were prepared by vacuum arc
melting process and mixed with CNTs using a unique process-
ing technique for shielding EM radiations. Polyvinylidene
uoride (PVDF) was chosen as a matrix because of its high
dielectric constant, good mechanical properties, thermal
stability and chemical resistance.11 Arranz-Andrés et al. reported
that a shielding effectiveness (SE) of 110 dB on addition of
25 vol% of copper in the PVDF matrix.3 Chung et al. achieved
shielding effectiveness of 90 dB in the range of 1–2 GHz by
coating carbon laments with nickel (94 vol%) in polyether
sulfone.19,20 Gong et al. reported ca. 25 dB with 50 wt% Ni in
resin based matrix.21 Recently, we have reported SE of 30 dB
with 3 wt% CNTs in PVDF matrix. The results obtained in our
previous work further motivated us to systematically study the
effect of Ni–Co alloy on the shielding effectiveness in PVDF
based composites. Flakes of Ni–Co alloy was chosen over ne
powder as they possess high permeability than the spherical
particle12 especially, in the GHz range.14,22–24 The properties of
CNTs and Ni–Co alloy will provide synergistic improvement in
the key properties like electrical conductivity, magnetic
permeability and dielectric properties that are required to
design an efficient shield against EM radiation. The structure,
morphology and the EMI shielding properties of the composites
has been discuss in detail and summarized.

2 Experimental
2.1 Materials and methods

Nix Co1�x alloys (x ¼ 0–60 wt%) were prepared by vacuum arc
melting technique from high purity elemental constituents. The
as-cast alloys were subjected to hot rolling followed by
homogenization anneal and then air-cooled. The microstruc-
tural details of Ni–Co alloys have been already reported in our
previous study.25,26 Ni–Co alloy powder (aky shaped) was
obtained by ling with a diamond le. Commercially available
PVDF (Kynar 741), supplied by Arkema, was used in this work.
The pristine CNTs were obtain from Nanocyl (NC 7000). Both
PVDF and the akes were mixed using a mortar pestle for
35910 | RSC Adv., 2015, 5, 35909–35916
30 min and the solvent (dimethylformamide, DMF) was added
drop-wise to make a paste. This unique approach was adopt
because the metal powder tends to agglomerate during pro-
cessing either in solution or in melt. The resultant paste was
then vacuum dried to remove the traces of solvent followed by
compression moulding at 220 �C in a laboratory scale hot press.
PVDF with 50 wt% Ni40Co60 alloy and PVDF + 3 wt% CNTs +
50 wt% Ni40Co60 alloy was prepared employing the above
mentioned procedure.
2.2 Characterization

The magnetic response of various Ni–Co akes and the
composites were obtain using vibrating sample magnetometer
(VSM). The morphology and the state of dispersion of the akes
and CNTs in PVDF were investigated by employing a eld
emission scanning electron microscope (FEI Sirion XL30 FEG
SEM). The composite samples were cryo-fractured prior to SEM.
The X-ray diffraction patterns were studied using a PANalytical
X'pert Pro (Cu Ka, l ¼ 0.154 nm). Toroidal samples were
prepared for evaluating the scattering parameters in the
frequency range of 2–18 GHz using Anritsu MS4642A Vector
Network Analyzer (VNA). Electrical conductivity of hot pressed
discs (10 mm) was measured by employing an Alpha-N analyser
(Novocontrol) with a broad frequency range of 10�1 to 107 Hz.
The corrosion resistance of the composite sample was
compared with Ni–Co alloy by Potentio-dynamic polarization in
0.5% NaCl media. The test was conducted by employing a
platinum strip, saturated calomel electrode and Ni–Co alloy
(or composite sample) as a counter electrode, reference elec-
trode and working electrode respectively. The corrosion current
density (Icorr) and potential (Ecorr) were determined with the
Tafel plot. The scan rate for polarization was 12 mV min�1 from
�150 mV to +1500 mV relative to the rest potential.
3 Results and discussion
3.1 Preparation and characterization of Ni–Co alloy

Fig. 1a illustrates schematically the preparation of Ni–Co alloy
using vacuum arc melting process. The microstructure of the hot
rolled and homogenization annealed alloy is illustrated in Fig. 1b.
The ingot, thus obtained was led to obtain into powder of
specic size. The morphology of the powder, as revealed by SEM,
is aky (Fig. 1c) with size of ca. 3–4 mm. Fig. 1d shows the XRD
pattern for Ni–Co akes. Three peaks at 44.48�, 51.66� and 76.06�,
corresponding to (111), (200) and (220) plane of Ni–Co alloy are
observed indicating that the as prepared Ni–Co alloy is a solid
solution with face-centred cubic (FCC). The XRD pattern also
indicates absence of impurity or second phase in the Ni–Co alloy.
Fig. 1e shows the typical hysteresis loop for pure nickel and Ni–Co
alloy (20, 40, 60 wt% Co) akes obtained at room temperature
using amagnetic eld of 2 T. The saturationmagnetization scales
with cobalt concentration in the alloy. The values of saturation
magnetization for pure Ni, Ni80Co20, Ni60Co40 and Ni40Co60 are
50.2, 74.1, 101.2 and 117.3 emu g�1, respectively. Thus, Ni40Co60
shows the highest magnetic permeability compared to pure
nickel and other composition. Therefore, it is desirable to design
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Processing of Ni–Co alloy (b) SEM image of Ni–Co alloy flakes (c) microstructure of the hot rolled plus homogenization annealed alloy,
(d) XRD pattern for Ni–Co alloy powder (e) hysteresis loop for Ni–Co alloy with varying concentration of cobalt.
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composites using Ni40Co60 to obtain materials that can attenuate
EM radiation mostly by absorption.
3.2 Preparation and characterization of PVDF based
composites

Fig. 2a schematically illustrates the preparation of PVDF/CNT/
Ni40Co60 composite. The slurry is prepared by physically mixing
the constituents by drop-wise addition of solvent. Subsequently
the composite is hot pressed aer vacuum dried as shown in
Fig. 2a. This unique process was adopted for two main reasons.
Firstly, metal akes usually settle during the composite prepa-
ration by solution mixing process. Secondly, they tend to re-
agglomerate during melt blending. By employing this process,
we believe, that the metal akes together with CNT can be
dispersed well in PVDF. The XRD patterns of as prepared
PVDF/CNT/Ni40Co60 composite and PVDF/Ni40Co60 composite
are shown in Fig. 2b. In addition to the three FCC peaks cor-
responding to Ni–Co alloy in the XRD pattern, it shows three
additional peaks at 18.46�, 20.09� and 26.76� which
This journal is © The Royal Society of Chemistry 2015
corresponds to (020), (110) and (021) of PVDF. Fig. 2c shows the
comparative hysteresis loop for PVDF/CNT/Ni40Co60 and
PVDF/Ni40Co60 composites. From Fig. 2c, it is clear that the
saturation magnetization decreased aer the addition of PVDF.
The saturation magnetization of PVDF with Ni40Co60 (20% by
wt) is 19.2 emu g�1 compared to PVDF/CNTs (3% by wt)/
Ni40Co60 (50% by wt) composite which showed 50.63 emu g�1. It
is well evident that the magnetic permeability of PVDF/CNT/
Ni40Co60 is higher than that of PVDF/NiCo60 (20%wt) respec-
tively are 2.5 � 10�3 and 9.8 � 10�4 H m�1. The magnetic
permeability of PVDF/CNTs-NiCo60 is almost similar to pure
nickel (Fig. 1d and 2(c)).

The SEM images of neat PVDF, PVDF/Ni40Co60, PVDF/CNTs
and PVDF/CNT/Ni40Co60 composites are shown in Fig. 3a–d. It
is observed that both CNTs and Ni–Co alloy akes are relatively
well dispersed in PVDF. Interestingly, Fig. 3d shows that the
CNTs are well connected in presence of Ni40Co60 akes. Such
phenomenal dispersion can result in signicant enhancement
in the bulk electrical conductivity and will be discussed in the
subsequent section.
RSC Adv., 2015, 5, 35909–35916 | 35911
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Fig. 2 (a) Preparation of PVDF/CNT/Ni–Co composite (b) XRD pattern for PVDF/CNTs-Ni-Co composite (c) hysteresis loop for PVDF/Ni40Co60

and PVDF/CNT/Ni40Co60 composite.
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3.3 Synergistic improvement in electrical conductivity: effect
of Ni–Co alloy and CNT

Fig. 4 shows the AC electrical conductivity of the composites as
a function of frequency. The electrical conductivity of insulating
PVDF has increased to 1.7 � 10�5 S cm�1 with the addition of
3 wt% CNTs as observed from Fig. 4. The addition of Ni40Co60
akes (20 wt%) has shown slight increase in conductivity (6.5 �
10�5 S cm�1). Interestingly, the electrical conductivity signi-
cantly enhanced to 1.7 � 10�4 S cm�1 on addition of 3 wt%
CNTs and 50 wt% Ni40Co60 akes in PVDF. Such an impressive
improvement in the electrical conductivity suggests synergistic
improvement from both Ni–Co and CNTs. In order to under-
stand the mechanism of charge transport in PVDF based
composites, the AC electrical conductivity data was tted using
a power law27–29 expressed as,

sAC(u) ¼ sDC(u) + A(u)s (1)

where, sDC is the DC conductivity at u / 0, u is the angular
frequency and A and s, are frequency and temperature depen-
dent parameters. The value of s, determined from the ts of
ln(s) with ln(u), indicates the conduction mechanism in the
sample. The value of s is ca. 0.65 for PVDF/CNT/Ni40Co60
composites suggesting tunnelling of electrons.
35912 | RSC Adv., 2015, 5, 35909–35916
3.4 Attenuating electromagnetic waves: effect of Ni–Co alloy
and CNT

Shielding by absorption (SEA), reection (SER) and total
shielding effectiveness (SET) are evaluated from the scattering
parameters (S11 and S12) using the following equations,

SEA ¼ 10 log10((1 � [S11]
2)/[S12]

2) (2)

SER ¼ 10 log10(1/(1 � [S11]
2)) (3)

SET ¼ SEA + SER ¼ 10 log10(1/[S12]
2) (4)

Fig. 5a shows the shielding effectiveness of PVDF/NiCo
composite with different composition of NiCo alloy. It is
evident that shielding effectiveness scales with increasing
concentration of Co in the composites. It has already been
reported that the control PVDF is transparent to EM radia-
tion.8 The maximum SE with 60 wt% cobalt is ca. 27 dB. On
the other hand, aer addition of 20 and 40 wt% cobalt, the SE
achieved are 17 and 23 dB respectively while only 13 dB of SE
is achieved without addition of cobalt. The increase in
shielding effectiveness is due to relatively higher magnetic
permeability of Co as compared to Ni. From the calculated
values of reection and absorption parameters, it is evident
that absorption dominates over reection. At 3 wt% CNTs in
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 SEM images of PVDF/CNT/Ni40Co60 composites: (a) neat PVDF (b) PVDF/Ni40Co60 (c) PVDF/CNTs (d) PVDF/CNT/Ni40Co60.
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PVDF matrix, SE value of the composite reached 22 dB while
with the addition of 50 wt% of Ni40Co60 akes, a drastic
increase in the SE ca. 41 dB has been observed as shown in
Fig. 5b. This sudden jump in the SE value is due to the
synergistic effect of the conducting CNTs and high perme-
ability of Ni40Co60 akes.

EM absorbing characteristics were evaluated by relative
complex permittivity and permeability. The real and imaginary
Fig. 4 Dependence of electrical conductivity on frequency for PVDF
composite with different concentration of Ni40Co60 alloy and CNTs.
Black solid line indicates the fitted data.

This journal is © The Royal Society of Chemistry 2015
parts represent the storage and loss of EM wave energy,
respectively. The relative complex permittivity and permeability
were calculated from the scattering parameters (S11 and S12)
obtained from the VNA in the range of 2–18 GHz by the Nic-
olson–Ross model.30 The sum and difference of scattering
parameters can be expressed as follows:

V1 ¼ S21 � S11 (5)

V2 ¼ S21 + S11 (6)

The reection coefficient on the interface with air-lled
coaxial line can be expressed using the following equation:

G ¼ Z � Z0

Z þ Z0

¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

mR=3R
p � 1

�
� ffiffiffiffiffiffiffiffiffiffiffiffiffi

mR=3R
p þ 1

� (7)

Similarly, the transmission coefficient of the specimen with
particular thickness t can be expressed as below:

z ¼ e�ju
ffiffiffiffiffi
m3t

p
¼ eð�jðu=cÞÞ ffiffiffiffiffiffiffiffiffi

mR3Rt
p

(8)

where, 3R and mR are complex permittivity and permeability
respectively. Z0 is characteristic impedance and Z is new char-
acteristic impedance of specimen.

Therefore, reection coefficient may be calculated from
scattering parameters as shown below.

G ¼ X �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 2 � 1

p
(9)
RSC Adv., 2015, 5, 35909–35916 | 35913
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Fig. 5 Shielding effectiveness (a) PVDF composites with different
concentration of Ni–Co alloy (b) PVDF composites with different
concentration Ni–Co alloy and CNTs.
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where,

X ¼ 1� V1V2

V1 � V2

(10)

For |G| # 1 appropriate sign can be chosen.
From (8) and (9) we can dene,

mR

3R
¼

�
1þ G

1� G

�2
¼ c1 (11)

mR3R ¼ �
�
c

ut
ln

�
1

z

��2
¼ c2 (12)

Thus, the relative permeability and permittivity is expressed as,

mR ¼ ffiffiffiffiffiffiffiffi
c1c2

p
(13)

3R ¼
ffiffiffiffi
c1

c2

r
(14)
35914 | RSC Adv., 2015, 5, 35909–35916
The frequency dependent relative permittivity and relative
permeability of PVDF/CNTs-Ni40Co60 composite are shown in
Fig. 6a and b, respectively. The relative permittivity prole
shows two broad peaks in the frequency range of 8–11 and
15–17 GHz, as observed from Fig. 6a. The peaks correspond to
relaxation loss associated with interfacial polarization occur-
ring due to electronegativity difference between Ni–Co alloy and
CNTs.14,24 It is important to note that the peaks at 6 and 15 GHz
also suggest the resonance behaviour in the system. This is
possible only when the composite sample is highly conducting
exhibiting skin effect.31,32

Similarly, three peaks were observed in the relative complex
permeability prole as shown in Fig. 6b. These peaks corre-
spond to resonance peaks at a certain frequency and refers to
high magnetic loss.33 These magnetic losses could be due to
eddy current effect, hysteresis loss, ux shunting,34 natural
resonance and exchange resonance.14 The dominant shielding
mechanism and subsequently the SE depend on the geometry of
the shield (and source), frequency of the source and the mate-
rial parameters.35 A conducting shell with low permeability can
also be effective shielding material due to eddy currents.34

Therefore, higher SE can be obtained either by increasing the
material permeability or the material thickness.35 In the present
context, eddy current loss is the dominant shielding
mechanism.14,34

The EM wave consists of electric and magnetic eld, which
oscillates perpendicular to each other and to the direction of
energy propagation. It is envisaged that when a conductor is
subjected to an external electric eld, within a very short time,
the mobile charge inside the medium will rearrange themselves
in such a way that they neutralize the effect of the original
electric eld. Inside an isolated conductor at equilibrium, no
electrostatic eld can exist. Therefore, inside a conductor, the
macroscopic charge density is zero, so a net charge can exist
only at the surface in a conducting material. Hence, the inner
region is shielded from the effects of the external electrostatic
eld.

In addition, at low frequencies, the magnetic eld is either
due to the electric current owing inside the conductors or due
to the magnetization of surrounding ferromagnetic materials.
The shield in fact causes a change in the behavior of the eld,
diverting the lines of the magnetic induction away from the
shielded region.

Fig. 6c shows the dependence of reection loss calculated
using the following equations,

Zin ¼ Z0(mR/3R)
1/2tanh[j(2pft/c)(mR3R)

1/2] (15)

RL ¼ 20 log|(Zin � Z0)/(Zin + Z0)| (16)

where, t is the thickness of the absorber, f is the frequency of the
EM wave, c is the velocity of the light, Z0 is the impedance of
vacuum and Zin is the input impedance of the absorber.14,30

The shield thickness is another key factor; if penetration is
the dominant mechanism, a thicker shield results in improved
shielding. An EM eld can be diverted by means of an alterna-
tive path, not necessarily enclosing the area to be shielded. Such
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) Relative complex permittivity and (b) permeability (c) dependence of RL on frequency at different thicknesses for PVDF + 3 wt% CNTs +
50 wt% Ni40Co60 composite (d) absorption and total SE with different thickness for PVDF + 3 wt% CNTs + 50 wt% Ni40Co60 composite.
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a path may offer better propagation characteristics to the elec-
tric eld (by means of highly conducting materials), the electric
induction (by means of high permittivity materials), the
magnetic induction (high permeability materials). From Fig. 6d,
it is evident that the reection loss (RL) values depend on the
thickness of the samples. As the thickness increases, the RL
shis to lower frequency.14 It is clear that PVDF/CNT/Ni40Co60
composite exhibits strong absorption in the measured range of
frequency. The RL for PVDF/CNT/Ni40Co60 composite sample
with 5.5 mm thickness is ca. 56.5 dB at 4.29 GHz. In addition, a
Fig. 7 Potentio-dynamic polarization plots in 0.5% NaCl solution.

This journal is © The Royal Society of Chemistry 2015
minimum RL of ca. 43.1 dB at 11.4 GHz for the sample of
3.5 mm thickness and a RL of ca. 44.1 dB at 18.6 GHz for the
sample of 4.5 mm thicknesses was observed. It is envisaged that
high frequency can penetrate only a thin surface of electrically
conducting material known as skin depth (d), dened as the
depth at which the eld drops to 1/e of the incident value and is
represented as follows,

d ¼
�

2

f ms

�1=2

¼ �8:68

�
t

SEA

�
(17)

where, f is the frequency, s is the electrical conductivity, m is the
magnetic permeability and t is the thickness of the material. A
skin depth of 1.09 mm was achieved for 5.5 mm thick sample
and it can be concluded that PVDF/CNT/Ni40Co60 composite can
absorb microwave radiation. The absorption and total shielding
effectiveness for PVDF/CNT/Ni40Co60 composite with different
thickness is shown in Fig. 6d. Maximum absorption was
obtained for the sample with 3.5 mm thickness (71%).

3.5 Corrosion resistant composites

The corrosion resistance of PVDF/CNTs-Ni40Co60 composite
and Ni40Co60 alloy was carried out by using Potentio-dynamic
polarization in 0.5% NaCl solution. The corrosion potential
(Ecorr) and corrosion current density (Icorr) were evaluate from
Tafel extrapolation method. From Fig. 7, it is evident that the
corrosion rate has decreased from 7.76 � 10�5 to 2.34 � 10�5

mA cm�2 aer incorporation of Ni40Co60 alloy in PVDF/CNT
RSC Adv., 2015, 5, 35909–35916 | 35915
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composites. Thus, these composites can be further be explored
as lightweight, corrosion resistant materials for attenuating EM
radiation.

4 Conclusions

Lightweight, exible, and corrosion resistant PVDF based
composites was prepared using a unique process. The Ni–Co
alloy was prepared by vacuum arc melting process and mixed
with CNTs. The XRD pattern for Ni–Co alloy shows FCC crystal
structure. The VSM study conrms that the PVDF/CNT/Ni40Co60
composite show almost similar saturation magnetization as
that of neat Nickel. In addition, 50 wt% of Ni40Co60 in
PVDF/CNT composites showed signicant improvement in
electrical conductivity as compared to PVDF/CNTs and
PVDF/Ni40Co60 composites. Intriguingly, PVDF/CNT/Ni40Co60
composite showed an impressive enhancement in SE and
absorbed ca. 70% of the total incident EM radiation.
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