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electromagnetic characteristics,
microwave absorption, thermal and mechanical
properties of ferromagnetic cobalt–polystyrene
composites in the X-band (8.4–12.4 GHz)

Azizurrahaman Ansari*a and Mohammad Jaleel Akhtarab

The electromagnetic, thermal and mechanical properties of ferromagnetic cobalt–polystyrene composites

in the X-band (8.4–12.4 GHz) are investigated in order to explore their usage for wide band microwave

absorbers. The cobalt–polystyrene composites are prepared by mechanical blending method using

automated injection molding equipment. The microwave absorption properties of cobalt–polystyrene

(Co–PS) composites with different cobalt weight ratios are investigated in order to determine the

optimum weight ratio for design of efficient microwave absorbers. In order to understand the

electromagnetic absorption process at micro level, the X-ray diffraction (XRD) and scanning electron

microscopy (SEM) of various samples are carried out to obtain information about the existence and

dispersion of Co filler in the Co–PS composite samples, respectively. The thermal stability of the

synthesized Co–PS composites is analyzed using the thermo gravimetric analysis (TGA), while the

surface hardness is measured using Shore D hardness tool. The tensile and flexural tests are performed

to find out the mechanical properties of the molded composites. The complex permittivity (3) and

permeability (m) of the Co–PS composites are extracted from the scattering data obtained using the

vector network analyzer (VNA) measurements in the X-band of microwave frequency. The reflection

losses (RL) in the composites are calculated using the complex permittivity and permeability parameters.

The minimum reflection loss (maximum absorption) of �19.85 dB (98.96%) at 10.22 GHz is achieved for

30 wt% Co–PS composite with thickness of 5 mm, and this value reaches to �31.6 dB (99.93%) at 9.04

GHz with thickness of 10 mm. For 5 wt% Co–PS composite, the minimum reflection loss of �4.90 dB

(67.66%) at 10.72 GHz is achieved with thickness of 5 mm. The experimental results reveal that the

microwave absorption properties of the synthesized composites in the X-band can be improved by

changing the ferromagnetic cobalt weight ratios in the composite.
1. Introduction

In recent years, there has been a dramatic increase in electro-
magnetic (EM) radiation due to the severe usage of radio elec-
tronic devices, wireless communication systems, navigation
tools, local area network, digital electronic devices etc. The
electromagnetic radiation inuences the operation of electronic
devices, wireless devices, navigation systems, and human
health.1–5 The electromagnetic waves in the RF and microwave
frequency range are quite oen used to detect the presence of
a target or aircra using the RADAR systems. Hence, it becomes
quite vital to minimize the microwave signature of the target in
order to safeguard its operation. This is usually achieved using
stitute of Technology Kanpur, Kanpur
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the stealth technology which involves design of special kinds of
materials to be used as microwave absorbers in order to mini-
mize the visibility of the target.6–11 An ideal microwave
absorbing material should possess strong absorption capa-
bility, wide bandwidth, light weight, mechanically strong, good
thermal and oxidation stability.12 The ferromagnetic transition
metals are the most conventional EM absorbing materials due
to their high Snoek limit, sufficient skin depth and reduced
eddy current losses.12–14 However, the application of ferromag-
netic transition metals is greatly limited due to its high
agglomeration capability and oxidation effect. In order to
minimize these effects, the ferromagnetic transition metals are
either coated with oxide materials,1,15,16 or dispersed in the
polymer matrix.17–19 L. Yan et al. measured the microwave
absorption (99%) of SiO2 nanoshell coated iron nanoakes in
the frequency range of 1–18 GHz, and Zhang et al.measured the
microwave absorption (99.5%) of iron nanoparticles embedded
in Al2O3 matrix in 1–18 GHz.15,16 However, the oxide coated
This journal is © The Royal Society of Chemistry 2016
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composites are restricted in their practical applications due to
relatively narrow absorbing frequency range and high coating
density. In recent years, several research groups have been
working with ferrites as efficient magnetic llers for preparing
magnetic microwave absorber.20–24 The preparation of ferrite is
easy when compared with the preparation of metals and metal
alloys. However, one of the challenges with ferrites is their low
microwave absorption bandwidth and high density. Hence,
there is a lot of interest nowadays to use the ferromagnetic
metals (Fe, Co, and Ni) and their alloys in lieu of ferrites for
effective wide band microwave absorption.17–19 In order to ach-
ieve wide absorbing frequency range, light weight, strong
thermal and chemical stability, and peerless microwave
absorption performance, the composites with magnetic metal
dispersed in polymer matrix are preferred. It is mainly due to
this reason that a number of research groups in the recent past
have used this methodology to prepare microwave absorbers.
For example, Kim et al. have dispersed iron particles into rubber
matrix to prepare the composite, and the measured reection
loss of �5 dB (70% absorption) has been reported in 1–2 GHz
frequency range.17 Similarly, M. Matsumoto's group prepared
polymer composite containing carbonyl iron and studied the
microwave absorption in the quasi-microwave band.18 Akman
et al. coated Ni and Co with polyacrylonitrile, and found their
enhanced microwave absorption (�99.99%).19 H. Wang et al.
prepared 30 wt% Co/polypyrrole nanocomposite and measured
microwave absorbing properties in 1–18 GHz.25 They found
99.95% (�33 dB) microwave absorption at 13.6 GHz (Ku band).
The disadvantage is that Co/polypyrrole composite is not suit-
able for room temperature and high temperature solid state
applications because of its liquid nature (b.p. of polypyrrole
�130 �C).

In the present work, different contents of cobalt llers are
dispersed in the polystyrene matrix to synthesize Co–PS
composites, and the complex permittivity and permeability of
the resultant composite are measured in the microwave
frequency range of 8.2–12.4 GHz to explore its usage as efficient
microwave absorber. It is to be noted that the Co–PS composite
can work over a wide temperature range starting from the room
temperature due to its good mechanical and thermal stability.
The Co micro particles are chosen as magnetic components due
to their excellent ferromagnetic properties, e.g. strong exchange
force, controllable crystal structure, and tunable magnetic
properties.25–27 The polystyrene (PS) has been chosen as the
matrix due to its good thermal properties (m.p. � 240 �C, Tg �
100 �C), controllable dielectric constant and reasonably light
weight.28 Also, PS is widely used in several applications because
of its heat durability, nontoxicity, mechanically strength, and
thermally non degradable properties. In order to investigate the
microwave absorbing properties of the composite samples in
the X-band of microwave frequency, the reection losses in the
samples are evaluated. The structural, morphological,
mechanical and thermal properties of the synthesized
composite samples are also studied in order to ensure that the
resultant material is thermally and mechanically stable.

The main aim of our paper is to explore the usage of the Co–
PS composites as thermally non degradable, mechanically
This journal is © The Royal Society of Chemistry 2016
stable, and efficient microwave absorbers for the X-band of
microwave frequency. In this work, a maximum of 30 wt% of Co
in the PS-matrix is added in order to synthesize light weight,
effective microwave absorbers without compromising much on
the absorption bandwidth. The present study is useful to design
microwave absorbers for radio detection and ranging (RADAR)
applications, because most of the RADAR applications work in
the X-band of microwave frequency. In addition, various high
frequency electronic devices such as weather monitoring device,
air traffic/maritime vessel traffic control devices, speed detec-
tion device, and some electron paramagnetic resonance (EPR)
spectrometer, etc. are also being operated in X-band of micro-
wave frequency. For all these applications, the present study of
X-band microwave absorber with higher ller content of Co–PS
composite would be quite helpful in order to design EMI/EMC
compatible devices. To the best of author's knowledge, this
kind of detailed study regarding the preparation and charac-
terization of Co–PS composites in terms of their mechanical,
physical, thermal, and microwave absorption properties in the
X-band of microwave frequency has not been done in the past.
2. Experimental
2.1. Sample preparation

The automated injection moulding (Xplore®) is used for the
preparation of cobalt–polystyrene composite sheets, which
provides good dispersive and distributive mixing of cobalt
particles in the base matrix of the polystyrene. The cobalt
powder (<150 mm, 99.9%) and high impact polystyrene granules
(SH3001) were purchased from Sigma Aldrich and Supreme
Petrochem Limited, respectively. These raw materials are fed
into the mixer using hoper. The mixing of cobalt and PS is
performed for 3 min in Xplore® MC 5 micro compounder at the
chamber temperature of 220 �C. During the mixing process, the
speed of twin screw is programmed at 50 rpm for the suitability
of themicro compounder. For obtaining the proper shape of the
test specimen, the composite mixture of cobalt and PS is fed to
the Xplore® IM 5.5 micro injection moulder, where the
temperature of moulder and barrel are maintained 50 �C and
230 �C, respectively. The pressure (feeding zone – 5 bar/2 s,
holding zone – 8 bar/10 s, and releasing zone – 8 bar/2 s) is
applied to the piston to move the molten composite mixture
from barrel to moulder, which results into formation of the
composite sheet with approximate thickness of 5 mm.
2.2. Characterization techniques

X-ray diffraction (XRD) patterns of cobalt powder and Co–PS
composite samples are recorded in an X-ray diffractometer
(PANalytical X'Pert) in 2q range of 30–70� with Cu Ka radiation
(wavelength ¼ 1.540562 Å), scan rate of 2� per min, step size of
0.05� and time constant of 1 s. The samples are analyzed for the
identication of Co particles on the surface of Co–PS composite
sheets.

The scanning electron microscopy (SEM) and the energy
dispersive spectroscopy (EDS) of the samples are performed
using the scanning electron microscope (model: JSM-6010LA,
RSC Adv., 2016, 6, 13846–13857 | 13847
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JEOL). The aim of SEM microphotography is to observe the
dispersion of Co particles into the PS base matrix.

The thermogravimetric analysis (TGA) technique is carried
out to analyze the effect of cobalt doping on the thermal
stability of Co–PS composites. The actual measurement is per-
formed using a thermogravimetric analyzer (model: TGA 4000,
PerkinElmer) in air atmosphere in a programmed temperature
range from 35 to 600 �C at a heating rate of 5 �C min�1.

The Shore D hardness of the prepared composite samples is
measured using a digital Shore D type durometer hardness
tester (range: 0–100 HD, resolution: 0.5 HD) in order to analyze
the surface hardness mechanical property of Co–PS composites.

The tensile and the exural tests have been carried out using
universal testing machine “Zwick/Roell, model: Z010, max. test
load: 10 kN, max. crosshead speed: 1000 mm min�1, crosshead
travel resolution: 0.095, max. power consumption: 0.8 kVA”. For
the tensile and exural measurements, the crosshead speed of
50 mm min�1 has been xed. Three point loading method is
adopted for exural test. Three tensile and exural tests are
performed for each sample and averaged them to nd out the
result.

To study the microwave absorption properties of the
prepared composites in the X-band, the samples of the prepared
composite sheets are precisely machined so as to t precisely
inside the cross-section of the X-band rectangular waveguide
(22.86 mm � 10.16 mm). The reection and transmission
coefficients of these samples are then measured in the X-band
using the network analyzer (Agilent E8364B PNA series).
Finally, the complex permittivity and permeability of the
composite samples are extracted in the frequency range of 8.4–
12.4 GHz in terms of the measured scattering data using the
reection-transmission approach.29,30
Fig. 1 X-ray diffraction patterns of pure Co, PS and 5–30 wt% Co–PS
composites.
3. Electromagnetic characteristics
and microwave absorption theory

The microwave absorbers are mainly characterized by their
electromagnetic properties in terms of the complex permittivity
and the complex permeability. The complex permittivity and the
complex permeability are the inherent macro properties of
materials that measure the material's interaction with the
electric eld and the magnetic eld, respectively. The complex
permittivity arises from the dielectric polarization of the mate-
rials and is dened as31

3r ¼ 30 � j300 (1)

where 30 is the real part of the complex permittivity (also known
as the dielectric constant), and 300 is the imaginary part of the
complex permittivity. The real and the imaginary parts of the
complex permittivity are mainly associated with the stored
energy and the energy dissipation of the materials, respectively.

The dielectric loss tangent of the material is dened as

tan de ¼ 300

30
(2)
13848 | RSC Adv., 2016, 6, 13846–13857
Analogous to the complex permittivity, the complex perme-
ability is written as31

mr ¼ m0 � jm00 (3)

where m0 and m00 represent the real and imaginary parts of the
complex permeability of the materials, respectively.

The magnetic loss tangent of the material is dened as

tan dm ¼ m00

m0 (4)

In this work, the measurements of complex permittivity and
permeability of the composite samples are carried out in the
frequency range of 8.4–12.4 GHz. The measured complex
permittivity and permeability data of composite samples along
with the thickness are used to calculate the reection loss of the
composites. For a metal-backed single layer absorber, the
reection loss (R) is expressed as31,32

R ðdBÞ ¼ 20 log10

����Zin � 1

Zin þ 1

���� (5)

Zin ¼
ffiffiffiffiffi
mr

3r

r
tanh

�
j

�
2pfd

c

� ffiffiffiffiffiffiffiffi
mr3r

p �
(6)

where, Zin is the normalized input impedance with reference to
free space, f is the frequency of operation, d is the thickness of
the absorber sheet, and c is the velocity of light in free space. For
a perfect absorber, Zin ¼ 1, which is called the impedance
matching condition.
4. Results and discussions
4.1. X-ray diffraction analysis

The X-ray diffraction patterns of cobalt (Co), polystyrene (PS)
and cobalt–polystyrene composites (5–30 wt% Co) are shown in
Fig. 1. In the XRD pattern of pure cobalt, the peak intensities are
obtained at angle 2q ¼ 41.78�, 44.37�, 47.26� and 51.28�, which
are exactly matched with the ICSD reference pattern code; 00-
001-1259 of cobalt with corresponding reection planes (100),
(111), (101), and (200), respectively.33 The pure cobalt, which
This journal is © The Royal Society of Chemistry 2016
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was obtained by the reduction of CoO in the presence of H2 at
600 �C, corresponds to the perfect cubic close-packed lattice (b-
Co, FCC lattice)33 with lattice parameter 3.554 Å. The XRD
pattern of the pure polystyrene shows the amorphous structure
of the polystyrene and no Bragg peak corresponding to crys-
talline phase has been detected. In the XRD pattern of the
polystyrene composites with different loading of cobalt ller (5–
30 wt% Co), the Bragg's peaks similar to the cobalt are detected,
which are assigned to the presence of cobalt. Furthermore,
when adding the cobalt ller into polystyrene matrix, the
Bragg's peaks of cobalt are little bit shied towards the lower
value of 2q. This small shi of peaks of the cobalt–polystyrene
composites clearly shows that the embedding of cobalt particles
into polystyrene matrix inuences the microstructure of
composites by means of interfacial interaction between the
cobalt particles and polystyrene matrix.34
4.2. Scanning electron microscopy analysis

Fig. 2 shows the scanning electron microscopy images of the
prepared samples. The SEM microphotograph of the thermally
prepared cobalt powder used as the ller material in the poly-
meric composites is shown in Fig. 2a, which reveals an
agglomerated particle morphology in dendrite and rod shape.
This particle morphology is in accordance with the results re-
ported earlier.35,36 The SEM image of the cross sectional poly-
styrene sheet is shown in the Fig. 2b, which exhibits a smooth
surface morphology. Fig. 2c–e reveal the SEM images of the
cross sectional Co–PS composite sheets with 10, 20, and 30 wt%
cobalt ller content, respectively. The Co as well as PS materials
Fig. 2 Scanning electron microscopy images of the samples, (a) pure
cobalt powder, and the cross sectional views of the sheets, (b) pure
polystyrene, (c) 10 wt% Co–PS, (d) 20 wt% Co–PS, and (e) 30 wt% Co–
PS composites.

This journal is © The Royal Society of Chemistry 2016
have clearly been identied with the help of energy dispersive
spectroscopy (EDS) analysis, which is shown in Fig. 3. This EDS
shows that no other impurities have been found in the
composite samples. It is to be noted that for all the prepared
Co–PS composites, the agglomerated Co particles are dispersed
into the PS matrix and are well adhered with the matrix mate-
rial. According to the SEM analysis, the cobalt–polystyrene
interface area is increasing with the addition of cobalt content,
which will denitely increase the interfacial polarization within
Co–PS composites.
4.3. Thermo gravimetry analysis

In order to study the thermal stability of the mechanically
blended samples of polystyrene (PS) and polystyrene compos-
ites with cobalt ller, its weight is monitored by raising the
temperature at the rate of 5 �C min�1 in air environment up to
600 �C. Fig. 4 shows the thermogravimetric analysis (TGA) and
differential thermogravimetric analysis (DTA) results of Co/PS
composites, which provides an indication regarding to the
amount of weight lost during the decomposition process of Co/
PS composites. The TGA/DTA curves are mainly divided into
three major parts; stage-I, stage-II and stage-III. The rst part of
the TGA/DTA curve (stage-I) that commonly ranges from 35 �C
Fig. 3 Energy dispersive spectroscopy (EDS) of 10 wt% Co–PS
composite.

RSC Adv., 2016, 6, 13846–13857 | 13849
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Fig. 4 TGA/DTA curves for pure polystyrene and 5–30 wt% Co–PS composites. Inset for residual mass (%) for each case.

Fig. 5 Plot for onset temperature (Tonset mean with standard error)
and oxidation temperature (To mean with standard error) with ferro-
magnetic Co weight ratio.
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to 300 �C for the samples, is attributed to the moisture vapor-
ization adsorbed on to the surface of the polystyrene molecules.
In this part, the weight loss is very less for PS and PS based
composite samples. This analysis shows that the environmental
humidity does not affect the properties of PS and PS based
composites.

The main part (stage-II) in TGA/DTA curve is the thermal
decomposition of PS and Co/PS composites in the temperature
range of 300–440 �C, where the maximum weight loss occurs.
The maximum weight loss in this thermal decomposition
process (stage-II) may be attributed to the main chain pyrol-
ysis37,38 and the evolution of aromatics from the degradation of
the styrene. The onset temperature (Tonset mean with std. error),
which depicts the beginning of the thermal decomposition of
the polymer and polymer based composites, is plotted as
function of cobalt content as shown in Fig. 5. The onset
temperature Tonset (mean) linearly increases with the increase of
cobalt content, which shows the strong adherence between the
cobalt particles and polystyrene matrix at the interface resulting
into suppression of the mobility of the polymer segments near
the interface.38 This analysis reveals that the thermal stability of
composites increases on increasing of the cobalt content. The
improvement in the thermal stability of composites by
increasing the cobalt ller content can be attributed to partially
altering the molecular mobility of the polymer chains due to
their adsorption on the surface of the ller particles.39 From
Fig. 5, a sudden increase in the decomposition peak tempera-
ture (To mean with std. error) can be observed if onemoves from
PS to the PS based composite samples. This decomposition
peak temperature To (mean) is nearly similar for all the
composite samples. The abrupt enhancement in the decom-
position peak temperature To (mean) may be attributed to the
13850 | RSC Adv., 2016, 6, 13846–13857
barrier effect by ller particles, where the ller particles help to
slow down the volatilization during the thermal decomposition
of the polymer. The occurrence in lowering of the volatilization
process assists composites with high thermal stability. This can
also occur due to the adsorption of polymer chains onto the
surface of ller particles, which restricts the segmental mobility
and serves to suppress the redistribution and chain transfer
reactions.39,40

The third part (stage-III) in the TGA/DTA curve shows the
residue of the samples at the end of the experiment, which is
shown in Fig. 4 (inset). It is observed from the residual mass
This journal is © The Royal Society of Chemistry 2016
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results of the samples that polystyrene is almost fully decom-
posed (residual mass�0.5%) during thermal decomposition
(stage-II), and for the composites the residual mass is due to
cobalt content only used during the preparation of the
composites.
4.4. Shore D hardness test

In order to measure the surface resistance of the Co–PS
composites to scratching or indentation, the Shore hardness
test has been carried out. Fig. 6 shows the hardness (Shore D)
results of Co–PS composite sheets as a function of cobalt
content. The hardness of the Co–PS composites is increasing
with the addition of cobalt ller content, which is in accordance
with the reported result.41 The increased hardness value of the
composites is attributed to the cobalt ller content, strong
interaction between Co and PS, and dispersion of the Co into
the PS matrix. The strong interconnection and interconnectivity
between the reinforcing constituents have been originated from
the pressure applied during the preparation of sheets by injec-
tion molding.41 Thus the surface resistance of the composite to
the scratching can be enhanced by incorporation of the
particulate cobalt as ller into the polystyrene matrix.
Fig. 7 (a) Typical tensile stress–strain plots of the PS and Co–PS
composites, (b) effect of cobalt concentration on UTS (mean) and
tensile strength of Co–PS composites. * Note: 3 tensile tests per-
formed for each type of samples, and the values shown are their
means.
4.5. Tensile and exural tests

4.5.1 Tensile analysis. Fig. 7a represents the typical tensile
stress–strain curves of the polystyrene and cobalt doped poly-
styrene composites. Three tensile tests are performed for each
type of sample and the results from the multiple tests are
averaged out for each sample. The effect of cobalt ller content
on the ultimate tensile strength (UTS mean) of the composites
and the percentage increase in tensile strength is shown in
Fig. 7b. It is obvious from the Fig. 7a and b that the obtained
tensile strength of the composites increases with the increase in
the cobalt ller contents. The results obtained from the tensile
test are in accordance with the earlier reported results.42,43 The
Fig. 6 Hardness (Shore D) result of Co–PS composite with the cobalt
filler content.

This journal is © The Royal Society of Chemistry 2016
enhancement in the tensile strength of the Co–PS composites is
probably due to the well dispersion quality of the cobalt ller in
the PS matrix and the good interfacial bonding between the
cobalt particles and the PS matrix. Additionally, the process
conditions used in the synthesis of the Co–PS composite sheets
play an important role to improve the mechanical properties of
the composites.42,43

4.5.2 Flexural analysis. The exural test has been per-
formed by the three point loading method. The exural stress
and the exural strain are calculated using sets of equations
given below.44 The exural stress is dened as:

S ¼ 3PL

2bd2
(7)

where S, P, L, b and d denote the exural stress, the maximum
load, the span length, the width and the thickness of the sample
used, respectively. Similarly, the exural strain is dened as:

r ¼ 6Dd

L2
(8)
RSC Adv., 2016, 6, 13846–13857 | 13851
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where D is the deection. The exural stress–strain curves of the
polystyrene and Co–PS composites are shown in Fig. 8a. These
exural stress and exural strain values are calculated using eqn
(7) and (8), respectively for each sample. It is to be noted that
each sample is subjected to exural test thrice, and the average
value is plotted in the graph. The variations in the maximum
exural strength (MFS mean) of the Co–PS composites with
different cobalt concentrations are revealed in Fig. 8b. It is to be
noted that the addition of different cobalt content in the PS
matrix enhances the exural strength of the composites.
However, during the exural measurement of 20 wt% Co–PS
and 30 wt% Co–PS composites, the slipping of the sample
holder were observed, which may be the reason to get some
uctuation in these samples at higher compressive forces. It can
be seen that the exural strength values are higher than the
corresponding tensile strength values. The difference in exural
and tensile strengths is attributed to the nature of tests
involved. The tensile test involves only tension while exural
involves both the tension as well as the compression. In the
exural measurement, the upper half of the composite sheet
undergoes compression and the lower half of the composite
Fig. 8 (a) Flexural stress–strain plots of the PS and Co–PS composites,
(b) effect of cobalt concentration on MFS and flexural strength of Co–
PS composites. * Note: 3 tensile tests performed for each type of
sample, and the values shown are their means.

13852 | RSC Adv., 2016, 6, 13846–13857
sheet experiences tension due to the bending of the sheet.
Therefore, the crack propagation along compressive side is slow
and the compression helps to close the cracks rather than
opening them. This phenomenon leads to ductile nature and
higher exural strength.42
4.6. Electromagnetic parameters and microwave absorption

Fig. 9a shows the real part of the complex permittivity values of
cobalt–polystyrene composite samples in the X-band of micro-
wave frequency. It is obvious from this gure that all the
samples show almost constant 30 values throughout the whole
X-band frequency range for a particular value of ller content.
This kind of behavior is observed for most of the plastics where
the dielectric properties are mostly constant over a wide
frequency band. It is, however, to be noted that the real part of
the complex permittivity of composite samples starts increasing
signicantly when the ratio of cobalt ller into the polystyrene
matrix increases beyond a limit (15 wt% Co). The increase of
Fig. 9 The complex permittivity of Co–PS composites (0–30 wt% Co
filler) in the X-band of microwave frequency, (a) real part of complex
permittivity, (b) imaginary part of complex permittivity.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 The complex permeability of Co–PS composites (0–30 wt%
Co filler) in the X-band of microwave frequency, (a) real part of
complex permeability, (b) imaginary part of complex permeability.
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real part of the complex permittivity with the increase of cobalt
loading at any particular frequency is in accordance with the
other reported results,45–48 and can be understood by the inter-
facial polarization mechanism in which an increase of the
polystyrene/cobalt interface area and charge values separating
at interfaces occurs on increasing the cobalt content. This
results into a local increase of the electric eld which then leads
to the enhancement of the real part of the complex
permittivity.49,50

Fig. 9b shows the imaginary part of the complex permittivity
of cobalt loaded polystyrene composite samples in the X-band.
This dielectric loss factor is getting increased by the addition of
cobalt content over the whole frequency range of X-band as can
be clearly observed in Fig. 9b. This obtained pattern is in
accordance with other results reported in the past.51,52 If one
looks at each curve individually, then it can be observed that the
loss factor increases and attains the maximum (peak) value at
a particular frequency, and then starts decreasing up to upper
limiting frequency (12.4 GHz) of X-band. For instance, the
maximum of loss factors (imaginary part of the complex
permittivity) are 0.31 at 10.38 GHz, 0.33 at 10.3 GHz, 0.37 at
10.13 GHz, 0.42 at 10.05 GHz, 0.48 at 9.96 GHz, 0.52 at 9.88 GHz,
and 0.55 at 9.80 GHz for pure polystyrene (PS), 5 wt% Co–PS, 10
wt% Co–PS, 15 wt% Co–PS, 20 wt% Co–PS, 25 wt% Co–PS, 30
wt% Co–PS, respectively. The maximum of loss factors are
shied towards lower part of the X-band frequency with
increasing the cobalt content, which is in compliance with the
other reported experimental results.47,53,54 The increasing trend
of loss factor with the addition of cobalt content may be
explained from the fact that the low loss PS is converted into the
lossy dielectric when it is mixed homogeneously with high
concentration of cobalt llers thus giving rise to high values of
dielectric losses. The losses could also be attributed to the
interfacial polarization developed at the metal-insulator inter-
face (Maxwell–Wagner theory of interfacial polarization), where
the electric charges are accumulated and increased by
increasing the cobalt content.55 On the other hand, the exis-
tence of the maximum value is related to a polarization change
with frequency.56 The shiing of the loss factor maximum with
the loading of cobalt towards lower frequency region of the X-
band, is probably due to the increase of the PS/Co interface
area and thus to space charge that separates on this interfaces
and the PS molecular chains (dipole moment � 0.26 D due to
the asymmetry at the phenyl side group) that are xed on cobalt
particles.47,54,57,58

The real part (m0) and the imaginary part (m00) of the complex
permeability are plotted in Fig. 10a and b as a function of
frequency in the X-band. The values of real part and imaginary
part of the complex permeability are, respectively, unity and
zero in the whole frequency range of X-band for the nonmag-
netic PS sample. The real part (m0) of the Co–PS composites
decreases smoothly with frequency in the frequency range 8–10
GHz, rises up to the maximum in the frequency range 10–10.2
GHz, sharp decreases in the frequency range 9.96–10.47 GHz,
raises up again and then decreases as increasing the cobalt
content. The largest value of m0 ¼ 1.56 is obtained for 30 wt%
Co–PS composite at the magnetic resonance frequency of 10.2
This journal is © The Royal Society of Chemistry 2016
GHz, while m0 ¼ 1.40 is obtained for 5 wt% Co–PS composite at
the magnetic resonance frequency of 10.1 GHz. The aim of
incorporating the cobalt into the PS matrix is to raise m0 above
unity in the whole frequency range of X-band. The lower values
of permeability observed in these samples may be attributed to
the presence of nonmagnetic PS polymer between the neigh-
boring particles, which weakens the intergranular magnetic
interaction.59

The imaginary part (m00) of the complex permeability is
slightly increasing with the cobalt content at 8.4 GHz. They
exhibit sharp resonance peaks in the frequency range of 10–11
GHz with the values given by 0.21 at 10.64 GHz, 0.33 at 10.05
GHz, 0.36 at 10.13 GHz, 0.40 at 10.05 GHz, 0.46 at 10.13 GHz,
and 0.75 at 10.38 GHz for 5, 10, 15, 20, 25, and 30 wt% Co–PS
composites, respectively. Other small resonance peaks for the
above mentioned samples are observed around 11.5–12 GHz
frequency range. It is to be noted that the electromagnetic
properties of ferromagnetic metal particles dispersed in the
polymer matrix are controlled by eddy current effect, natural
RSC Adv., 2016, 6, 13846–13857 | 13853
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resonance and exchange resonance rather than magnetic
hysteresis and domain wall resonance (for permeability), and
space charge polarization.58,60,61 In the cobalt particles, the
natural resonance and exchange resonance coexist, which can
also be attributed to the magnetic loss.52

The dielectric and magnetic loss tangents of Co–PS
composites are shown in Fig. 11a and b, respectively. The
dielectric loss tangent depends on the ratio of imaginary to real
parts of the complex permittivity, while the ratio of the imagi-
nary to real parts of the complex permeability determines the
magnetic loss tangent. Themaximum value of the dielectric loss
tangent increases with the addition of the cobalt content, and
shis towards the lower part of the X-band of the microwave
frequency. This is due to the combined effect of the real and
imaginary parts of the complex permittivity.

The maximum magnetic loss tangent (Fig. 11b) of the Co–PS
composites increases and shis towards the lower part of the X-
band by increasing the cobalt content, which is due to the
Fig. 11 The loss tangent of Co–PS composites (0–30 wt% Co filler) in
the X-band of microwave frequency, (a) dielectric loss tangent, (b)
magnetic loss tangent.

13854 | RSC Adv., 2016, 6, 13846–13857
combined effect of the real and imaginary parts of the complex
permeability. Also, the addition of the cobalt particles into the
PS matrix changes the magnetocrystalline anisotropy which
results to generate the resonance peaks and therefore increases
the magnetic loss tangent.62,63

The calculated reection losses for Co–PS composites
(thickness � 5 mm) with different cobalt contents using eqn (5)
and (6) are shown in Fig. 12. The minimum reection loss of
�1.98 dB at 10.38 GHz, �4.90 dB at 10.72 GHz, �8.31 dB at
10.13 GHz, �10.94 dB at 10.13 GHz, �14.69 dB at 10.05 GHz,
�15.15 dB at 10.47 GHz, and �19.85 dB at 10.22 GHz are ob-
tained for polystyrene, 5 wt% Co–PS, 10 wt% Co–PS, 15 wt% Co–
PS, 20 wt% Co–PS, 25 wt% Co–PS, and 30 wt% Co–PS composite
samples, respectively. The analysis shows that the minimum
reection loss (maximum absorption loss) in the composite
samples is increased with the addition of cobalt ller in the
polystyrene matrix. The microwave absorption mechanism can
be explained by the fact that as the microwave radiation travels
inside the material, it interacts with the ller particles succes-
sively and in the process loses energy as heat. High ller
contents offer excess of ller particles in the composites, which
increases the number of microwave–ller interactions, and
consequently enhances the microwave absorbing capability of
the composite.

Fig. 13a shows the variation of calculated reection losses for
30 wt% Co–PS composite as a function of thickness in the X-
band microwave frequency range. The results shown in
Fig. 13a are analyzed by 3D color map surface plot which are
represented in Fig. 13b, while the color ll patterns are shown
in Fig. 13c. The variation of reection loss minimum (RLmin)
with corresponding frequency and thickness for 30 wt% Co–PS
composite is plotted in Fig. 13d. The variation in RLmin and�10
dB bandwidth of this sample as a function of thickness is
depicted in Fig. 13e, where no specic pattern is observed.

It can be analyzed from Fig. 13 that the RLmin shis towards
the lower part of the X-band microwave frequency with
Fig. 12 The reflection loss of Co–PS composites (0–30 wt% Co filler)
in the X-band of microwave frequency.

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 (a) Frequency dependence of reflection loss for 30 wt% Co–PS composite as a function of thickness, (b) 3D color map surface plot of RL,
(c) color fill pattern, (d) summarized RLmin with thickness and frequency, and (e) summarized RLmin with thickness and at �10 dB BW.
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increasing the thickness of the sample. This result is in accor-
dance with the earlier reported results.64–67 The RLmin gradually
increases with increasing the thickness up to 10 mm and
beyond 10 mm, it starts decreasing. The minimum reection
loss of �31.6 dB (maximum absorption of 99.93%) in 30 wt%
This journal is © The Royal Society of Chemistry 2016
Co–PS composite can be achieved at matching frequency of 9.04
GHz for 10 mm matching thickness, which is the 59%
improvement in RLmin as compared to the result obtained in 5
mm sample thickness (RLmin � �19.9 dB implies 98.96%
absorption loss).
RSC Adv., 2016, 6, 13846–13857 | 13855
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However, increasing the thickness of the microwave
absorber will surely increase the weight of the microwave
absorber, and thus restrict its applications. The optimum
thickness of the 30 wt% Co–PS composite to which a signicant
reection loss is achieved, ranges 5–10 mm with corresponding
frequency interval of 9.04–10.22 GHz. From the point of view of
microwave absorber, the Co–PS composites with higher ller
content can be used as quite efficient microwave absorbers in
the X-band of microwave frequency.68

5. Conclusion

The cobalt–polystyrene composites with different cobalt
content have been synthesized via automated injection molding
method. The XRD has been performed to identify the existence
of cobalt particles in the composite samples. The interaction of
cobalt particles with polymer chain is also studied from XRD
results. The morphological study of the composite samples has
been done with the help of SEM. The dispersion of cobalt
nanoparticles in the polystyrene matrix has been demonstrated
from the cross sectional SEM images of the composite samples.
The surface hardness of the composites (Shore D) has been
measured, which is found to increase with higher cobalt
contents. It has been observed that the tensile and exural
strengths of the molded composites increase with the increase
in cobalt content. This enhancement in mechanical properties
can be attributed to the reinforcement effect of cobalt llers in
the polystyrene matrix. In order to study the thermal stability of
the cobalt–polystyrene composite, thermo gravimetric analysis
(TGA) has been carried out. The analysis of TGA/DTA results
shows that the thermal stability of the synthesized Co–PS
composites increases on increasing the cobalt contents. The
complex permittivity and permeability of the Co–PS composite
samples have been measured using the vector network analyzer
in the X-band (8.4–12.4 GHz) of microwave frequency. The real
part of the complex permittivity is almost constant in the whole
X-band of microwave frequency for a given cobalt concentra-
tion, while it increases with the signicant increase of cobalt
content in the polystyrene matrix. The imaginary part of the
complex permittivity (loss factor) increases with the addition of
cobalt content which can be attributed to the conversion of low
loss PS into the lossy dielectric due to presence of high
concentration of cobalt conducting llers. In all the Co–PS
composite samples, the real part of the complex permeability
has been found to be greater than unity in the whole X-band,
while the imaginary part (loss factor) is slightly increased with
the addition of cobalt and shows the resonance peaks. The
increased magnetic loss in the composite samples is attributed
to the ferromagnetic cobalt particles where the natural reso-
nance and exchange resonance coexist. The microwave
absorbing capability of the Co–PS composite samples has been
found to increase with the addition of higher ller content. For
30 wt% Co–PS composite, the reection loss at different sample
thicknesses has been calculated. The minimum reection loss
of �31.6 dB (maximum absorption of 99.93%) has been ach-
ieved for 10 mm at 9.04 GHz, while for 5 mm thick sample this
value is �19.9 dB (maximum absorption � 98.96%) at 10.22
13856 | RSC Adv., 2016, 6, 13846–13857
GHz. Hence, it can be concluded that the Co–PS composite with
higher ller content appears to be a promising candidate for
microwave absorber applications in the X-band of microwave
frequency. The addition of 30 wt%Co ller to the PSmatrix does
not signicantly increase the weight of the resultant composite
thus making this absorber quite useful for RADAR, high
frequency devices, aerospace and stealth applications.
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