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The present work emphasizes the microwave absorption performance of sin-
gle-walled carbon nanotube (SWCNT)/SiC composites prepared by mechani-
cally mixing the components, i.e., SWCNT and SiC in desired weight fractions
using a cost-effective and simple ball-milling route. The microwave absorption
results reveal that the integration of SiC with a small weight fraction of
SWCNT exhibited an improved absorption performance in the Ku band com-
pared to pristine SiC. The SWCNT/SiC composite with 2.5 wt.% SWCNT
exhibited a superior microwave absorption behavior with a minimum reflec-
tion loss of � 37.11 dB and< � 10 dB absorption bandwidth of 4.38 GHz for
the absorber thickness of 2 mm. The microwave absorption efficiency of
SWCNT/SiC composites was also measured corresponding to � 10 dB, which
is equivalent to 90% microwave absorption when evaluating the absorption
performance. A maximum microwave absorption efficiency of 18.95 dB GHz/
mm was observed for the composite with 2.5 wt.% SWCNT dispersion com-
pared to 3.4 dB GHz/mm for pristine SiC. Enhanced microwave absorption
characteristics for SWCNT/SiC composites may be attributed to various
absorption mechanisms, such as dipole polarization, multiple scatterings,
multiple reflections, conductive loss, interfacial polarization, and defect-in-
duced dipole polarization. The microwave absorption results of SWCNT/SiC
composites indicate that they may serve as encouraging thin thickness can-
didates with superior microwave absorption for application in the Ku band.
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INTRODUCTION

Electronic equipment has become the backbone of
modern society, covering every walk of life, encom-
passing civil, military, and healthcare systems.1,2

This upsurge in the usage of electronic gadgets has
led to significant growth in the electronics sector.
However, the extensive use of electronic systems
has led to electromagnetic pollution problems.3,4

The interference of the microwave signals of various
electronic systems affects the operational function-
ality of telecommunication and electronic appli-
ances. The electromagnetic pollution problem not
only interferes with the proper functioning of elec-
tronic appliances but it also poses serious health
issues by causing various life-threatening diseases.5

The severity of the situation has given rise to the
need to develop high-performance microwave
absorbing materials to tackle the electromagnetic
interference problems. Apart from minimizing the
interference problems, microwave absorbing and
shielding materials have also attracted the atten-
tion of researchers in other areas of application
which include imparting stealth features to military
vehicles, aircraft, drones, and various warheads by
reducing the radar cross-section, radome structures,
cloaking, and satellite communications.6–9 The pro-
gress in materials science and technology has

witnessed significant improvements in the develop-
ment of microwave absorbing materials and struc-
tures with different morphological and geometrical
designs. Significant progress has been made in the
development of nanocomposites and frequency
selective surfaces-based microwave absorbing mate-
rials and structures with broadband frequency
response.10–13

The importance of microwave absorbing materials
in civil, satellite communications and defense-re-
lated fields has propelled scientific minds to develop
innovative ideas for the production of efficient
absorbers with strong microwave absorption, thin
thickness, and broadband frequency response. How-
ever, a single conventional material alone cannot
demonstrate all these favorable traits. This has
encouraged significant research towards the devel-
opment of composite materials for realizing
enhanced microwave absorption. In the past, there
has been significant research on the development of
ferrite- and magnetic metal-based materials, i.e.,
Ni-Zn ferrites,14 BaFe12O19,15 Ni,16 Fe,16 Fe3O4,16

etc. However, these magnetic materials have cer-
tain limitations, such as high density and loss of
ferromagnetic characteristics beyond the Curie
temperature.16,17 These limitations have engaged
the attention of researchers toward ceramic- and
carbon-based materials, such as SiC, ZnO, CNT,
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graphene, graphene oxide, etc., which do not suffer
the limitations of magnetic-based microwave absor-
bers. Among the ceramic candidates, SiC is an
excellent dielectric material having the ability to
perform satisfactorily in harsh environments.5,18

However, pure SiC does not exhibit a good micro-
wave absorption performance because of its poor
electrical conductivity.19 Therefore, SiC needs to be
combined with conductive particles to enhance its
microwave absorption characteristics. This may be
achieved by adding metal particles,20 CNT, gra-
phene, graphene oxide, etc. into the SiC system.
However, the addition of metallic particles increases
the density of the composites which then suffer from
susceptibility to corrosion; thus, the addition of
carbon-based materials may prove to be advanta-
geous in imparting conductivity to SiC-based com-
posites without increasing their density.

In this article, an idea has been explored to
integrate SiC with varying amounts of single-walled
carbon nanotubes (SWCNT) in order to enhance the
dielectric and conductive losses to realize enhanced
microwave absorption behavior by varying the
loading concentration of SWCNT to find the optimal
fraction of SWCNT needed in the SiC. Many articles
have discussed the microwave attenuation behavior
of multi-walled carbon nanotube (MWCNT)/SiC-
based composite systems; however, to the best of
the authors’ knowledge, limited articles exist that
discuss the absorption performance of SWCNT/SiC-
based composite systems. The idea is to use the
excellent electrical conductivity of SWCNT to
enhance the conductive loss, dipole polarization,
multiple scatterings, multiple reflections, and the
interfacial polarization loss of the SWCNT/SiC
composites. The various microwave attenuation
mechanisms influencing the reflection loss results
are discussed in detail.

EXPERIMENTATION METHODOLOGY

Materials

Analytical grade SiC powder (Moisannite 6H,
200-450 mesh) was acquired from Sigma Aldrich.
The SWCNT were used in the as-received condition
without subjecting them to any surface modification
process.

Synthesis of SWCNT/SiC Composites

The as-received SWCNT were ultrasonicated for
1 h with acetone to minimize the agglomeration
tendency. Varying weight fractions of the ultrason-
icated SWCNT, i.e., 0.5 wt.%, 1 wt.%, 2 wt.%, 2.5
wt.%, and 3 wt.%, were then dispersed in the SiC to
synthesize SWCNT/SiC composites. A planetary
ball mill (PM 100; Retsch) was employed to mix
the two components using an agate jar and balls at
100 rpm for 1 h. A ball to powder ratio of 10:1 was
used for the mixing operation in the acetone
medium. The synthesized composites were further

manually homogenized with the help of a mortar
and pestle for 30 min. The synthesized SWCNT/SiC
composites with varying SWCNT content were
finally vacuum-dried at 60�C for 24 h. The prepared
composites were coded as SC1, SC2, SC3, SC4, and
SC5 for the 0.5 wt.%, 1 wt.%, 2 wt.%, 2.5 wt.%, and 3
wt.% SWCNT dispersions, respectively.

Instruments and Measurements

Phase identification of the synthesized SWCNT/
SiC composites was ascertained by employing the x-
ray diffraction (XRD) technique using an X-ray
diffractometer (Rigaku Smartlab) in the 10�–90�
scanning range. Raman spectra of the composites
were recorded using a WI-Tec Raman spectrometer
(XMB3000-3000) with an excitation wavelength of
633 nm of an Argon ion laser in the 600–3000 cm�1

spectral range. Morphological structures and fea-
tures of the composites were investigated by ana-
lyzing the micrographs obtained from a Quanta 200
field-emission scanning electron microscopy (FE-
SEM). Transmission electron microscopy (TEM) of
the SWCNT was performed to ascertain the single-
walled characteristics of the purchased product. An
image processing tool, ImageJ, was used to examine
the FE-SEM and TEM micrographs to measure the
morphological dimensions. Investigation of micro-
wave absorption characteristics of SWCNT/SiC
composites was conducted with the help of dielectric
measurement. The typical coaxial method was
employed for the measurement of the dielectric
parameters, i.e., complex permittivity and perme-
ability using vector network analyzer (VNA; Agilent
N5222 PNA series) in the 2–18 GHz range. The
dielectric measurement for all the composite sam-
ples was carried out by casting cylindrical pellets.
The powder composite samples were mixed with
epoxy resin by weight fractions in an 80:20 ratio.
Cylindrical pellets of 7 mm outer diameter and
3.04 mm inner diameter were cast from the powder-
epoxy mixtures. Before carrying out the actual
measurements, the calibration of the VNA setup
was carried out by following the standard calibra-
tion procedure for coaxial measurements to null out
the systematic errors arising from cables, connec-
tors, etc., and air gap corrections were made so that
the VNA could provide the highest possible accuracy
for its test results.

RESULTS AND DISCUSSION

Phase analysis

The XRD technique was used to analyze and
characterize the phase and composition of the
synthesized SWCNT/SiC composites. The diffrac-
tion patterns of the composites demonstrate the
existence of diffraction peaks corresponding to SiC
and carbon (C), as shown in Fig. 1. The phase
analysis identified the hexagonal crystal structure
of SiC (ICSD: 27051). With the addition of SWCNT
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in SiC, a diffraction peak corresponding to C (ICSD:
76,767) can be observed at approximately 2h
26.5�, which indicates the presence of SWCNT in

the composites. It can also be observed from Fig. 1
that the intensity of the diffraction peaks corre-
sponding to C rises with the quantity of SWCNT in
the composite system. The XRD patterns indicate
the occurrence of characteristic peaks correspond-
ing to SiC and C only, and no other impurity phase
can be observed.

The phase confirmation was further investigated
for selected SWCNT/SiC composites (i.e., SC1, SC3,
and SC5) using the Raman scattering spectra, as
depicted in Fig. 2. The distinctive peaks at 785 cm�1

and 966 cm�1 match the 6H-SiC crystal structure
which is consistent with the XRD results.21 The
presence of CNT is established by the presence of
the characteristic D and G bands of CNT at the peak

positions of 1347 cm�1 and 1586 cm�1, respec-
tively.22 The D band is associated with the concen-
tration of defects in the CNT, and the G band
represents the degree of graphitization. The Raman
spectra also assist in qualitatively evaluating the
structural defects present in the dispersed SWCNT
with the help of the ID/IG ratio.21 The integrated
intensity corresponding to the D and G bands has
been calculated to measure the ID/IG ratio. It may be
observed from Fig. 2 that the ID/IG ratio has
increased with the increase in SWCNT concentra-
tion. The increase in the ID/IG ratio infers that
composites with higher concentrations of SWCNT
have a relatively larger number of structural defects
compared to lower concentrations of SWCNT dis-
persed composites.

Morphological Analysis

The morphology of pure SiC and SWCNT are
shown in Fig. 3. Figure 3a shows the FE-SEM
micrographs of SiC particles and the average par-
ticle size was calculated to be 52 lm with non-
uniform geometrical features. The SWCNT displays
uniform tube-like morphological features with a
large length to diameter ratio, as shown in Fig. 3b.
The TEM micrograph of SWCNT shows the hollow
tubular structure, as depicted in Fig. 3c. The aver-
age size of the outer and inner diameters, as
measured from the TEM image, were found to be
18.8 nm and 6.3 nm, respectively. The TEM micro-
graph confirms the single-walled structure of the
CNT.

The morphological examinations using FE-SEM
of selected composites, i.e., SC1, SC3, and SC5, are
depicted in Fig. 4a–c, respectively. The presence of
SWCNT on the surface of the SiC particles can be
clearly observed in the composites. It can also be
deduced from Fig. 4 that, with the rise in SWCNT
concentration, larger amounts of CNT envelope the
surface of the SiC particles in the composites.

Dielectric Study

The microwave absorption phenomenon is well
understood with the help of microwave dielectric
parameters, i.e., complex permittivity (er) and per-
meability (lr). The study of microwave dielectric
parameters gives an understanding of the micro-
wave absorption mechanisms. The real part (e¢ and
l¢) is basically used to evaluate the storage capacity
of electromagnetic energy (electric and magnetic
energy), while the imaginary part (e¢¢ and l¢¢) is used
to evaluate the dissipation capability of electromag-
netic energy. The variation of e¢ for SWCNT/SiC
composites in the 2–18 GHz range is depicted in
Fig. 5a. Composite samples SC4 and SC5 show
higher values of e¢ compared to the pristine SiC.
This increase may be ascribed to the capacitive
effect due to the addition of SWCNT in the compos-
ites. The higher concentration of SWCNT in com-
posites SC4 and SC5 leads to an increase in the

Fig. 1. Phase identification of pure SiC and synthesized SWCNT/
SiC composite samples with varying SWCNT concentration using x-
ray diffraction patterns.

Fig. 2. Raman spectra of selected SWCNT/SiC composite samples.
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Fig. 3. Morphological representation of (a) FE-SEM micrograph of the SiC particles, (b) FE-SEM micrograph of pure SWCNT, and (c) TEM
micrograph of pure SWCNT.

Fig. 4. Morphological analysis of selected SWCNT/SiC composite samples: (a) sample SC1, (b) sample SC3, and (c) sample SC5 using FE-SEM
micrographs.
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number of micro- and nano-capacitive circuits,
which trap the charge carriers resulting in the
increase of e¢. The variation of e¢¢ for SWCNT/SiC
composites in the 2–18 GHz range is depicted in
Fig. 5b, from which it can be seen that the values of
e¢¢ increase with the rise in the quantity of SWCNT
in the SWCNT/SiC composite system. Higher values
of e¢¢ indicate higher conductivity according to the
free-electron theory, as represented by Eq. 120,23:

e00 ¼ 1 = 2peoqfð Þ ð1Þ

where, q and eo represent the electrical resistivity
and permittivity of free space, respectively.

According to the free-electron theory, the electri-
cal resistivity of the composites might decrease with
the rise in the concentration of SWCNT. The
existence of heterogeneous interfaces formed due
to the presence of SiC and SWCNT in the compos-
ites with different electronegativity assist in the
amassing of charge carriers at the interfaces, and

the accumulation of these charges in the alternating
electromagnetic field promotes interfacial polariza-
tion.24,25 Apart from this, the presence of structural
defects in SWCNT and SiC contribute to defect-
induced dipole polarization. These polarizations in
the composites translate into higher values of e¢¢ as
compared to the pristine SiC system. Figure 5c
represents the variation in the nature of l¢ for the
SWCNT/SiC composites in the 2–18 GHz range. The
complex behavioral trend of l¢¢ with the increase in
frequency can be observed from Fig. 5d, reflecting a
negative trend in the values of l¢¢ at higher fre-
quencies of the composites. The occurrence of neg-
ative l¢¢ has been observed in many composites,
such as mesoporous carbon–silica nano-composites,
SiC nanowires, MWCNT composites, etc.26 The
conversion of magnetic energy to electric energy in
an alternating electromagnetic field is the main
reason for this negative trend,27 which, in the
values of l¢¢, is characterized by a loss of electrical

Fig. 5. Microwave dielectric frequency response of SWCNT/SiC composites in the 2–18 GHz range: (a) real part of complex permittivity, (b)
imaginary part of complex permittivity, (c) real part of complex permeability, and (d) imaginary part of complex permeability.
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energy according to the energy conservation princi-
ple.27 The higher numerical values of e¢¢ for the
SWCNT/SiC composites at higher frequencies
where the negative trend in l¢¢ is observed main-
tains the consistency of the energy conservation
principle.

Microwave Absorption Performance

The parameter for evaluating the microwave
absorption capability of SWCNT/SiC composites is

the reflection loss (RL), which is determined with
the help of transmission line theory as mathemat-
ically expressed in Eqs. 2 and 3.28,29

RL dBð Þ ¼ 20 log Zin � Zoð Þ= Zin þ Zoð Þj j ð2Þ

Zin ¼ Zo lr=erð Þfrac12;tanh j � 2pft=cð Þ lr � erð Þfrac12;
n o

ð3Þ

where f represents the frequency, t is the absorber
thickness, c represents the velocity of light, Zin and
Zo represent the characteristic impedance of the
composites and the free space, respectively.

The RL behavior of SWCNT/SiC composites cor-
responding to maximum microwave absorption at
their matching thickness is shown in Fig. 6. The
microwave absorption behavior of pure SiC exhibits
a minimum RL value of � 14.5 dB at 17.5 GHz for
an absorber thickness of 2.1 mm, as can be observed
in Fig. 6. The corresponding absorption bandwidth
(< � 10 dB) of 2.28 GHz absorption bandwidth is
achieved for the pristine SiC system, and it can be
observed from Fig. 6 that, with the increase in
SWCNT concentration, the microwave absorption
characteristics of SWCNT/SiC composites has sig-
nificantly improved. For the developed SWCNT/SiC
composites, the minimum RL value of � 37.11 dB
has been realized for sample SC4 at 14.23 GHz at
2 mm absorber thickness. The corresponding
� 10 dB absorption bandwidth of 4.38 GHz is
achieved for the sample. The summary of the
microwave absorption properties of the SWCNT/
SiC composites is shown in the inset of Fig. 6. The

Fig. 6. Reflection loss behavior of SWCNT/SiC composites at their
respective matching thicknesses with varying SWCNT
concentrations. Inset the numerical values of the microwave
absorption properties.

Fig. 7. 3D RL plots of SWCNT/SiC composite samples: (a) pure SiC, (b) sample SC1, (c) sample SC2, (d) sample SC3, (e) sample SC4, and (f)
sample SC5.
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3D surface plots of RL values with variable thick-
ness (ranging from 1.6 mm to 2.6 mm) for SWCNT/
SiC composites are shown in Fig. 7a–f. An effective
microwave absorber should represent a broad<
� 10 dB absorption bandwidth with minimum

absorber thickness. Thus, from the 3D representa-
tions of the RL results, it can be seen that samples
SC4 and SC5 represent better microwave absorbers
since they exhibit a better � 10 dB absorption
bandwidth for thin absorber thickness (� 2 mm) as
compared to pure SiC and other SWCNT/SiC com-
posites. The microwave absorption results indicate
that the incorporation of SWCNT enhances the
microwave absorption behavior of SWCNT/SiC com-
posites. A good absorber should be integrated with
excellent characteristics, such as high absorption,
broadband frequency response, and thin thickness,
and the microwave absorption efficiency (RE) may
prove to be useful in investigating the absorption
performance. The usefulness of microwave absorp-
tion efficiency (RE) may be appreciated in situations
where different composites exhibit nearly similar
microwave absorption characteristics, and choosing
between the alternatives becomes difficult. The
microwave absorption efficiency is mathematically
expressed using Eq. 430,31:

RE ¼ DS
d

DS ¼
Z

RLdf jRL��10dB

ð4Þ

where DS is the area corresponding to � 10 dB
reflection loss, and d is the absorber thickness.

Figure 8a–f represents the microwave absorption
efficiency curves for the composites at their match-
ing thicknesses. The maximum absorption efficiency
value of 18.95 dB GHz/mm has been obtained for
composite SC4. It may also be observed from Fig. 6
that samples SC2, SC3, and SC5 exhibit different
microwave absorption characteristics, with SC3

having a better RL value, but lower absorption
bandwidth as compared to SC2 and SC5. Although
these samples exhibit different microwave absorp-
tion properties, the RE values of these samples are
relatively close, indicating the closeness in the
choice of SC2, SC3, and SC5 as microwave absorbers.
From the RE values, it can be deduced that sample
SC2 would prove to be a better and more economical
choice between samples SC2, SC3, and SC5 because
of the lower concentration of SWCNT in SC2. Thus,
it can be observed that microwave absorption
efficiency can prove to be an effective parameter in
the choice of efficient and economical microwave
absorbers.

The dielectric loss tangent parameter is used to
evaluate the loss ability of microwaves, particularly
in dielectric materials. This parameter may be used
to explain the enhancement in the microwave
absorption characteristics of SWCNT/SiC compos-
ites, and Fig. 9 represents their dielectric loss
tangents. The incorporation of SWCNT results in
enhancement in the loss tangent behavior for

Fig. 8. Variation of the microwave absorption efficiency of SWCNT/SiC composites (a) pure SiC, (b) sample SC1, (c) sample SC2, (d) sample
SC3, (e) sample SC4, and (f) sample SC5 at their respective matching thickness.
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SWCNT/SiC composites as compared to the pristine
counterpart, which translates into a better micro-
wave absorption performance. Impedance matching
and the attenuation constant constitute the other
key factors for realizing strong microwave absorp-
tion behavior. The normalized impedance (|Zin/Zo|)
decides the degree to which the incident microwaves
can enter into the absorber’s surface, and is math-
ematically represented by Eq. 5.

Zin=Zoj j ¼ lr=erð Þ
1
2tanh fj � 2pft=cð Þ lr � erð Þ

1
2 ð5Þ

The numerical value of |Zin/Zo| should be close to
1 to realize better microwave absorption

performance.29 The attenuation constant (a) is
another factor which represents the intrinsic ability
of the absorbing material to mitigate the incident
microwaves, thus, governing the microwave absorp-
tion performance; it is expressed by Eq. 632:

a ¼
ffiffiffi
2

p
pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl00e00 � l0e0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl00e00 � l0e0Þ2 þ ðl0e00 � l00e0Þ2

qr

ð6Þ

where each symbol represents their usual meaning.
Figure 10a and b represents the normalized

impedance matching and attenuation behavior of
the SWCNT/SiC composites. Figure 10a reflects
poor impedance matching behavior of the compos-
ites, indicating that other factors have been domi-
nant in achieving enhanced absorption for the
prepared composites. Figure 10b shows that, with
the increase in SWCNT loading fraction, the atten-
uation behavior has significantly improved. Among
the composites, SC4 has the highest attenuation
constant, resulting in maximum microwave absorp-
tion characteristics. Higher attenuation constants
for the SiC composites translate into better micro-
wave absorption compared to the pristine SiC
counterpart.

The microwave absorption in SWCNT/SiC com-
posites may be attributed to just the dielectric loss
because of the presence of a dielectric/dielectric
system in the composites. As no magnetic compo-
nent is present in the composite system, it is
expected that the role of magnetic loss mechanisms
in microwave absorption is negligible. In the giga-
hertz frequency range, dielectric loss mainly arises
due to dipole polarization, conduction loss, and
interfacial polarization loss. The polarization of
the materials due to dielectric polarization cannot

Fig. 9. Variation of dielectric loss tangent of SWCNT/SiC composite
samples in the 2–18 GHz range.

Fig. 10. Variation of (a) normalized impedance matching at matching thicknesses and (b) attenuation constants of SWCNT/SiC composite
samples in the 2–18 GHz range.
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be maintained in the gigahertz range with the
increase in frequency.1 This is because, at higher
frequencies, the dipole moments get less time to
align with the alternating microwave field; hence,
some hysteresis phenomena occur during the polar-
ization process, causing polarization relaxation loss.
In order to quantify and analyze the polarization
relaxation process and the dominance of dielectric
properties in any Debye system, Cole–Cole curves
have proven to be potent tools. The Cole–Cole curve
is generated by plotting e¢ and e¢¢ and is mathemat-
ically formulated as1:

e0 � es þ e
2

� �2

þe00
2 ¼ es � e

2

� �2
ð7Þ

where es is the stationary dielectric constant, and e
is the relative dielectric constant at the higher
frequency limit. Equation 7 demonstrates that the
Cole–Cole curve will be represented in the form of
circles; in fact, they are semi-circles. In the Cole–
Cole curve, each semi-circle signifies one Debye
relaxation process. The more number of semi-circles
for a given system represents more number of
Debye relaxation processes, signifying enhanced
dielectric polarization. The enhanced dielectric
relaxation process translates to enhanced micro-
wave absorption performance of the system under
consideration. The long tails in the Cole–Cole curves
is symbolic of the fact that dominant dielectric loss
in such cases is the conduction loss. Therefore, the
Cole–Cole curve indicates the degree of polarization
relaxation loss and conduction loss involved in a
specific system of composite materials. Figure 11
shows the Cole–Cole plots for the synthesized
SWCNT/SiC composites. It can be clearly observed
from the Cole–Cole plots that the primary absorp-
tion mechanism in the pristine SiC system is
dielectric relaxation polarization because of the
presence of one large and one small semi-circle.
However, for the SWCNT/SiC composites, it can be
observed that the Cole–Cole plots represent long
tails with inconspicuous semi-circles. This is an
indication of the fact that in SWCNT dispersed SiC
composites, conduction loss is the dominant dielec-
tric loss. With the increase in SWCNT concentra-
tion; there would be an enhancement in the
conductive loss owing to the conductive nature of
CNT. The presence of conductive CNT results in the
migration and hopping of electrons in the alternat-
ing electromagnetic field culminating into the dis-
sipation of heat energy, paving the path for
realizing enhanced microwave absorption. Apart

Fig. 11. Cole–Cole curves for the synthesized SWCNT/SiC
composites.

Fig. 12. Representation of various microwave absorbing mechanisms responsible for wave absorption in SWCNT/SiC composites.
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from this, due to the increase in SWCNT concen-
tration, a conductive network of CNT is formed,
thereby increasing the electrical path length of the
incident microwave signals resulting in enhanced
absorption. The conductive SWCNT and dielectric

SiC particles also form many micro and nano
capacitive elements that can store the incident
alternating electric field, thus, enhancing the
absorption performance of SWCNT/SiC composites.
The CNT also serve as sites for multiple scatterings,

Fig. 13. (i) Dependence of quarter wavelength (k/4) effect for the synthesized SWCNT/SiC composites (a) pure SiC, (b) SC1, and (c) SC2. (ii)
Dependence of quarter wavelength (k/4) effect for the synthesized SWCNT/SiC composites (d) SC3, (e) SC4, and (f) SC5.
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reflections, and defect induced dipole polarization,
as demonstrated in Fig. 12, which serves as centers
for the attenuation of microwave energy. Raman
spectra of the composites (Fig. 2) represent a higher
ID/IG ratio for composite SC5 as compared to com-
posite SC1 which signifies that the defect density
increases with the rise in SWCNT concentration.
These defects result in multiple reflections of the
microwave signals, causing the dissipation of micro-
wave energy in the form of heat. The increased
concentration of SWCNT also creates an envelope of
CNT on the SiC surface. This envelope also aids in
the entrapment of microwave signals resulting in
the improvement of absorption performance. How-
ever, with a much higher concentration of CNT,
there would be an extensive network of conductive
SWCNT over the dielectric SiC, rendering its high
conductive properties. This conductive envelope of
CNT reflects the incident microwave signals,
thereby deteriorating the attenuation characteris-
tics as in sample SC5.

The geometrical factor influencing the microwave
attenuation characteristics of SWCNT/SiC compos-
ites has been investigated using the quarter wave-
length theory. This theory signifies the annulment
of phases corresponding to the incident and
reflected microwave signals due to the destructive
interference phenomenon causing the weakening of
microwave signals, and comes into play when the
geometrical aspect of the absorber, i.e., thickness,
satisfies Eq. 8

18

:

tcal ¼ ½n c = 4f
pðjerlrjÞ� n ¼ 1; 3; 5; 7; . . .ð Þ ð8Þ

where tcal and n represents the calculated absorber
thickness and order of reflection, respectively. The
effect of phase cancellation on the developed com-
posites owing to the quarter wavelength effect is
depicted in Fig. 13(i) and (ii). It can be realized from
Fig. 13 (i)a and b that the contribution of phase
annulment in attenuating the microwave signals is
not so dominant for pure SiC, and SC1, as the
matching thickness is not in good agreement with
the calculated thickness. Conversely, the samples
SC2, SC3, SC4, and SC5, reflect a much better
agreement signifying the contribution of the quarter
wavelength model in weakening the microwave
signals. The synergistic effect of all the aforesaid
microwave attenuation mechanisms contributes to
improved absorption characteristics for SWCNT/SiC
composites.

The microwave absorption properties of some
CNT-based microwave absorbers are listed in Table -
I and compared with the present work. Table I
shows that 2.5 wt.% SWCNT/SiC composite exhibits
better reflection loss and absorption bandwidth
characteristics with a reasonably thin thickness
and less concentration of CNT as compared to the
listed composite materials. This indicates that
SWCNT/SiC composites may serve as efficient, thin
thickness, and low-cost microwave absorber for
practical applications.

CONCLUSIONS

A simple mechanical mixing process has been
employed to successfully synthesize SWCNT/SiC
composites with the help of a ball mill. The

Table I. Microwave absorption properties of some CNT-based microwave absorbers

Material
Thickness

(mm)
Minimum reflection

loss (dB)
Bandwidth corresponding to< 2 10

dB (GHz) References

SWCNT/SCPU 2.0 � 22 2–3 33
Fe-filled CNT 1.0 � 31.71 2.9 34
Co-filled

MWCNT
3.0 � 39.32 3.47 35

Ni-filled
MWCNT

2.0 � 23.1 4.6 36

Fe3O4/5wt.%
CNT

4.4 � 51.3 3.9 37

CNT@Fe@SiO2 2.3 � 22.3 3.5 38
H-Fe3O4/PPy/

CNT
3.0 � 25.9 4.5 39

CNT/Fe3O4/rGO/
C

1.9 � 54.43 3.2 40

MWCNT 2.5 � 20.5 4.8 41
NiCo2/10wt.%

CNT
1.3 � 25.5 4.4 42

SWCNT/Ba-
Fe12O19

3.0 � 30.79 6.0 43

SiC/2.5wt.%
SWCNT

2.0 � 37.11 4.38 This work
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microwave absorption characteristics of SWCNT/
SiC composites have shown considerable improve-
ment in the Ku band compared to the pristine SiC
counterpart with the addition of a small amount of
SWCNT. Strong microwave absorption behavior has
been realized for the SWCNT/SiC composite with
2.5 wt.% SWCNT. A minimum RL value of
� 37.11 dB at 14.23 GHz and correspond-
ing< � 10 dB absorption bandwidth of 4.38 GHz
has been realized for an absorber thickness of 2 mm.
In a nutshell, it may be concluded that a slight
incorporation of SWCNT can improve the micro-
wave weakening behavior of SWCNT/SiC compos-
ites. The onus of improvement in weakening the
microwave signals of SWCNT/SiC composites is on
various mechanisms, such as conduction loss,
defect-induced polarization loss, multiple scatter-
ings, multiple reflections, etc., which work in syn-
ergy to consume the microwave energy as heat
energy. Therefore, designing SWCNT/SiC compos-
ites could prove to be potentially efficient candidates
for various applications in the Ku band, such as
satellite communications and notch filters.
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