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a b s t r a c t

Microwave absorption composites consisting of Ce2Fe17N3-d and various weight ratios of multi-walled
carbon nanotubes (MWCNTs) (0, 0.5, 1, 1.5 wt%) as absorbers were prepared, and their microwave ab-
sorption performance was investigated. The results show that the composites attain increasing complex
permittivity as the loading ratio of MWCNTs increase, whereas the permeability is almost unaffected. The
composite filled with 0.5 wt% of the MWCNTs had a minimum reflection loss (RL) of �48.7 dB and
effective absorption bandwidth (EAB, with an RL of less than �10 dB) of 5.5 GHz at a thickness of 1.4mm.
Owing to the balance of the ameliorated impedance conditions and the synergetic effect of dielectric and
magnetic loss, the microwave absorption performance was enhanced significantly.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With the rapidly increasing application of electromagnetic
waves (EMWs), a superior-performance absorber is urgently
needed for the purpose of eliminating adverse EMWs, not only for
military stealth, but also for electronic-device compatibility and the
reduction of EMWs pollution [1e4]. 3C (computer, communication,
and consumer electronics) products [5] are also needed microwave
absorbing materials to eliminate harmful EMWs. To obtain high
absorbing performance, such as a wide absorption frequency range
and strong absorption properties [6], the impedance of the mate-
rials should be well-matched and they should possess excellent
absorbing capabilities. A proper impedance ratio between the
materials and air ensures that EMWs can enter the interior rather
than be reflected from the interface [7]. The absorption bandwidth
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can be broadened efficiently if proper impedance ratios are ob-
tained in a wide frequency range. Therefore, obtaining a good
impedancematching ratio is a necessary precondition for achieving
excellent absorbing performance. In addition, the attenuation
capability of the material ensures that incident EMWs can be
attenuated inside the material.

In general, complex permittivity (εr¼ ε
0-jε") and permeability

(mr¼ m0-jm") are two major parameters of microwave absorbing
materials (MAMs) that influence the input impedance and atten-
uation capability [8e10]. Using a composite is a simple approach to
achieve the unique physical properties required [11e13]. Filling
materials that can easily alter electric or magnetic properties have
become a common solution to obtain excellent absorption. It is well
known that the complex permittivity and permeability of a filler
absorber are determined by the property and volume fraction of the
filler, internal structure of the composites, and microwave fre-
quency [14]. Niu et al. [15] fabricated a 3D conductive network
composed of Co-Ni-P/SiC through an easy electroless plating
method to improve the dielectric loss, obtaining a minimum RL
of �45 dB at 12.5 GHz with a thickness of only 1.5mm. The excel-
lent microwave absorption was attributed to dielectric and mag-
netic loss as well as improved impedance matching. Therefore, a
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Fig. 1. (a) XRD pattern of Ce2Fe17N3-d particles, (b) SEM image of Ce2Fe17N3-d particles,
(c) TEM image of MWCNTs, and (d) SEM image of Ce2Fe17N3-d/MWCNTs composite
with the 0.5 wt% MWCNTs loading.
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balance between impedance and attenuation can be likely achieved
by using a proper ratio of the composite.

Recently, carbon materials such as carbon nanotubes (CNTs)
[16,17], graphite [18], graphene [19,20], porous carbon [21] have
been widely utilized in MAMs for high dielectric loss and physical
properties. Sun [22] investigated aligned CNT films at a thickness of
2mm and achieved a minimum RL value of �19 dB, but with a
narrow bandwidth of 2.1 GHz, where MWCNTs exhibit a boost in
the electrical loss ability. Singh [23] prepared hierarchical CNTs
grown on carbon fiber that exhibited an RL of �42 dB and EAB of
2.7 GHz at 2.5mm. However, because of the high permittivity, an
absorber with good impedance is difficult to implement with only
carbon materials, and excellent absorbing performance is hard to
achieve. As they are limited to a single electrical loss absorbing
mechanism, carbon materials often show narrow bandwidth. The
studies mentioned herein have improved an aspect of the
absorbing performance, but the bandwidth is not sufficient for
application. In previous work by other researchers, magnetic par-
ticles filled with CNTs, such as carbonyl iron [24,25], ferroferric
oxide [26e28], and ceramics [29e31] have been widely investi-
gated. The experimental results show that the absorption perfor-
mances of these MAMs were enhanced with the synergistic effect
between magnetic particles and CNTs. Ge [32] blended the CNTs
and CI@SiO2 with paraffin, obtaining a minimum RL of �51.54 dB
and EAB of 6.08 GHz. Chen et al. [33] reported an advanced
HWCNTs/Fe@Fe3O4 absorber which exhibited a large EAB of
5.4 GHz with a thickness of 1.5mm and a minimum RL of�41 dB at
1.9mm. Wang et al. [34] prepared an absorber composed of NiCo2/
10%CNTs which achieved 4.4 GHz for EAB and �25.5 dB for mini-
mum RL. This composite showed various electromagnetic loss
forms. It has become a hot spot to combine the CNTs with magnetic
loss materials to achieve a superior absorption performance. High
complex permeability materials, such as rare-earth materials, as
single filler have been applied in EMW absorbing field. Qiao [35]
fabricated a Ce1.8Sm0.2Fe17N3-d/paraffin composite and achieved a
minimum RL of �39 dB. Gu [36] investigated the microwave ab-
sorption performance of Ce2Fe17N3-d powders/silicone composites
whose RL is less than �10 dB in the whole X-band. However,
although carbon materials and high-magnetic-loss materials can
achieve high absorption values, their own bandwidth is not ideal.
Therefore, combining CNTs with high permittivity and Ce2Fe17N3-

d to generate a synergism of electric and magnetic loss may be an
effective and simple way to achieve high absorbing performance.

Herein, an absorber of Ce2Fe17N3-d/MWCNTs paraffin compos-
ites is presented to fulfil the requirements of thin thickness,
broadband characteristic and strong absorption. The complex
permittivity and permeability, as well as RL, were analyzed in
detailed at the frequency region of 2e18 GHz. In this study, the
influences of different contents of MWCNTs loading and RL were
explored at fixed thicknesses. The balance between microwave
absorption performance and impedance matching is the primary
determinant in the improvement of microwave absorption. Addi-
tionally, the loading of MWCNTs can also lead to more reflection
and scattering of microwaves to increase the length of propagation
path, resulting in more electromagnetic attenuation.

2. Experimental details

The Ce2Fe17 ingots were prepared with high-purity cerium and
iron via induction-melting in an Ar atmosphere protection, then
Ce2Fe17 ribbons were fabricated by melt-spinning and smashed to
chips, followed by ball milling with absolute ethanol to obtain
particles of uniform size. The Ce2Fe17N3-d powders were fabricated
by nitrogenation of the ball-milled particles reacting with high-
purity nitrogen gas for 1 h at 743 K in a stainless tube. The
MWCNTs, provided by Beijing Dk Nano technology Co., LTD (Beijing,
China), had an outer diameter of 8e15 nm and a length of 50 mm.
The MWCNTs had a purity of 98% and had a bulk density of
approximately 0.27 g/cm3.

To investigate the characteristics and properties of composites
made from different weight contents of MWCNTs loading, samples
containing Ce2Fe17N3-d particles and various MWCNTs were fabri-
cated and tested. In this experiment, the matrixes with 15 vol%
Ce2Fe17N3-d and 85 vol% paraffin were mixed uniformly, (hexane
was used as a solvent). Then 0, 0.5, 1, and 1.5wt% MWCNTs of
Ce2Fe17N3-d and paraffin were added to the composites. To obtain
stable absorption performance, the composites were dispersed
completely by stirring using an ultrasonic bath. The composites
were placed in a fume hood for 6 h to ensure that the hexane
evaporated completely; then, paraffin samples were fabricated
with an outer diameter of 7.0mm and inner diameter of 3.04mm
by pressing the composites in a mold (under a pressure of
2� 104 kg).

The crystal phases were investigated by X-ray diffraction (XRD,
Bruker AXS, Cu -Ka radiation). The morphology and structure of the
particles were analyzed by scanning electron microscopy (SEM, FEI
Quanta FEG 250 and Hitachi S-4800). The MWCNTs were studied
using Transmission electron microscopy (TEM, JEOL-2100 micro-
scope). The complex permittivity and permeability of the com-
posites were determined to be in the 2e18 GHz range using an
Agilent N5234A vector network analyzer.
3. Results and discussion

In Fig. 1(a), the XRD pattern of Ce2Fe17N3-d shows that the par-
ticles had a rhombohedral Th2Zn17-type structure [37]; and a few
instances of a-Fe were noticed, which appeared during the nitro-
genation process. After the nitrogenation process, nitrogen atoms
entered Ce2Fe17 as an interstitial atom [36]. The SEM image of
Ce2Fe17N3-d particles is presented in Fig. 1(b). The Ce2Fe17N3-d par-
ticles were irregular thin flakes less than 1 mm in thickness and
2e5 mm in diameter. Fig.1(c) shows the TEM image of theMWCNTs.
The untreated MWCNTs showed a tendency for entanglement and
agglomeration due to the intermolecular van der Waals force
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between the MWCNTs even if the sample was exposed to ultra-
sound in ethanol. Fig. 1(d) presents the dispersion status of the
Ce

2
Fe17N3-d and MWCNTs. From the SEM image of the slice of the

composite, MWCNTs were uniformly dispersed in the matrix, and
Ce2Fe17N3-d particles were wrapped absolutely by the paraffin. The
MWCNTs, which were difficult to form in clusters, may result from
the paraffin as barrier during ultrasonic agitation. Furthermore, a
3D internal conductive network was constructed owing to the
pairing of MWCNTs and Ce2Fe17N3-d particles.

The complex permittivity and permeability of the samples at
2e18 GHz with the MWCNTs contents increasing from 0 to 1.5wt%,
including the real part and the imaginary part, are shown in Fig. 2.
As shown in Fig. 2(a), the value of the real part of permittivity at
2 GHz reached 8.7, 12.4, 16.1, and 22.2, when the MWCNTs loadings
were 0, 0.5, 1.0, and 1.5wt% respectively. The values of the imagi-
nary part of permittivity were 0.5, 2.0, 3.9, and 6.6 at 2 GHz, as seen
in Fig. 2(b). The real part of permittivity showed a dramatic fre-
quency dependence and decreased with increasing frequency. The
value of the real part of permittivity decreased from 22.2 to 13.1
with 1.5wt% MWCNTs loading in the measured frequency region.
The imaginary part of the permittivity remained kept nearly con-
stant throughout the frequency range. In addition, the values of
complex permittivity of composites increased significantly with the
increase of MWCNTs loading because of the high permittivity of
MWCNTs. The polarization relaxation caused by MWCNTs may
enhance the permittivity in the microwave range. Fig. 2(c) and (d)
are the real part and the imaginary part of the permeability of
matrices, respectively. In general, the microwave magnetic loss of
magnetic materials originates mainly from hysteresis, domain wall
resonance, eddy current loss, and natural ferromagnetic resonance
[38]. The magnetic loss mainly depends on the property and
loading ratios of magnetic particles (Ce2Fe17N3-d), because
MWCNTs are non-magnetic materials. With the same Ce2Fe17N3-

d loading ratio, the permittivity shows an analogous tendency and
value. The real parts of permeability at the starting frequency are in
Fig. 2. Frequency dependence of complex (a, b) permittivity and (c, d) permeability for th
MWCNTs.
the range of 2.55e2.88 and 1.03e1.19 at the stop frequency. The
values of the imaginary part of the permeability were between 0.3
and 0.5 over the entire testing frequency range, and showed a small
fluctuation.

The attenuation constant (a) of samples which can express the
dissipation capability of the absorber, was calculated in the
measured frequency range using the following equation [39e41]:

a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00

ε
00 � m0ε0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00

ε
00 � m0ε0Þ2 þ ðm00

ε
0 þ m0ε00 Þ2

qr

(1)

where c and f are the velocity of light and the frequency, respec-
tively. The curves of the calculated results are displayed in Fig. 3. It
is clear that the attenuation constant of the samples increased with
frequency, indicating superior absorption properties in the higher-
frequency region. In addition, the matrix shows a larger a value as
the weight fraction of the MWCNTs increase, which may be due to
the higher dielectric loss.

Fig. 4 shows the typical frequency dependence on RL with
various loading contents of MWCNTs at fixed thicknesses of 1.0, 1.4,
1.6, and 2.0mm in the 2e18 GHz range. The EMWs reflection loss
can be calculated by the following equations [42,43] according to
the transmission line theory:

Zin ¼ Z0

ffiffiffiffiffi
mr
εr

r
tanh j

2pft
c

ffiffiffiffiffiffiffiffiffi
mrεr

p
(2)

RL ¼ �20lg
����Zin � Z0
Zin þ Z0

���� (3)

where Zin is input impedance of the sample, Z0 is the impedance of
air, εr and mr are the relative complex permittivity and relative
complex permeability, respectively, f is the frequency, t is the
thickness of the sample and c is the velocity of light.
e Ce2Fe17N3-d/MWCNTs paraffin composites with the loading of 0, 0.5, 1, and 1.5 wt%



Fig. 3. Attenuation constant of Ce2Fe17N3-d/MWCNTs composites.

Fig. 4. RL curves for composites with 0, 0.5, 1, and 1.5 wt% MWCNTs loading, at
thicknesses of (a) 1.0, (b) 1.4, (c) 1.6, and (d) 2.0mm.

Fig. 5. Thickness dependence on (a) minimum RL, (b) EAB, an
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As shown in Fig. 4(a), 1.0-mm absorbers show aweak absorption
in the measured frequency range. The minimum RL of �11.7 dB and
EAB of 1.3 GHz were obtained with 1.5wt% MWCNTs loading. The
microwave absorption was significantly enhanced when the
thickness came to 1.4mm, as displayed in Fig. 4(b). The RL mini-
mum value, obtained with 0.5wt% MWCNTs loading at 1.4mm,
was �48.7 dB at 15.7 GHz. The absorber exhibited a superior per-
formance with an EAB of 5.43 GHz. As observed in Fig. 4(c) and (d),
the absorption peaks shift to the lower-frequency region. The ab-
sorbers with 0.5 wt% MWCNTs loading exhibited outstanding ab-
sorption compared with other MWCNTs loading values at the same
thickness. Based on these results, the absorption performance is
closely related to the loading content of MWCNTs and thickness of
the absorber.

The minimum RL values of absorbers are statistics at various
thicknesses between 1 and 2mm, and the curves are displayed in
Fig. 5(a). When the thickness was up to 1.2mm or even larger,
absorber could achieve �20 dB (99% reflection loss) and more-
intense absorption, while MWCNTs loading gets to 0.5wt%. At a
loading ratio of 1wt%, the absorption peak values were slightly
increased at a lower thickness (1.0e1.4mm). The small RL values
indicate weakened absorption while the filling amount further
d (c) absorption bandwidth when RL is less than �20 dB.



Fig. 7. (a) RL curves with seven thicknesses and (b) dependence of l/4 absorber
thickness on frequency of the Ce2Fe17N3-d/MWCNTs paraffin composites with 0.5 wt%
MWCNTs loading.
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increased. This may be due primarily to the imbalance in the
matching. Fig. 5(b) shows that the EAB of the absorbers broadened
significantly in the thickness range of 1.0e1.5mm and exhibited
approximate bandwidth values with thicknesses beyond 1.5mm at
0.5 wt% or 1.0wt% loading. The calculated results show that the EAB
attains approximately 6 GHz at 1.35mm (1.0wt% loading) and
1.45mm (0.5wt% loading). To some extent, a bandwidth of less
than �20 dB is a particularly important feature to reflect the strong
absorption performance of an absorber, as seen in Fig. 5(c). Only
with a filling of 0.5 wt% MWCNTs can absorbers obtain the �20 dB
absorption bandwidth.

The EMWs absorption performances were determined by the
impedancematching condition [44] and attenuation characteristics
of the materials. For good absorption, it is necessary that the
impedance matching satisfies Zin/Z0¼1. Therefore, the values of
relative input dependence with each perfect matching condition
were calculated, and the curve is shown in Fig. 6. For a 0% CNTs
matrix, the values of Zin/Z0 are far from 1, showing a poor imped-
ance matching condition. In other words, the EMWs are reflected
drastically from the surface of the absorber, while a small number
of EMWs entered it and were attenuated. For the 0.5 wt% MWCNTs
loading, the values of Zin/Z0 are close to 1 in the higher-frequency
region, indicating that the absorbers obtain good impedance
matching conditions to ensure superior absorption performances.
Combined with the attenuation constant, the proper content of
MWCNTs loading can improve the absorption performances of the
absorbers. Theoretically, the microwave attenuation should be as
large as possible for strong absorption. However, although the
attenuation increased as the MWCNTs loading ratios, the unbal-
anced impedance matching brought about a reduction in the
absorption.

To investigate the EMWs absorbing mechanism of the absorber,
Fig. 7(a) depicts the RL curves of Ce2Fe17N3-d/MWCNTs paraffin
composites with 0.5wt% MWCNTs loading at 2e18 GHz. The fre-
quencies corresponding to the minimum RL values shifted to the
lower frequency region. As displayed in Fig. 7(b), the frequency
dependence on thickness was calculated by a one-quarter wave-
length model [45,46].

tm ¼ c
4fm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffijmrjjεrj
p (4)
Fig. 6. Frequency dependence of relative input impedance for the various MWCNTs
loading ratios.
where tm and fm are the matching thickness and absorption peak
frequency, respectively. The red stars are the matching thicknesses
of absorbers, and the frequencies are adapted with the absorption
Fig. 8. (a) Attenuation mechanism in paraffin matrix and (b) multiple EMWs reflection
in MWCNTs.



Table 1
Comparison of microwave absorption performance achieved by typical MWCNTs composites reported in recent literature and this work.

Composites Magnetic-particle filling ratio RL peak (dB) EAB (GHz) tm (mm) Ref

Al2O3/MWCNTs 40 vol% �18.5 5.6(12.4e18) 1.84 [14]
Fe2O3/Fe3O4/MWCNTs 29wt% Fe2O3/Fe3O4 �44.58 3.3(9.4e12.7) 2.4 [26]
ZnO/Fe3O4/MWCNTs 16.7 wt% Fe3O4 �38.2 2.1(5.1e7.2) 3.5 [27]
MWCNTs/ZnFe2O4 50wt% �55.5 3.6(12.2e15.8) 1.5 [29]
SnO2/Fe3O4/MWCNTs 12.9 wt% Fe3O4 �42 2.8(9.6e12.4) 1.9 [47]
Zn ferrite/MWCNTs 60wt% �42.6 2.6(11e13.6) 1.5 [48]
NiFe alloy/MWCNTs 15wt% �19 2(8.2e10.2) 4 [49]
TiO2/MWCNTs 30wt% �36.4 1.4(11e12.4) 2 [50]-1
Fe2O3/TiO2/MWCNTs 15wt% �42.5 2.9(9.5e12.4) 2 [50]-2
Ce2Fe17N3-d/MWCNTs 15 vol% �48.7 5.5(12.5e18) 1.4 This work
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peaks in Fig. 7(a). The six red stars denoting matching thicknesses
and frequencies are located on the one-quarter wavelength
matching curve, indicating that the relationship between peak
frequency and thickness abides by the one-quarter wavelength
model.

In general, the existence of MWCNTs provided numerous 3D
conductive networks in the matrix, as shown in Fig. 8(a), resulting
in more microwave attenuation. Additionally, multiple scatterings
and polarization can be introduced in the matrix with the loading
of MWCNTs, which can further increase the attenuation of micro-
waves, as displayed in Fig. 8(b). Above all, the superior microwave
absorption performance was achieved by virtue of the balance of
impedance matching and electromagnetic attenuation. The addi-
tion of MWCNTs improves the impedance matching with air and
introduces higher electrical losses in the composite, greatly
increasing the ability of EMWs to enter the absorber and undergo
attenuation.

The microwave absorption performances achieved in previous
work and in this study are listed in Table 1, and the performances
with respect to the thicknesses and EAB, as well as RL, are shown in
Fig. 9. Compared with other composites, Ce2Fe17N3-d/MWCNTs ex-
hibits excellent performance in minimum RL, bandwidth, and
thickness, confirming that the composites in this study are poten-
tially high-performance EMWs absorbing materials.

4. Conclusions

The Ce2Fe17N3�d/MWCNTs paraffin composites were prepared
Fig. 9. Comparison in the thicknesses and EAB, as well as RL, of Ce2Fe17N3-d/MWCNTs
with other MWCNTs composite absorbers reported (the sizes of the circles represent
the minimum RL).
with various contents of 0e1.5wt%MWCNTs. For all specimens, the
absorber with 0.5wt% loading achieved superior performance
because of the ideal balance in the impedance matching and elec-
tromagnetic attenuation. Theminimum absorptionwas�48.7 dB at
15.7 GHz at a thickness of only 1.4mm. Also, 5.5 GHz of EAB could
be achieved with only 15 vol%magnetic-particle content filling. The
excellent absorption performance results from the high electro-
magnetic loss and impedance matching for the proper ratio of
permittivity and permeability at specific frequencies. The multiple
scatterings and polarizations triggered by MWCNTs are also
considered to have improved the microwave absorption.
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