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Hybrid magnetic–dielectric absorbers for electromagnetic applications con-
sisting of FeCrAl and Ti3SiC2 powders have been fabricated by a ball-milling
process and their electromagnetic characteristics and microwave absorption
performance investigated in the frequency range from 8.2 GHz to 12.4 GHz.
The dielectric loss increased with increasing Ti3SiC2 content, while the mag-
netic loss decreased. The electromagnetic parameters of the hybrid FeCrAl/
Ti3SiC2 powders could be adjusted by adding various contents of Ti3SiC2. The
hybrid powder with 20 wt.% Ti3SiC2 and 80 wt.% FeCrAl presented the most
favorable microwave absorption performance. For the sample with thickness
of 2.6 mm, effective absorption (<�10 dB) was obtained in the frequency
range from 8.4 GHz to 12.1 GHz with a minimum value of �43.6 dB at
9.7 GHz. These results indicate that hybrid FeCrAl/Ti3SiC2 powders with
appropriate weight ratio present better absorption performance than FeCrAl
powder alone. This study makes a significant contribution to exploration of
microwave absorption materials with low density, thin thickness, broad
absorption bandwidth, and strong absorptivity.

Key words: FeCrAl/Ti3SiC2 hybrid powders, ball-milling process,
electromagnetic characteristics, microwave absorption
properties

INTRODUCTION

Electromagnetic (EM) waves are increasingly
widely used with the rapid development of commu-
nication technology and high-frequency circuit
devices operating in the GHz range. Although use
of EM waves brings convenience to our daily life, the
corresponding EM pollution and radiation have
serious negative effects on commercial, industrial,
and military systems.1–4 Microwave absorption
materials have been widely used to deal with these
serious EM interference and pollution issues,
because they can dissipate or shield EM waves
effectively. Generally, microwave absorption mate-
rials consist of an insulating matrix containing
absorbers that exhibit magnetic or dielectric loss.

The insulating matrix provides bonding, while the
absorber plays a key role in dissipating EM waves.
Great attention has therefore been paid to absorbers
with high absorptivity and wide absorption band-
width, including carbon,5 graphite,6 SiC,7 carbon
nanotubes,8 iron,9–11 cobalt,12,13 nickel,14,15 metal
alloys,16–20 and ferrites.21,22 However, individual
absorbers exhibiting dielectric loss have narrow
absorption bandwidth, while those showing mag-
netic loss are heavy, seriously limiting the applica-
tion of such microwave absorption materials. To
address these problems, researchers have focused
on exploration of materials exhibiting both types of
loss, i.e., dielectric and magnetic, to obtain absor-
bers with light weight, thin thickness, wide absorp-
tion bandwidth, and strong absorptivity. Mixing
absorbers that exhibit dielectric and magnetic loss
is an efficient way to adjust the resulting EM(Received January 4, 2017; accepted April 1, 2017;
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characteristics through the synergistic effect of the
components, which can help to improve the absorp-
tion performance of microwave absorption
materials.23–25

FeCrAl is a representative ferromagnetic alloy
with excellent comprehensive mechanical and cor-
rosion resistance properties as well as good chemical
stability. Although the corrosion and oxidation
behavior of FeCrAl powders have been widely
investigated in previous work,26,27 reports on their
electromagnetic characteristics and microwave
absorption performance are sparse. In recent work,
we investigated the electromagnetic properties of
FeCrAl powders. The results indicated that FeCrAl
alloy shows obvious magnetic loss while its dielec-
tric loss makes little contribution to dissipation of
EM waves. Moreover, the high density (8.9 g/cm3) of
FeCrAl alloy is contrary to the tendency to explore
lightweight microwave absorption materials.
So, mixing a low-density absorber showing high
dielectric loss with FeCrAl is an effective way to
improve the electromagnetic performance of the
alloy powder. Ti3SiC2 is a representative ternary
compound with high electrical conductivity
(4.5 9 106 X�1 m�1), low density (4.52 g/cm3), and
excellent chemical stability.28–31 These merits make
it a promising absorber for use in microwave
absorption materials. The dielectric and microwave
absorption properties of Ti3SiC2 powders and its
compounds have been studied.32–34 The results
demonstrated that absorbers containing Ti3SiC2

powders present excellent microwave absorption
performance in X-band. These excellent dielectric
characteristics of Ti3SiC2 and outstanding magnetic
qualities of FeCrAl motivate investigation of the
electromagnetic and microwave absorption proper-
ties of hybrid FeCrAl/Ti3SiC2 powders. The results
may contribute to development of microwave
absorption materials with light weight, thin thick-
ness, wide absorption bandwidth, and strong
absorptivity.

In this study, different amounts of Ti3SiC2 were
mixed with FeCrAl alloy powder using a ball-milling
process. The influence of the Ti3SiC2 content on the
electromagnetic characteristics of the resulting
hybrid FeCrAl/Ti3SiC2 powders was studied. The
microwave absorption of the hybrid powders was
also investigated and optimized.

EXPERIMENTAL PROCEDURES

Commercially available spherical FeCrAl (75%
Fe, 20% Cr, 5% Al) powder with particle size of
10 lm to 50 lm was purchased from Hunan Metal-
lurgy Material Institute, China. Ti3SiC2 powder was
obtained by ball milling as-prepared loose bulk
synthesized by solid reaction route at high temper-
ature, with average particle size of about 5 lm. To
obtain homogeneous hybrid powders, FeCrAl and
Ti3SiC2 powders were ball-milled for 6 h. Micro-
wave absorption materials were prepared by mixing

the hybrid powders with paraffin as a nearly EM-
wave-transparent matrix. The total content of the
fillers in the paraffin matrix was fixed at 60 wt.%,
while the mass ratio of FeCrAl to Ti3SiC2 was 1:0,
9:1, 8:2, and 7:3 in sample 1, 2, 3, and 4,
respectively.

The phase composition of the powders was deter-
mined using Cu Ka radiation (X-Pert Diffractome-
ter, Philips, The Netherlands). The morphology of
the powders was observed by scanning electron
microscopy (Tescan China, Ltd., Shanghai, Tescan
VEGA3 SBH). The complex permittivity and per-
meability were measured in the frequency range
from 8.2 GHz to 12.4 GHz by the rectangle waveg-
uide method using a vector network analyzer (Agi-
lent Technologies E8362B, 10 MHz to 20 GHz). The
samples were prepared by thoroughly mixing the
powders with molten paraffin matrix, then pouring
the homogeneous mixture in flow state into a flange
and cooling at room temperature. Each tested
specimen had length of 22.86 mm, width of
10.16 mm, and thickness of 2.58 mm after removal
from the flange. The reflection loss of each single-
layer sample was calculated using transmission-line
theory based on measured electromagnetic param-
eters via the following equations35–37:

RL ðdBÞ ¼ 20 log ðZin � Z0Þ=ðZin þ Z0Þ
�
�
�

�
�
�; ð1Þ

Z0 ¼
ffiffiffiffiffiffiffiffiffiffi
l0=e0

q

; ð2Þ
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ffiffiffiffiffiffiffiffiffi
lr=er

q
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c

ffiffiffiffiffiffiffiffi
lrer

p
fd

� �

; ð3Þ

where Zin and Z0 are the input impedance of the
absorber and free space, respectively, er and lr are
the relative complex permittivity and permeability,
f is the frequency, d is the thickness, and c is the
speed of light.

RESULTS AND DISCUSSION

The XRD spectra of the commercial FeCrAl, as-
prepared Ti3SiC2, and hybrid FeCrAl/Ti3SiC2 pow-
ders are shown in Fig. 1. The diffraction peaks of
crystalline a-Fe are observed in Fig. 1a, located at
2h values of 44.4�, 64.6�, and 81.8�, corresponding to
(110), (200), and (211) crystal planes, respectively.
In Fig. 1b, the diffraction peak of TiC is identified,
besides the main crystal phase Ti3SiC2. TiC forms
as a secondary phase during synthesis of Ti3SiC2

and is difficult to eliminate completely. The mass
ratio of Ti3SiC2 was 96.3 wt.%, calculated by the
experimental equation. After the ball-milling pro-
cess, no other phases were identified in the hybrid
powders except FeCrAl and Ti3SiC2, as shown in
Fig. 1c. This result indicates that no reactions
occurred between the FeCrAl and Ti3SiC2 powders
during the ball-milling process.
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Figure 2 shows the morphology of the commercial
FeCrAl, as-prepared Ti3SiC2, and hybrid FeCrAl/
Ti3SiC2 powders. As seen from Fig. 2a, the initial
FeCrAl powder was spherical with wide particle size
distribution of 5 lm to 50 lm. The as-prepared
Ti3SiC2 powder presented irregular shape with
particle size distribution of 2 lm to 10 lm, as shown
in Fig. 2b. After the ball-milling process, the spher-
ical FeCrAl particles transformed to flaky shape
with increased plane size and decreased thickness,
as shown in Fig. 2b–d. In addition, the FeCrAl and
Ti3SiC2 powders were homogeneously mixed with
no obvious agglomeration in the hybrid powders.
For microwave absorption materials consisting of a
lossy absorber and an insulating matrix, the elec-
tromagnetic performance is strongly influenced by
the content as well as characteristics of the
absorber. With increasing milling time, the aspect

Fig. 1. XRD patterns of (a) commercial FeCrAl powder, (b) as-pre-
pared Ti3SiC2, and (c) hybrid FeCrAl/Ti3SiC2 powders.

Fig. 2. Morphology of raw FeCrAl, Ti3SiC2, and hybrid FeCrAl/Ti3SiC2 powders: (a) sample 1, (b) Ti3SiC2, (c) sample 2, (d) sample 3, and (e)
sample 4.
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ratio of the as-milled FeCrAl particles was
enhanced. This will suppress eddy currents in
high-frequency electromagnetic fields, which is
closely related to improved electromagnetic and
microwave absorption properties.

The electromagnetic properties of a microwave
absorption material can be characterized based on
its complex permittivity (e = e¢ – je¢¢) and permeabil-
ity (l = l¢ – jl¢¢). The real parts of the complex
permittivity (e¢) and permeability (l¢) represent the
storage capacity of the absorber, while the imagi-
nary parts (e¢¢ and l¢¢) represent its lossy ability.38

Figure 3 shows the frequency dependence of the
complex permittivity and permeability in the fre-
quency range from 8.2 GHz to 12.4 GHz. As seen
from Fig. 3a–c, the real and imaginary parts for the
individual FeCrAl powders lay in the ranges of 5.76
to 6.60 and 0.04 to 0.44, respectively, while the
dielectric loss was below 0.1. This low complex
permittivity and dielectric loss indicate that dielec-
tric loss will make little contribution to dissipation
of electromagnetic waves. When the Ti3SiC2 content
was increased from 0 wt.% to 30 wt.%, both the
complex permittivity and dielectric loss increased.

Fig. 3. Frequency dependence of complex permittivity and permeability in frequency range from 8.2 GHz to 12.4 GHz: (a) real part of complex
permittivity e¢, (b) imaginary part of complex permittivity e¢¢, (c) dielectric loss tan r, (d) real part of complex permeability l¢, (e) imaginary part of
complex permeability l¢¢, and (f) magnetic loss tan d.
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For sample 4, containing 30 wt.% Ti3SiC2, the real
and imaginary part of the complex permittivity
reached 10.8 to 11.6 and 2.2 to 2.3, while the
dielectric loss rose to 0.2. As stated above, Ti3SiC2 is
a ternary layered compound with excellent electri-
cal conductivity. Conductive loss plays a key role in
dissipating EM waves when Ti3SiC2 powder is
dispersed in an insulating matrix. So, the dielectric
performance of the hybrid powders was improved
when some of the FeCrAl powder was replaced by
the same content of Ti3SiC2.

Figure 3d–f shows the complex permeability and
magnetic loss in the frequency range from 8.2 GHz
to 12.4 GHz. It can be seen that the complex
permeability declined with increasing frequency.

This obvious dispersion effect contributes to broad-
ened absorption bandwidth and strengthened
absorptivity of electromagnetic waves. The complex
permeability and magnetic loss for the FeCrAl
powder alone were higher than for the hybrid
powders due to its outstanding magnetic character-
istics. As the Ti3SiC2 content was increased from
0 wt.% to 30 wt.%, the real part of the complex
permeability decreased from 0.9 to 0.76 to become
0.81 to 0.66, while the imaginary part declined from
0.46 to 0.29 to become 0.12 to 0.06. The magnetic
characteristics of the hybrid Ti3SiC2/FeCrAl pow-
ders were mainly dominated by those of FeCrAl,
because Ti3SiC2 is a nonmagnetic material. There-
fore, increasing the Ti3SiC2 content in the hybrid

Fig. 4. Reflection loss (RL) of samples with different Ti3SiC2 contents calculated based on transmission-line theory: (a) sample 1, (b) sample 2,
(c) sample 3, and (d) sample 4.

Table I. Microwave absorption performance of hybrid FeCrAl/Ti3SiC2 powders with different Ti3SiC2

contents

Sample Components
Effective bandwidth

(GHz)
Minimum RL
value (dB)

Thickness
(mm)

Sample 1 Raw FeCrAl 8.2–12.4 �18.9 3.0
Sample 2 90 wt.% FeCrAl + 10 wt.% Ti3SiC2 8.6–12.4 �46.1 2.8
Sample 3 80 wt.% FeCrAl + 20 wt.% Ti3SiC2 8.4–12.1 �43.6 2.6
Sample 4 70 wt.% FeCrAl + 30 wt.% Ti3SiC2 9–12 �31.2 2.6
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powders resulted in reduced complex permeability
and magnetic loss.

The reflection loss (RL) is a parameter that
characterizes the absorption performance of micro-
wave absorption materials. The RL of the samples
was calculated based on transmission-line theory,
and the results are shown in Fig. 4. All the reflec-
tion loss peaks shifted toward lower frequency
range as the thickness was increased from 2.4 mm
to 3.2 mm. The relationship between the matching
frequency and thickness can be illustrated as
follows34,38:

fm ¼ c=4dm
� 1
.

ffiffiffiffiffiffiffi
e0l0

p � 1 þ tan2 d�
8

� ��1

; ð4Þ

where fm and dm are the matching frequency and
thickness, respectively, and c is the speed of light. It
is reasonable that the matching frequency decreases
with increasing thickness for given sample
composition.

The microwave absorption performance of the
individual FeCrAl and hybrid FeCrAl/Ti3SiC2 pow-
ders is presented in Table I. For sample 1 with
thickness of 3.0 mm, the effective absorption band-
width (<�10 dB) covered the whole X-band with

minimum value of �35.2 dB at 10.3 GHz. When
10 wt.% Ti3SiC2 was added into the hybrid powder,
effective absorption was obtained from 8.6 GHz to
12.4 GHz, with minimum RL value of �46.1 dB at
10.3 GHz. Although the effective absorption band-
width become narrow, the thickness of the sample
was decreased to 2.8 mm. As discussed above,
FeCrAl is a magnetic alloy with high magnetic loss,
and the absorption mechanism is mainly attributed
to eddy current loss and magnetic resonance loss.
Meanwhile, Ti3SiC2 exhibits outstanding dielectric
loss, so increasing the Ti3SiC2 content resulted in
enhanced polarization and conductance loss. The
decreased thickness of the samples containing the
hybrid Ti3SiC2/FeCrAl powders is ascribed to the
synergistic effect of dielectric and magnetic loss.
When 20 wt.% FeCrAl was replaced by Ti3SiC2, the
minimum RL value reached �43.6 dB and effective
absorption was obtained from 8.4 GHz to 12.1 GHz.
The optimum thickness for the sample decreased to
2.6 mm. It was observed that sample 3 presented
the most favorable microwave absorption perfor-
mance with the thinnest thickness. On further
increasing the Ti3SiC2 content to 30 wt.%, the RL
value increased while the effective absorption

Fig. 5. Input impedance of samples with different Ti3SiC2 contents
and thickness of 2.6 mm.

Fig. 6. Calculated attenuation constants for samples with different
Ti3SiC2 contents.

Table II. Comparison of hybrid FeCrAl/Ti3SiC2 with some other composites

Sample
Minimum RL
value (dB)

RL< 210 dB
(GHz)

Matching
thickness (mm) Ref.

FeCrAl/Ti3SiC2 �43.6 8.4–12.1 2.6 This study
Fe3O4/MnO2 �20.1 8.5–11.7 2.0 39
Fe50Ni50/RGO �23.9 8.8–12.4 3.0 40
Fe3O4/CuPc �28.9 8.2–10.2 3.2 41
La0.7Sr0.3MnO3/C �12.3 8.5–9.2 4.0 42
Ni0.6Zn0.4Fe2O4/PANI �30.5 8.2–11.6 3.5 43
Li0.4Mg0.6Fe2O4/TiO2 �41.6 9.46–11.3 2.5 44
Ni/C �12.8 8.2–10.7 2.2 45
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bandwidth became narrow. For microwave absorp-
tion materials, the impedance must match that of
free space so that incident waves can enter and be
attenuated in the material.38 The impedance of the
sample containing 30 wt.% Ti3SiC2 deviated from
this matching condition, so incident waves were
strongly reflected from the surface of the sample,
resulting in poor absorption performance. A com-
parison of the hybrid Ti3SiC2/FeCrAl powders with
some other composites, such as Fe3O4/MnO2,39 Fe50

Ni50/reduced graphene oxide (RGO),40 Fe3O4/copper
phthalocyanine (CuPc),41 La0.7Sr0.3MnO3/C,42 Ni0.6

Zn0.4Fe2O4/polyaniline (PANI),43 Li0.4Mg0.6Fe2O4/
TiO2,44 and Ni/C,45 is presented in Table II. The
effective absorption bandwidth of the hybrid
Ti3SiC2/FeCrAl was the widest and its reflection
loss the lowest. These results indicate that such
Ti3SiC2/FeCrAl composites could represent promis-
ing microwave absorption materials for use in
practical applications.

To elucidate the dissipation mechanism, the input
impedance of the samples was calculated and
analyzed. Figure 5 shows the input impedance of
the samples with thickness of 2.6 mm. It can be seen
that the input impedance increased as the Ti3SiC2

content was increased from 0 wt.% to 20 wt.%,
while it declined when the Ti3SiC2 content reached
30 wt.%. To obtain excellent absorption perfor-
mance, the impedance of a microwave absorption
material must meet the matching condition so that
incident waves can enter the materials and be
attenuated. As the Ti3SiC2 content was increased
from 0 wt.% to 20 wt.%, the impedance of the
sample approached that of free space, which will
result in greater penetration of electromagnetic
waves into the material to be dissipated, leading
to improved microwave absorption performance.
The impedance value of sample 3 was closest to
377 X, resulting in the most favorable microwave
absorption performance. On further increasing the
Ti3SiC2 content to 30 wt.%, the deviation of the
impedance from the matching condition caused
strong reflection of incident waves, resulting in
poor absorption performance.

The dissipation ability of microwave absorption
materials is characterized by the attenuation con-
stant, which can be expressed as follows11:

a ¼
ffiffiffi

2
p

pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l00e00 � l0e0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðl02 þ l002Þðe02 þ e002Þ
q

r

: ð5Þ

where a is the attenuation constant, f is the
frequency, c is the speed of light. The calculated
attenuation constants for the samples are shown in
Fig. 6. The attenuation constant first increased then
decreased with rising Ti3SiC2 content, and the
sample with 20 wt.% Ti3SiC2 showed the highest
attenuation constant value. The attenuation con-
stant of the raw FeCrAl powder was 81 neper per
meter (Np/m) to 108 Np/m, while it reached 125 Np/
m to 149 Np/m when the Ti3SiC2 content was

increased to 20 wt.%. The larger the attenuation
constant value, the greater the dissipation of elec-
tromagnetic waves. On further increasing the
Ti3SiC2 content to 30 wt.%, the attenuation con-
stant value decreased to 90 Np/m to 102 Np/m,
resulting in degraded microwave absorption
performance.

CONCLUSIONS

The electromagnetic and microwave absorption
properties of hybrid Ti3SiC2/FeCrAl powders were
investigated. The electromagnetic parameters of the
hybrid powders could be adjusted by adding various
contents of Ti3SiC2. The complex permittivity
increased while the complex permeability declined
with rising Ti3SiC2 content. The sample with
20 wt.% Ti3SiC2 presented the most favorable
microwave absorption performance. Effective
absorption (<�10 dB) was obtained in the fre-
quency range from 8.4 GHz to 12.1 GHz for the
sample with thickness of 2.6 mm, with minimum
RL value of �43.6 dB at the matching frequency of
9.7 GHz.
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