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Abstract
The flaky carbonyl iron powder (CIP) was prepared by high-energy ball milling, and then the CIP/FeSiAl composites were 
obtained with different mass ratios by ultrasonic mixing method in this paper. Here, scanning electron microscopy and Fourier 
transform infrared spectroscopy were used to demonstrate the microstructure and functional groups of the prepared samples. 
The element distribution was detected by energy dispersive spectrometer. The complex permittivity and permeability were 
determined by vector network analysis in the frequency range of 1–18 GHz. The reflection loss (RL) was calculated accord-
ing to the transmission line theory. The composites exhibit typical flake shapes, which can exceed Snoek limit due to the 
enhanced shape anisotropy. The results show that the absorption property of composites can be tuned in S-band by changing 
the mass ratio of CIP and FeSiAl. For the composite (mass ratio of 1:4) with the thickness of only 1 mm, the RL reaches 
a minimum of − 6.4 dB at 2.3 GHz. Moreover, the absorption bandwidth less than − 5 dB is 2.3 GHz. This study indicates 
that the CIP/FeSiAl composites can be potential microwave absorbers in S-band.

1 Introduction

With the rapid development of wireless communications 
and high-frequency circuit devices, electromagnetic inter-
ference (EMI) has grown to a severe problem to be solved 
[1]. Nowadays the application of absorbing material is one 
of the most effective means of suppressing EMI [2]. It is well 
known that the microwave properties of absorbing materials 
depend heavily on the dielectric and magnetic loss. In order 
to improve microwave absorption, it is necessary to increase 
high permeability values, especially high imaginary parts of 
permeability for absorbing materials [3]. As a traditional soft 
magnetic material, FeSiAl alloy has been widely employed 
in absorbing materials due to its high permeability, high 
saturation flux densities and good machinability [2, 4, 5]. 
However, the high permittivity (> 50 in general) accompa-
nied with a relatively low permeability in FeSiAl alloy is not 
conducive to impedance matching [6–8].

For the purpose of obtaining impedance matching, much 
work has been conducted on FeSiAl to improve its elec-
tromagnetic property. Surface modification was regarded as 
an effective way to decrease the permittivity. Zhang et al. 
reported they fabricated FeSiAl flakes of good properties 
after surface modification with nylon [1]. Taghvaei et al. and 
Fan et al. used organic and inorganic matter respectively as 
a high resistivity layer to coat on particles’ surface [9, 10]. 
Other researchers found the carbon-based materials had an 
excellent absorbing property when mixed with magnetic 
absorbents [11, 12]. As a traditional ultrafine metal powder 
absorber, the carbonyl iron powder (CIP) possesses a high 
Curie temperature, the high specific saturation magnetiza-
tion and the advantage of good temperature stabilization 
[13]. Compared with FeSiAl, carbonyl iron has a relatively 
lower permittivity (< 30 in general) and permeability [14]. 
Increasing electronic devices for special functions in S-band 
(2–4 GHz) have attracted much attention, such as local area 
network communication, communication satellites and 
mobile satellite services [15–17].

In this study, the CIP/FeSiAl composite was fabricated 
using a simple two-step process. Flaky CIPs were ini-
tially prepared by ball milling. Furthermore, we ultrasoni-
cally mixed different proportions of prepared CIP and raw 
FeSiAl alloy to synthesize composite absorbing materials. 
The microstructure and microwave properties of composites 
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were investigated. The aim of this study is to detect the effect 
of the composite component on the dielectric control mecha-
nism and obtain the excellent S-band absorbing materials.

2  Experimental

The raw materials were commercial FeSiAl alloy and 
sphere-shaped CIP (purchased from Jiangsu Tianyi Ultra-
fine metal powder Co., Ltd). The vacuum heat treatment 
was initially performed on the sphere-shaped CIP at 300 °C 
for 20 h, which may be conducive to the improvement of 
electromagnetic properties [18]. Then the annealed powder 
and ethanol were loaded together with steel balls in a steel 
container. The milling medium was bearing steel ball with 
three different diameters ( ϕ : 20 mm, ϕ : 8 mm, ϕ : 5 mm). 
The corresponding ball-to-ball weight ratio was 1:8:8. The 
ball-to-powder weight ratio was 8:1. The CIP was milled in 
a planetary ball mill for 8 h at 300 rpm. The as-milled CIP 
was dried under vacuum at 80 °C for 4 h. The composite 
was prepared by blending raw FeSiAl with the milled CIP 
thoroughly in the ultrasonic bath. The mass ratios of CIP 
and FeSiAl were 4:1, 2:1, 1:1, 1:2 and 1:4, respectively. The 
mixtures of composite and paraffin were compressed into 
toroidal-shaped specimens ( ϕout: 7.00 mm, ϕin: 3.04 mm) 
with a pressure of 10 MPa for measurements, and the vol-
ume fraction of the composite is 75%.

The morphology of the composite was observed by 
scanning electron microscope (SEM, Hitachi S-3400). The 

element distribution was detected by energy dispersive spec-
trometer (EDS, COXEM EM30PLUS). Fourier transform 
infrared (FTIR) spectra were acquired with a PerkinElmer 
FTIR (C96926) instrument using KBr wafers. The complex 
permittivity and permeability ( ϵ�, ϵ��, μ� , μ�� ) were meas-
ured by using Agilent PNA 8363B vector network analyzer 
with the coaxial-line method in the frequency range of 
1–18 GHz. The reflection loss (RL) was calculated accord-
ing to the transmission line theory [19].

3  Results and discussion

Figure 1a shows the morphology of the raw FeSiAl alloy. 
The samples exhibit the typical flake shapes, and the aver-
age size of the flakes is more than 50 μm. The agglomerate 
of spherical particle i.e. raw CIP is obviously observed in 
Fig. 1b. The diameter of the agglomerate is around 50 μm. 
Figure 1c shows the SEM image of the milled CIP. It can be 
easily observed that the as-milled powders exhibit a typi-
cal microstructure of mechanically milled materials. The 
as-milled particles are flaky in shape and of rather a broad 
size distribution. The morphology of composite is also of 
flaky shape, which is similar to the as-milled CIP, as shown 
in Fig. 1d. The sizes of the composite are in the range of 
5–10 μm. The thicknesses of all particles are below 1 μm, 
which is beneficial to decrease eddy current loss [20].

Figure 2 shows the elements distribution of 4:1 and 1:4 
samples (Back Scattered Electron mode). The existence of 

Fig. 1  The SEM image of sam-
ples, a raw FeSiAl, b raw CIP, c 
flaky CIP, d CIP/FeSiAl (mass 
ratio of 1:2) composite
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element Fe, Si, and Al is confirmed by the EDS mapping. 
The content of C and O in the composites are very poor. 
However, it is clearly observed that Fe is distributed uni-
formly in the composites from Fig. 2a, b. Simultaneously, 
the element of Fe and Si are the main elements in the com-
posite. There is no doubt that the content of Fe and Si in 
composites varied with the mass ratio of CIP/FeSiAl.

The FTIR spectrum confirms functional groups in the 
composites, as shown in Fig. 3. The most significant bands 
have been identified by comparison with data in Ref [21]. 
The peak at about 1640 cm− 1 is assigned to the carbonyl 
(C=O). It is observed that carbonyl of all samples hardly 
changes in CIP/FeSiAl composite with different mass ratios, 
which indicates carbonyl in the composite is not destroyed.

The complex permittivity and permeability spectrum 
of the raw FeSiAl are shown in Fig. 4a, b. It can be seen 
that the real part of the complex permittivity is significantly 
decreased compared to the imaginary permittivity. The ϵ� 
of raw FeSiAl is relatively higher in S-band. However, the 
value of ϵ� keeps about 60 after 12 GHz. The imaginary part 
of permittivity for the raw FeSiAl has little change over the 
whole 1–18 GHz frequency range. The ϵ�� of raw FeSiAl 
does not exceed the value of 90. The change of permeability 
is not obvious comparing to permittivity. The real perme-
ability of raw FeSiAl decreases sharply in S-band, but it is 

almost constant after 4 GHz. The imaginary part of the com-
plex permeability ( μ�� ) gradually decreases as the frequency 
increases from 1 to 18 GHz.

Figure 5 shows the complex permittivity of the CIP/
FeSiAl composites as a function of the frequency. All 
samples have their largest ϵ� at 1 GHz. The real permit-
tivity of all samples decreases gradually with increasing 

Fig. 2  EDS mappings of composites, a CIP/FeSiAl mass ratio of 4:1, b CIP/FeSiAl mass ratio of 1:4
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the frequency in the 1–18 GHz range, which shows good 
agreement with the frequency dispersion. The imaginary 
permittivity of most samples is decreased in low GHz fre-
quency. When the frequency ranges from 4 to 18 GHz, 
ϵ�� of composites increase with slight oscillates. Feng 
et al. [22] reported that the dielectric loss is caused by 
different loss mechanisms as the frequency increases. The 
increase of permittivity may result from the enhancement 
of space–charge polarization at the interfaces of parti-
cles with the increase of surface area [23, 24]. The role 
of interface between the CIP/FeSiAl composite should be 
discussed. It is noted that when the microwave entered into 
the composite, the polarization arising at the interfaces is 
due to the migration of charge carriers through different 
phases of the composite material [25], which results in die-
lectric relaxation and polarization at the interface. Interfa-
cial polarization always presents in materials comprised of 

more than one phase composite [26, 27]. The SEM image 
also shows a large number of interfaces existed in the CIP/
FeSiAl composite. These interfaces play an important role 
in the composite on the microwave absorption properties 
and the interface polarization in the composites could 
facilitate the dielectric loss [7]. The increase in the imagi-
nary permittivity of 1:4 and 1:1 CIP/FeSiAl mass ratios, 
as the frequency increases, may be the consequence of 
the increasing interface polarization loss and the electric 
conductance loss [28]. The composite of 1:4 mass ratio not 
only has a larger real part of permittivity ( ϵ� ) than others 
(maximum 180 at 1 GHz) but also a higher imaginary per-
mittivity value. A significant improvement in the dielectric 
loss as the CIP/FeSiAl mass ratio increased from 1:2 to 
1:4 is noted. Thereby, different dielectric losses may be 
obtained to promote the impedance matching behavior by 
compounding different proportions of CIP/FeSiAl. These 
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properties may indicate the component of composites is a 
major contributor to the dielectric property.

Figure 6 shows the frequency dispersion of the complex 
permeability for composites. The change of permeability is 
not obvious comparing to permittivity. Largest μ� values of 
all samples are observed at 1 GHz. The μ� values decrease 
dramatically in the frequency range 1–4 GHz, which may 
be due to the domain-wall resonance and relaxation [22]. 
The real part of the complex permeability ( μ� ) is decreased 
with the increasing of FeSiAl content in the 2–6 GHz fre-
quency range, but the difference is very small between 1:1 
and 1:2 mass ratio of CIP/FeSiAl. Meanwhile, it can be seen 
that the μ� values of the composite are almost the same and 
present flat curves from 8 to 18 GHz. It is obvious that a sig-
nificant improvement in the magnetic loss with the addition 
of FeSiAl in S-band. The imaginary permeability values of 
all composites exhibit their peaks in S-band and decrease 
smoothly after 4 GHz. The corresponding peaks of the CIP/
FeSiAl composites increase from 5.8 to 10.0 as the CIP/
FeSiAl mass ratios change from 4:1 to 1:4. The similar jump 
of μ�� result was also reported by Yoshida et al. [29]. This 
characteristic can be attributed to the flake-like particles of 
the composites. Flake-like particles have lower ferromag-
netic resonant frequency and larger permeability than that of 
spheroids [30]. The high complex permeability of composite 
is the synergistic effect of the grain refinement, the low eddy 
current loss and the strong shape anisotropy [14]. Therefore, 
the complex permeability for the composite absorbing mate-
rials is nearly independent of the mass ratio of CIP/FeSiAl 
in S-band.

Figure 7 shows the typical relationship between RL and 
frequency for the CIP/FeSiAl composites with the thickness 
of 1 mm. In general, all samples exhibit excellent S-band 
absorbing properties. The raw FeSiAl shows a relatively 
poor performance among all samples with the RL value of 

− 4.5 dB at 1.9 GHz. The results of calculations show that 
the CIP/FeSiAl composite with the mass ratio of 4:1 also 
exhibits a relatively poor absorption of only − 5.6 dB at 
1.4 GHz compared to other composites. The absorption peak 
of the CIP/FeSiAl (mass ratio of 1:2) composite increases 
slightly to − 5.8 dB at 1.9 GHz. Relative to samples with the 
mass ratios of 4:1 and 1:2, the samples with mass ratios of 
2:1 and 1:1 display stronger microwave absorbing capability 
with same minimum RL value of − 6.5 dB at 2 GHz. The 
minimum RL of the CIP/FeSiAl composite with mass ratio 
of 1:4 achieves − 6.4 dB at 2.3 GHz. The bandwidth less 
than − 5 dB was 2.3 GHz which was located in the S-band 
frequencies. The mass ratio of CIP and FeSiAl exerts great 
influence on the absorbing performance. Though the change 
of CIP/FeSiAl mass ratio is irregular, it clearly shows that 
the RL heavily depends on the CIP and FeSiAl mass ratio. 
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The results also indicate that the composites filled with CIP 
and FeSiAl may have good low frequency absorbing proper-
ties as an absorbing material. The lower RL of the compos-
ite can be explained by the considerable dielectric loss and 
magnetic loss in the absorbing materials.

4  Conclusions

The facile synthesis method of CIP/FeSiAl composite was 
adopted by ultrasonic mixing. The microstructure and the 
microwave properties of the CIP/FeSiAl composites are 
investigated in this paper. It is found that carbonyl bond is 
not destroyed in the CIP/FeSiAl composite over the entire 
preparation process. The  RLmin of raw FeSiAl is − 4.5 dB 
at 1.9 GHz. While the CIP and FeSiAl mass ratio is 4:1, the 
RL peak shift to lowest frequency, and the minimum RL is 
− 5.6 dB at 1.4 GHz, which is beneficial to the application in 
a lower frequency range. Moreover, the minimum RL of the 
composite (mass ratio of 1:4) reaches − 6.4 dB at 2.3 GHz 
and the frequency bandwidth (RL < − 5 dB) is 2.3 GHz. It is 
found that the microwave properties can be heavily depended 
on the mass ratio of CIP and FeSiAl, and absorption prop-
erties can be tuned in S-band by changing the component 
of the composite. The flake-shaped CIP/FeSiAl composites 
exhibit superior electromagnetic properties in S-band due 
to the comprehensive effects of high dielectric loss property 
of the FeSiAl and the high planar anisotropy of the flaky 
CIPs obtained after the ball-milling. The composite with 
an appropriate mass ratio of CIP and FeSiAl is an attractive 
candidate for a thin microwave absorbing material in S-band.
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