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In this work, Fe-50 wt%Ni alloy was synthesized by nitrogen gas atomization method. The phase compo-
sition, morphology, element composition and saturation magnetization of the alloys were investigated
by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray fluorescence spectrom-
eter (XRF) and vibrating sample magnetometer (VSM). The electromagnetic parameters and microwave
absorbing properties of the microwave absorbing material made from silicone rubber and the as-prepared
FeNi alloy were also studied using vector network analyzer (VNA) and transmission line theory. The

?g;{"gﬁg results show that the particle size of most of the particles is less than 150 wm, and the average particle
Permeability size is about 48 pm. The Fe-50 wt%Ni powder has a spherical shape, and the main phase composition

is FCC (Fe, Ni) alloy. The as-atomized FeNi alloy possesses low coercivity and high specific saturation
magnetization. As the frequency increases, the real part of relative permittivity and relative permeability
of the Fe-50 wt%Ni/silicone rubber absorber decrease, while the imaginary part of relative permittivity
increases. The Fe-50 wt% Ni alloy/silicone rubber absorbers with 0.8-4 mm thickness exhibit adjustable
microwave absorbing properties in the range of 1-18 GHz.
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1. Introduction

In recent years, microwave absorbing materials (MAMs) have
been the subject of scientific interest because of their attractive
abilities to reduce and eliminate the electromagnetic radiation
(EMR) and electromagnetic interference (EMI) resulting from the
broad applications of various kinds of electronic and microwave
instruments in the gigahertz (GHz) range [1-3]. Research and
design of MAMs have become essential for effective elimination
of EMR and EMI in the given range of frequencies. Typically,
MAMs are usually composite materials with dielectric, conductive,
and/or magnetic particles embedded in a polymer matrix [4,5]. The
efficiency of MAMs depends on many factors, such as conductiv-
ity, complex permittivity (¢; =¢’ —je&”) and complex permeability
(ur=p' —ju"). The complex permittivity and permeability espe-
cially play an important role in the electromagnetic wave absorbing
properties of the microwave absorber because the ¢ and ' deter-
mine the storage of the electromagnetic energy, and the &” and "
determine the loss of the energy [6,7]. In order to realize the max-
imum of the attenuation to the incident electromagnetic wave on
the absorber, both the magnetic loss (tan§,, =" /1) and dielectric
loss (tan 6. =&”/¢’) should be maximized [8]. According to current
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studies, the MAMSs containing magnetic materials possess both
tané, and tan §,,, which could yield large magnetic loss and dielec-
tric loss to attenuate the electromagnetic wave [9]. As a result,
many polymer composite absorbers filled with ferrite, soft mag-
netic metal and alloy, such as spinel ferrite [10], W type hexagonal
ferrite [11], M type ferrite [12], carbonyl iron [13], FeSi [14], FeSiCr
[15], and FeSiAl [16], have attracted a lot attention.

Some studies also suggested that a high permeability is favor-
able for improving the microwave absorbing properties, reducing
the thickness and broadening the frequency bandwidth of low
reflection loss (RL) [17]. However, the permeabilities of both the
spinel and hexagonal ferrite will decrease sharply with increas-
ing frequency over the GHz range due to the Snoek’s limit [18],
which would lead to poor performances including higher reflection
loss and thicker thickness. Comparing to the conventional ferrite
absorbers, the metallic soft magnetic materials can overcome the
problems of the ferrite absorbers, and may be more suitable as
the microwave absorbers because they possess a higher saturation
magnetization and permeability that can still have a large value in
a wide GHz range, which results from their higher Snoek’s limits
[19]. Among the metallic soft magnetic materials, FeNi alloys show
excellent soft magnetic properties, and have been widely applied in
the field of electronic devices and industry [20,21]. In view of their
high microwave permeabilities, the microwave absorbing prop-
erties of the polymer composite absorbers filled with FeNi alloys
may be immensely prominent, which have already been partly
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confirmed by some works [22-24]. Several methods have been
proposed to prepare the FeNi alloys, such as solution phase route
[25], hydrogen thermal reduction method [26], mechanical alloy-
ing route [27] and atomization method [28]. Many of the methods
can only produce the alloys on a small scale, but the atomization
technique is widely used to manufacture ultrafine metal powder
and can be applied for mass production at low cost.

In this work, the Fe-50 wt%Ni alloy was synthesized via gas
atomization route, and composite absorbers were prepared by
using silicone rubber as the matrix and the FeNi alloys as the
filler. The structures of the as-prepared FeNi alloys were char-
acterized by SEM and XRD. The electromagnetic parameters and
microwave absorbing properties of the composite absorbers were
also investigated. Fe-50wt% Ni alloy/silicone rubber absorbers
with 0.8-4 mm thickness exhibited adjustable reflection loss in the
range of 1-18 GHz.

2. Experimental
2.1. Powder synthesis

A master alloy with the chemical composition of Fe-50 wt%Ni was melted from
the mixture of pure element Fe (99.9 wt% purity) and Ni (99.9 wt% purity) by high
frequency induction melting under an argon atmosphere. In order to decrease the
amount of oxygen and obtain the uniform component, the melting chamber was
evacuated twice by rotary pump and backfilled with the argon in the interval, and
then the master alloy was melted three times. The bulk alloy was remelted in the
atomization system to a superheat temperature of 1950K, and then atomized using
a close-coupled discrete jet gas atomization nozzle at a nitrogen gas pressure of
2.0 MPa. The purpose of using the N, gas was to increase the cooling rate and prevent
oxidation of the alloy powder. Full details of the atomization process have been
reported earlier [29].

2.2. Preparation of silicone rubber absorbers

The as-prepared Fe-50 wt%Ni alloy, silicone rubber and sulfurizing agent were
uniformly mixed in a rubber mixing mill for 20 min. The volume fraction of the alloy
in the composite was 48%. Samples for electromagnetic parameters, which have a
toroidal shape with an outer diameter of 7.0 mm and an inner diameter of 3.04 mm,
were prepared by vulcanizing the mixture at 165 °C for 15 min.

2.3. Characterization

The phase constituent of the Fe-50 wt%Ni particles was characterized by X-ray
diffractions (ARL X'TRA) using Cu-Ka radiation (A =0.1542 nm). Scanning electron
microscopy (JEOLJSM 5900) and X-ray fluorescence spectrometer (ARL ADVANT'XP)
were used to investigate the microstructure and the element content of the as-
atomized powder. The saturation magnetization of the FeNi alloy was measured by
the vibrating sample magnetometer (ADE EV5). The complex permeability and per-
mittivity of the silicone rubber absorbers were determined using a HP 8722ET vector
network analyzer and APC-7 mm coaxial line in the frequency range of 1-18 GHz.

3. Results and discussion
3.1. Particle size distribution and morphology

The atomized Fe-50 wt%Ni alloy powder was sieved according
to the standard ASTM sieves in 9 size fractions, from the “under
25 wm” to the “over 150 wm”. The size distribution of the FeNi alloy
particles prepared by gas atomization with N, is listed in Table 1,
and the dependence of cumulative mass distribution is shown in
Fig. 1. It is shown that more than 80% of the particles are below
75 pm, and the percentage of the fine particles with the diameter
of less than 25 pm is around 20%. The average particle size (dsg) is
about 48 pm.

The SEM images of the FeNi particles are shown in Fig. 2. From
the general landscape of Fig. 2a, it can be observed that numer-
ous particles have a small diameter, and some coarse particles also
can be found. The distribution of particle size is consistent with the
mass fraction. Most of the particles have the spherical form; how-
ever, there are still a few particles with nonspherical shape, which
may be formed by a large particle being caped with small ones.

Table 1
Particle size distribution of the gas atomized Fe-50 wt%Ni powders.

Particle size (pm) Mass fraction (%)

<25 19.72
25-38 15.23
38-48 15.12
48-58 14.98
58-75 15.79
75-106 9.74

106-115 6.31

115-150 2.61

>150 0.50

Previous studies with similar results have been reported, and the
reasons may be explained as follows [30]: (1) the large droplets may
still be in a liquid or semi-solid state while the smaller ones have
been already solidified. The particles with different diameter have
the different solidification rate (SR), which results in the higher SR
of smaller particles and the lower SR of larger ones; (2) the larger
droplets will readily solidified. Therefore, these particles with dif-
ferent states will adhere together easily during the collision in the
jet gas turbulence. From Fig. 2b, it is also found that the surface of
the particle is relatively smooth.

It should be noted that the FeNi alloy has a wide size distribu-
tion. The electromagnetic absorbing agents are usually filled in the
polymer, and a higher bulk density is helpful to improve the filling
factor. The wide particle size distribution of the Fe-50 wt%Ni pre-
pared in this work will increase the packing density, which might
lead to the higher volume fraction in the silicone rubber absorber.

3.2. Elementary analysis, X-ray diffraction and hysteresis loop

In order to find whether the elemental composition of the
Fe-50 wt%Ni is the same as what it was designed and weighed to be,
the chemical composition of the as-prepared FeNi alloy was ana-
lyzed using XRF. The result shows that the ratio between Fe and Ni
is 49.89:49.92, and the rest of the composition including Si, Al and
Cu are 0.11. According to the analysis, it can be reasoned that the
balance should be oxygen, which means the Fe-50 wt%Ni may be
slightly oxidized.

The XRD analysis was conducted to determine the phase compo-
sition of the atomized FeNi alloy particles, which is shown in Fig. 3.
From the XRD pattern, only three diffraction peaks can be found in
the range of 10-80°. The peaks for the Fe-50 wt%Ni alloy appear
to be strong, which are attributed to the FCC (Fe, Ni) alloy called
taenite phase with space group Fm3m according to the JCPDS card
number 47-1417. This confirms that the smelting process of the
master alloy is perfectly right and sensible. The finding is consistent
with the previous studies in which mechanical alloying method was
employed to prepare the FeNi alloys [31].
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Fig. 1. Dependence of cumulative mass distribution on the particle size.
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Fig. 2. SEM images of the atomized Fe-50 wt%Ni powder.
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Fig. 3. XRD pattern of the atomized FeNi alloy.

Fig. 4 shows the field dependence of hysteresis loop for the as-
atomized FeNi alloy. It can be seen that the Fe-50 wt%Ni possesses
the low coercivity Hc and high specific saturation magnetization
o, which were about 3.83 Oe and 165 emu/g, respectively. The H¢
is lower and the o is higher than the values reported by Guit-
toum et al. [32]. The relationship between the permeability and
saturation magnetization can be expressed as follows [33]:

N (4 M )?
(47tMs)Hq — (f/2.8)% + ja(47tM;)(f/2.8)

where fis the frequency, M is the saturation magnetization and H,
is the magnetic anisotropy field.

From the above equation, it is clear that that y; increases with
the increasing of Ms and the decreasing of H,. Based on the magnetic
theory, the Fe-50 wt%Ni alloy must have the higher Mg and lower H,
due to the high o, low Hc and spherical shape, which are favorable
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Fig. 4. Hysteresis loop of the atomized FeNi alloy.
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Fig. 5. Frequency dependence of complex permittivity for the Fe-50 wt%Ni/silicone
rubber absorber.

to improve the permeability. As is commonly known, higher per-
meability can enlarge the absorption bandwidth and decrease the
reflection loss, therefore, microwave absorbing material filled with
the as-prepared FeNi alloy may possess excellent electromagnetic
parameters and microwave absorbing properties.

3.3. Electromagnetic parameters and reflection loss

The relative complex permittivity and permeability of the
Fe-50 wt%Ni alloy/silicone rubber composite absorber were inves-
tigated, and the results are shown in Figs. 5 and 6, which illustrate
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Fig.6. Frequency dependence of complex permeability for the Fe-50 wt%Ni/silicone
rubber absorber.
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Table 2

Microwave absorbing properties of the silicone absorbers with the thickness of 0.8-1.5 mm.
Thickness (mm) 0.8 0.9 1.0 1.1 1.2 13 14 1.5
Minimum RL (dB) -4.6 -71 -10.3 -10.7 -9.9 -9.0 -85 -84
Frequency of the minimum RL (GHz) 18.0 18.0 18.0 171 16.0 13.7 119 11.0
Bandwidth of RL <—8 dB (GHz) \ \ 1.49 3.08 3.80 3.38 2.64 1.79

Table 3

Microwave absorbing properties of the silicone absorbers with the thickness of 1.5-4.0 mm.
Thickness (mm) 1.5 2.5 3.0 3.5 4.0
Minimum RL (dB) -84 -8.7 -9.5 -10.9 -11.5 -12.2
Frequency of the minimum RL (GHz) 11.0 5.1 3.8 3.0 2.8
Bandwidth of RL <—8 dB (GHz) 1.79 2.16 1.83 1.79 1.73

the permittivity and permeability as a function of the frequency in
the range of 1-18 GHz.

Fig. 5 shows that the real part ¢’ of relative complex permittiv-
ity decreases a little bit with the increase of the frequency, and it
ranges from 20.37 to 22.02. However, the imaginary part ¢ of rela-
tive complex permittivity increases as the frequency increases. It is
well known that the interfacial polarization can be induced at lower
frequency, and will not keep up with the change of the alternating
electric field as the frequency increases [34]. Moreover, in the high
frequency range, the dielectric loss is determined by electric con-
ductance loss and relaxation polarization loss that increases as the
frequency increases [35]. Thus, it is reasonable that the ¢’ decreases
while the ¢ increases with the increasing of frequency.

From Fig. 6, it can be found that the real part x4’ and imaginary
part u” of complex permeability of the silicone rubber composite
absorber filled with Fe-50 wt%Ni present the different variations
from the frequency spectra of complex permittivity, and both the w’
and " gradually decrease as the frequency increases. The decrease
of permeability may be due to the hysteresis of domain-wall motion
and rotation as the frequency increases, which has been found by
many researchers [2].

According to the transmission line theory, the reflection loss (RL)
can be calculated from the relative complex permittivity and per-
meability at a given frequency and the thickness of the microwave
absorbing material. The RL under normal incidence of the electro-
magnetic field on the surface of a single-layer absorber backed with
a perfect conductor can be defined as follows [17]:

Zin—2o ‘

RL (dB) =20 lo ‘7 2
(dB) P (2)
Here, Zj is the impedance of air, and Z;,, is the input impedance of

the absorber, which were given by:

_ Mo
Zy = % (3)

Zy = m tanh [ (224 Vjirrageeo) (4)
r

where ¢g and (g are the permittivity and permeability of vacuum,
er and u; are the relative complex permittivity and permeability,
respectively of the composite absorber, fis the frequency, d is the
thickness of the absorber and c is the velocity of light in free space.

Fig. 7 shows the frequency dependences of the calculated reflec-
tion losses of the Fe-50wt%Ni/silicone rubber absorbers with
thickness of 0.8-4.0 mm, and the detailed microwave absorbing
properties including minimum RL, frequency of the minimum RL
and bandwidth of RL< -8 dB are provided in Tables 2 and 3. It can
be found that the thickness of the silicone absorber has an impor-
tant influence on the microwave absorbing properties. There is no
peak to be found in the curves of reflection loss, and the minimum
reflection loss decreases with the increase of thickness when the

thickness is less than 1.1 mm. However, the variation curves of the
reflection loss present the single apex types when the thickness isin
the range of 1.1-3.0 mm, and double apex curves can be observed in
higher frequencies when the thickness is more than 3.0 mm. When
the thickness is greater than 1.1 mm, the minimum RL increases at
first and then decreases as the thickness increases. The peak fre-
quency of the reflection loss shifts toward the low frequency band.
The thickness of 1.5mm seems to be crucial for the microwave
absorbing properties of the Fe-50 wt%Ni/silicone rubber absorber.
The absorption peak of the absorbers with a thickness less than
1.5 mmis in the high frequency, and on the contrary, the absorption
peakof the absorbers with the thickness greater than 1.5 mm will be
in the low frequency. In other words, the thin Fe-50 wt%Ni/silicone
rubber absorbers possess low RL in high frequency, and the thick
absorber has distinguished properties in low frequency.
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Fig. 7. The frequency dependences of the calculated reflection losses of the
Fe-50 wt%Ni/silicone rubber absorbers with thickness of 0.8-4.0 mm.
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In consideration of both the minimum RL and the bandwidth of
RL < -8 dB, the absorbers with the thickness of 1.2 mm and 2.5 mm
exhibit the best microwave absorbing properties, and the minimum
RLs are —9.9dB at 16.0GHz and —9.5dB at 5.1 GHz; the band-
widths of RL<—-8dB are 3.8 GHz and 2.16 GHz. A previous study
showed that the peak frequency of the absorber with the thickness
of 2.5mm was around 11 GHz [26], which is significantly differ-
ent from our results. However, the effects of the thickness on the
microwave absorbing properties are similar to what has been pre-
viously reported. The minimum reflections can be obtained at given
frequencies if the thickness of the absorber (t) satisfies [22]:

nc
t=—— (n=

Af /| iarller]

where c is the speed of the light, fis the frequency, ¢; and u; are
the relative complex permittivity and permeability. Eq. (5) indi-
cates that thickness is inversely proportional to peak frequency,
therefore, the peak frequency will shift toward low frequency band
as the thickness increases. From Eq. (5), it is not hard to find the
reason that the peak frequency of 2.5 mm absorber in our work is
around 5.1 GHz, while the one in the previous study is 11 GHz. That
is because the higher ¢; and u; obtained in this work will result in
the low peak frequency under the same thickness.

1,3,5,...) (5)

4. Conclusions

In summary, spherical Fe-50 wt%Ni alloy with the phase compo-
sition of taenite was synthesized by the nitrogen gas atomization
method. The as-prepared FeNi alloy exhibits excellent soft mag-
netic performances, and the coercivity H. and specific saturation
magnetization os are 3.830e and 165emu/g. The microwave
absorbing properties of Fe—-50 wt%Ni/silicon rubber absorbers are
seriously affected by the thickness. The thin and thick absorbers
show the better performances in the high and low frequency,
respectively. The absorber with thickness of 1.2 mm possesses
the minimum RL of —9.9dB at 16.0GHz, and the bandwidth of
RL<—-8dB is 3.8 GHz. The 2.5 mm absorber has the minimum RL
of —9.5dB at 5.1 GHz, and the bandwidth of RL< -8 dB is 2.16 GHz.
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