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The FeCrMoNiPBCSi amorphous alloy system with good soft-magnetic property and high glass forming
ability was utilized to prepare amorphous powders which are integrated for electromagnetic wave
absorbing composite with silicone-matrix. The absorption parameters were measured by tuning the
sample thickness and volume fraction strictly. The results show that FeCrMoNiPBCSi amorphous alloy
system is more prone to attain impedance matching and has strong ability on electromagnetic wave

attenuation. The value of reflection loss reaches —60.3 dB at 7.08 GHz for the composite (30 vol %
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powders) and the bandwidth reaches 2.30 GHz for RL < —10 dB.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

As electronic equipment has been widely used for military and
civil applications such as microwave interference protection and
microwave darkness [1,2], the microwave devices develop to be
high frequency, integration and functionalization, as well as the
electronic component to be surface installated. The electro-
magnetic(EM) wave energy grows at the rate by 7—14% per year [3],
bringing out serious damages for information security and human
health. Thus the demands for EM shielding material and absorbing
material applied for electronic devices are rapidly sharpening [4,5].

Compared with amorphous powders, common absorber such as
crystalline metal powders [6] are restricted to lower resistivity and
poorer corrosion, while ferrites [7] are deficient for higher
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temperature resistance and saturation magnetization. Besides,
amorphous powder possesses the disorder atomic structure which
is not only beneficial to reduce eddy current loss but also expand
the skin depth for GHz frequency application. This is the reason
why amorphous alloy with lower complex permittivity easily reach
well impedance matching [8,9]. Consequently, the amorphous-
filler composite is expected as a promising candidate for absorp-
tion application.

Recently, special attentions have been focused on glass-coated
amorphous microwires attributed to their prominent electromag-
netic performance for absorbing material and electromagnetic
shielding application on high-frequency and broadband absorption
[10—14]. However, owing to lower glass forming ability and
complicated preparation, the research on amorphous soft-
magnetic powder application at higher frequency is rarely
reported.

In this work, FeCrMoNiPBCSi amorphous powder with excellent
corrosion, wear resistance and soft-magnetic property prepared by
gas atomization technique was selected as the magnetic absorber.
As a nonmagnetic hydrocarbon, the silicone has merits of low
permittivity, feasible processability and rapid prototyping, making
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it be an appropriate matrix to play an important role in tuning EM
parameters. The EM parameters tested from 0.1 to 18 GHz are
investigated to explore desirable absorption materials. The results
demonstrate that amorphous absorber has strong EM wave atten-
uation abilities for GHz frequency absorption.

2. Experimental

Feg3zCrgMos 5NisP1gB4C4Siz 5 (at.%) alloy ingots were fabricated
by vacuum induction melting furnace of a mixture of industrial raw
material. Once the vacuum was below 10~ Pa by utilizing gas at-
omization device, the ingots were re-melted and atomized into
powders by high-pressure nitrogen. The acquired fine powders
above 600 mesh (the diameter~23 pum) were sieved out for
amorphous-filler composite. The phase compositions and micro-
structures of the obtained powders were detected by X-ray
diffraction (XRD, Bruker AXS) with CuKa and scanning electron
microscopy(SEM, Hitachi S-4800), respectively. The saturation
magnetization and coercivity were measured by means of vibrating
sample magnetometer (VSM, Lakeshore 7304, USA) at an applied
field of 10 kOe. Prior to mixed with silicone, various volume con-
centration magnetic powders (10 vol%, 20 vol%, 30 vol%, 35 vol%,
40 vol%, 50 vol%) were coated with coupling agent on their surfaces
to elevate oxidation resistance and dispersed in acetone solution.
Ultimately, the composite samples were molded into a toroidal
shape with inner and outer diameter being 3.04 mm and 7.00 mm,
respectively. The complex permeability (v = u'—ju") and permit-
tivity (e = &'—je") of annular samples were tested by coaxial
waveguide method using vector network analyzer (Agilent
N5234A) from 0.1 to 18 GHz.

3. Results and discussion

Fig. 1 presents both surface morphology and XRD spectrum of
amorphous powders. No obvious defect on the surface of single
powder particle was observed which may result in multiple scat-
tering and interface polarization, thereby influencing the micro-
wave absorbing parameters. The particles appear mostly spherical
or ellipsoidal with the diameter less than 20 um. XRD pattern re-
veals there is no remarkable crystallization peak, indicating that the
powder is of fully amorphous structure and the alloy system has
high glass forming ability.

The static hysteresis loop of FegzCrgMos 5Ni5P19B4C4Siz 5 amor-
phous soft-magnetic powders was measured at room temperature.
As observed in Fig. 2, due to the completely amorphous structure
for isotropic intrinsic feature, the coercivity (H.) reduced to 1.3 Oe
coupling with the saturation magnetization (Ms) for 47.5 emu/g.
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Fig. 1. XRD pattern of Feg3CrgMossNisP10B4C4Sizs amorphous powders obtained by
gas atomization method, SEM image of above powders surface morphology is in the
inset.
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Fig. 2. Static hysteresis loop of Feg3CrgMos sNisP19B4C4Si 5 amorphous soft-magnetic
powders.

What's more, the disorder atomic structure makes the amorphous
powder provided with electrical resistivity (p > 120 puQ cm [15—17])
many times greater than those of metallic alloy powder, thus
allowing for GHz range operation and lower energy dissipation.

In view of the microwave absorption ascribed for dielectric loss
and magnetic loss, it is important to well balance permeability and
permittivity for improving absorption performance. The acquired
EM parameters for silicone-matrix composites filled with various
volume fractions of amorphous powders at 0.1-18 GHz are illus-
trated in Figs. 3 and 4. As results of eddy current loss and ferro-
magnetic resonance, the real permeability (u’) gradually decreases
as the frequency increases, yet increases as the filler volume con-
centration increases. Meanwhile, the imagine permeability (u") of
the composites represents similar trend as u’, although the reso-
nance frequency at which the u” has a maximum value shifts to
lower with a increasing volume content. According to Fig. 4, it is
clear that real permittivity (¢') is almost independent of frequency
over whole range 0.1-18 GHz, due to weaker interfacial polariza-
tion compared with the flake-like or the wire-like. Besides, imagine
permittivity (¢") seems to be an approximate constant with
amounts of small fluctuant peaks originating from the measuring
deviation. So the dynamic variation of u" (imagine part of the
permeability) with frequency is one of the main factors that affect
the EM loss.

Fig. 5 illustrates the experimental and calculated reflection loss
curves of 40 vol% composite with thickness of 2.5 mm. The exper-
imental result was measured in the coaxial short-circuited line
similarly done by Zhuravlev [18]. The frequency of absorption peak
deviates from 9.8 GHz (experimental) to 9.1 GHz (calculated). Be-
sides, the calculated absorption frequency band for RL < —10 dB
becomes narrow as compared with the experimental.

According to Transmission Line Theory, for a single-layer
absorbing material with a metal plate, the input impedance is:

Zin = Zo/ iy /ertanh (j(2mft /) /irer ) (1)

Zo = /io/<0 (2)

Where Zy (377 Q) is the characteristic impedance of free space,
ur is the complex permeability, &; is the complex permittivity, f is
the frequency of incident EM wave, t is the thickness of absorbing
sample, c is the velocity of light in free space. When an EM wave is
incident on absorbed sample layer, the EM wave reflection loss can
be calculated according to the values of Zy and Zj, using the
measured complex permeability and complex permittivity at given
frequencies [19]:
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Fig. 3. The frequency dependence of (a) real permeability, and (b) imagine permeability for the FeCrMoNiPBCSi amorphous powders/silicone composites with various volume

concentrations.
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Fig. 4. The frequency dependence of (a) real permittivity, and (b) imagine permittivity for the FeCrMoNiPBCSi amorphous powders/silicone composites with various volume

concentrations.
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Fig. 5. The frequency dependence of reflection loss for 40 vol% composite at thickness
of 2.5 mm Curvel: the experimental result. Curve 2: the calculated result.
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The interface reflection model [19] explains that the value of
reflection loss absorption peak frequency fy, is related to absorbed
layer thickness tp, as following formula:

n C
tn =5 ——F—,
4fm\/ |trer]

This denominates the quarter-wavelength matching model
[20—22]. Here, only matching thicknesses t = A¢/4 and t = 314/4 are
considered, where g = M(ue)'?, 3 and Ag represent the wavelength

n=1,3,5.. (4)

in the free space and the medium, respectively, other higher order
wavelength matching are ignored. Combined with interface
reflection model, Eqs. (1) and (3), both perfect matching parame-
ters and finite matching parameters were calculated. Based on the
above formulas, we can conclude that the matching thickness (ty,)
and matching frequency (fn,) are essentially controlled by the value
of |urer|. To achieve optimal reflectivity, /u,/er should be close to
unity for the impedance matching between materials and free
space [23].

It is well known that both the impedance matching and intrinsic
EM loss determine the incident microwave with minimum reflec-
tion and maximum transmitted attenuation for the metal-backed
single layer absorber. To make full use of reflection reduction, as
much as possible microwaves are required to enter into the struc-
ture to be dissipated into heat through the mechanism of dielectric
loss and magnetic loss and seldom is reflected to free space. On the
other hand, the normalized input impedance with respect to the
free space (Zin/Zo) should be 1 for no reflection.

3.1. Perfect matching parameters

Perfect matching parameters are directly carried out with
following intrinsic parameters: u/, u”, ¢, ¢, fim and ty. The reflection
loss is determined by integrating Eq. (1) with Eq. (3) and derived
from efficient matching of above parameters. In this condition, at
the perfect matching point, the phases of reflective EM waves from
absorbing anterior interface and metal plate back interface are out
of 180° and the intensity of two reflected waves is equivalent, then
there is no reflective wave out of the absorbing material. Table 1
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Table 1

Absorption properties of FegzCrgMos 5NisP19B4C4Siz 5 amorphous soft-magnetic powders composite under perfect matching absorbing condition (only A¢/4 is considered).

Ve (vol%) fm (GHz) tm (mm) |Zin/ Zo| RL (dB) Af (GHz) (RL < —10 dB) Af (GHz) (RL < —20 dB)
10 415 820 1.940 -97 0 0

20 415 6.64 1.080 —23.1 2.19 0.60

30 7.08 3.55 0.996 -60.3 230 0.63

35 8.07 3.14 0.999 -553 2.30 0.81

40 8.33 292 0.994 —54.1 1.86 0.40

50 10.4 1.94 0.994 ~50.8 1.72 0.85

lists the absorbing parameters of composites which are under
perfect matching conditions (only at matching thicknesses t = Ag/
4). It is notable all the composites obtain excellent absorption
performance except for the 10 vol% composite whose ratio of |Zi,/
Zp| is much large than 1. The matching thickness ty, (at which the
absorbing material has a minimum of return loss) far exceed 5 mm,
which is too thick for practical application. The calculated corre-
sponding frequency dependence of reflection loss curves are
illustrated in Fig. 6. The RL peak position shifts to higher frequency
as the increasing volume fraction for ferromagnetic powders. For
the content of 10 vol% and 20 vol%, the characteristics of dual ab-
sorption peaks give rise to a effective broadening for absorption
bandwidth. The matching frequency for the second RL peak is in
accordance with the three-quarter wavelength.

Adding 30 vol¥% filler makes it possess an optimal reflection loss
of —60.3 dB at 7.08 GHz at a perfect matching thickness of 3.55 mm,
when the |Z;,/Zp| equals 0.996. Moreover, the absorption frequency
bandwidth reaches 2.30 GHz for RL < —10 dB and 0.63 GHz for
RL < —20 dB, respectively. When volume concentration varies from
35 to 50 vol%, the composite has excellent absorbing property for
8—12 GHz at thickness <3.14 mm. Thus this absorbing material has
potential X-band application.

3.2. Finite matching parameters

In general, the amplitude of RL is difficult to reach minimum
reflectivity when |Z;,/Zo| is away from 1. However, there is still a
minimum value at a certain thickness. In this case, it is called the
finite matching compared to the perfect matching [24,25]. The
finite matching parameters which demonstrate the frequency
dependence of RL for samples with a thickness of 1.8 mm are shown
in Fig. 7. The RL absorption peak moves to lower frequency as the
increasing volume fraction, which is consistent as the Bruggeman
equation indicated [26]. As shown, RL < —10 dB can be achieved for
volume concentration ranging from 30 vol% to 50 vol%, moreover
the minimum RL is —30.9 dB at 9.80 GHz for the 50 vol% filler
composite and the absorption frequency bandwidth becomes
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Fig. 6. The frequency dependence of reflection loss for various volume fraction com-
posites under perfect matching absorbing condition.
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Fig. 7. The frequency dependence of reflection loss for various volume fraction com-
posites with a thickness of 1.8 mm.

1.73 GHz for RL < —10 dB.

Fig. 8(a) illustrates the RL curves for the 30 vol% filler composite
with various thicknesses (1.0—5.0 mm). No obvious EM absorption
peak appears when the thickness is smaller than a certain value.
Meanwhile, the RL peak position shifts to lower frequency with the
increasing sample thickness, which can be explained by Eq. (4)
resulting from an inverse relation between t;; and f; in quarter-
wavelength matching model. Surprisingly, dual-frequency absorp-
tion peaks can be found at a thickness of 5.0 mm, the reflection loss
for the first peak is —14.3 dB at 4.70 GHz for C-band region, and the
second is —19.2 dB at 14.72 GHz for K-band region, as well as the
corresponding frequency bandwidth for RL < —10 dB reaches
2.7 GHz and 1.2 GHz, respectively. Combined with Eq. (4), Fig. 8(b)
shows the dependence of thickness (A¢g/4 and 31¢/4) on entirely
measured frequency, the conceivable reason is that when the
sample thickness exceeds 4.01 mm which simultaneously satisfies
Agl4 and 34g/4 in the medium(4.70 GHz peak corresponds ton = 1
and 14.72 GHz peak corresponds to n = 3), dual absorption peaks
will appear. At a thickness of either Ag/4 or 3Ag/4, the incident and

0 2 4 6 8 10 12 14 16 18

f(GHz)

Fig. 8. The dependence of RL on frequency with different thicknesses (a) and the
dependence of thickness (A/4 and 34/4) on frequency (b) for 30 vol% filler concen-
tration composite.



S. Chen et al. / Journal of Alloys and Compounds 705 (2017) 309—313 313

reflected waves in the material are out of phase by 180°. When the
sample is thinner than 1.34 mm, there is no absorption peak. In
addition, sole absorption peak can be obtained with the thickness
ranging from 1.34 mm to 4.01 mm. That is to say, if dual absorption
peaks are expected to emerge for the composite with a thickness of
4.0 mm, the value of |ure| for 30 vol% composite should be
improved at 0.1—-18 GHz. Likely, this also is the reason why both the
10 vol% and 20 vol% filler composites under perfect impedance
matching in Fig. 6 possess dual absorption peaks.

To discuss the EM wave absorbing mechanism, the minimum
reflectivity for 30 vol% sample is small than the other volume
concentration at perfect matching point in Fig. 6, which demon-
strates the influence of interface reflection should not be neglected.
Hence, the main absorbing mechanism for FeCrMoNiPBCSi amor-
phous powders/Silicone composite can be explained by the
quarter-wavelength interface reflection and magnetic loss.

4. Conclusions

In this paper, the Feg3CrgMos 5NisP19B4C4Siz 5 amorphous pow-
der with high resistivity was chosen to prepare amorphous-filler
composite. This alloy system is prone to achieve prominent
impedance matching and strong EM wave attenuation with
appropriate ratio of /u,/er. The 30 vol% filler composite reached
reflection loss of —60.3 dB at 7.08 GHz with a perfect matching
thickness of 3.55 mm, and dual absorption peaks were obtained at
finite thickness beyond 4.01 mm, which facilitates broadening the
absorbing bandwidth. The main absorbing mechanism can be
explained by the quarter-wavelength interface reflection and
magnetic loss.
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