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As concepts closely related to microwave absorption properties, impedance matching and phase matching were rarely
combined with material parameters to regulate properties and explore related mechanisms. In this work, reduction—diffusion
method was innovatively applied to synthesize rare earth alloy Y,Fe7. In order to regulate the electromagnetic parameters
of absorbers, the Y,Fe 7N5_g particles were coated with silica (Y,Fe7N3_ 5 @SiO;) and absorbers with different volume
fractions were prepared. The relationship between impedance matching, matching thickness, and the strongest reflection
loss peak (RLyi,) was presented obviously. Compared to the microwave absorption properties of YoFe 7N;_5/PU absorber,
Y,Fe 7N3_ 5 @SiO,/PU absorbers are more conducive to the realization of microwave absorption material standards which
are thin thickness, light weight, strong absorbing intensity, and broad bandwidth. Based on microwave frequency bands, the
microwave absorption properties of the absorbers were analyzed and the related parameters were listed. As an important
parameter related to perfect matching, reflection factor (1/&:/ L) was discussed combined with microwave amplitude at-
tenuation. According to the origin and mathematical model of bandwidth, the formula of EAB (RL < —10 dB) was derived
and simplified. The calculated bandwidths agreed well with experimental results.

Keywords: microwave absorption, rare earth alloy, reduction—diffusion method, Y,Fe 7N3;_5@SiO,, reflec-
tion factor, impedance and phase matching, bandwidth formula

PACS: 42.25.Bs, 75.50.Bb, 76.30.Kg, 78.20.Ci

1. Introduction

In the present society, as an important carrier of infor-
mation transmission, microwave is widely used in human life,
production, and military equipment. However, owing to the
rapid development of high frequency wireless communica-
tion technology and the application of various electronic de-
vices, electromagnetic radiation interferes with the operation
of electronic equipment and reduces the operation life increas-
ing seriously.!!! In addition, the advancement of radar technol-
ogy in different frequency bands also brings severe challenges
to stealth military equipment. Therefore, the development of
high-efficiency microwave absorption materials with proper-
ties including light weight, thin thickness, strong absorption
strength, wide efficient microwave absorption materials has
become an urgent demand.

In the past studies, researchers have tried a variety
of materials. These microwave absorption materials can
be mainly divided into dielectric-loss-type materials, mag-
netic materials.[?! Dielectric-loss materials are coal-based
carbon, B! biochar,[* and conductivity polymers, efc.; mag-
netic materials are ferrites,[? transition metals,!! and metal
alloy,[®! ezc. In addition, the microwave absorption proper-
ties can be adjusted by changing morphology, size, and dis-
tribution of materials, like three-dimensional (3D) biologi-
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cal carbon,!*! layered structure,®! carbon nanotubes,!”! nano-
spheres,!® and hollow core—shell structure,! efc. The above
factors provide various options and ideas for microwave ab-
sorption researches.

In the past ten years, as magnetic material which has great
potential in microwave absorption, rare earth alloy has been
concerned and studied by researchers, microwave absorption
properties of which are shown in Table 1. As one of the rare
earth alloys, Y,Fe7N3_s have potential in high frequency ap-
plications due to strong easy-plane anisotropy.[!%) At present,
the researches on Y;Fe;7N5;_g5 mainly focus on the field of
high frequency soft magnetic composites (SMCs) and high
frequency wave absorption.!!'>!!1 On the one hand, as a mag-
netic material with similar property, Ce,Fe;7N3_g provides
theoretical basis and practical data for high-frequency soft
magnetic application of Y,Fe;7N3_g.!'?! On the other hand,
the exploration of Y,Fe7N;_g’s microwave absorption prop-
erty is still in the simple characterization stage of calculating
reflection losses under given absorber thicknesses.!'”! In addi-
tion, arc melting and a long homogeneous annealing were used
to synthesize rare earth alloys in previous studies, which limits
the production and complicates the process.!!14
is urgent to explore and apply a new synthesis process to pro-
duce rare earth alloys efficiently in large quantities.

I Therefore, it
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Table 1. Microwave absorption properties of different rare earth alloy composites.

Sample Loading ratio Thickness (mm) fm (GHz) EAB (GHz) RLyin (dB) Ref.
CesCore.Nios - 1.60 9.60 3.25 -44.29 [14]
1.40 11.34 3.36 —41.53
Ce| gSmg rFe7N;_g/paraffin 25 wt% 3.00 3.30 1.0 (RL < —20 dB) -39.00 [15]
Dyg 3Pry 7Fe7/paraffin 20 wt% 1.80 7.36 1.92 -28.91 [16]
Ce,Fe7N3_g/silicone 15 vol% 1.91 9.01 3.67 -61.30 [17]
Dyg.2Ce; gCoj7/paraffin 20 wt% 1.80 8.00 2.64 -39.16 [18]
Pr,Ce §Co;7/paraffin 20 wt% 2.24 7.92 2.24 -36.80 [18]
25 wt% 1.80 10.51 4.40 -51.60
Y, Fey6Si/paraffin 25 wt% 1.90 9.80 4.00 -33.40 [19]
25 wt% 1.38 14.90 6.00 -29.20
Y, Fe|7N3_g/paraffin 30 vol% 2.65 2.45 0.66 -16.60 [10]

As mentioned above, although the researchers have tried
many materials and enumerated related data in detail to prove
that their synthesized materials have excellent microwave ab-
sorption properties. However, these studies simply change the
material parameters and calculate reflection losses (RL) by
transmission line theory without exploring underlying mech-
anisms and considering frequency bands of application. As a
result, microwave absorption materials have been made little
progress in identifying microwave absorption mechanism and
the realization of the goal of “thin thickness, light weight, wide
bandwidth, strong absorbing intensity”.!>! From what has been
discussed above, it is urgent to clarify the mechanisms of mi-
crowave absorption and unify the evaluation standards of mi-
crowave absorbing material in order to promote the research
progress of microwave absorption.

In the present work, the Y;Fe7N;_5@SiO, particles
were synthesized by reduction—diffusion method, high pres-
sure nitriding technology, and silica coating method. The
structure, morphology, elements, and magnetic properties of
Y;,Fe7N;_s and Y,Fe 7N;_5@SiO; particles were charac-
terized. The impedance matching and microwave absorption
properties of Y,Fe|7N;_5@SiO,/PU absorbers were calcu-
lated and compared with those of Y,Fe 7N5_5/PU absorbers.
The result indicates that Y,Fe|7N;_5@SiO,/PU absorbers
are more conducive to the realization of microwave absorp-
tion material standards which are thin thickness, light weight,
strong absorbing intensity, and broad bandwidth. The reflec-
tion factor (/€& /L) is closely related to the perfect matching
of absorbers. The formula of EAB is derived and simplified.
The bandwidths from the theoretical calculations under var-
ious thicknesses are almost in accordance with those of the
experimental results.

2. Experiment
2.1. Raw materials and synthesis

The raw materials of synthesizing Y,Fe7 are Y,O3 pow-
der (purity 99.99%, 3 wm-5 pm), carbonyl iron powder
(spherical, purity 99.9%, 3 um-5 um), and calcium (purity

99%, 3 mm). Based on the atomic ratio of Y,Fe;7, an ad-
ditional 50% of Y,03 powder was added to make up for the
volatilization loss of Y in the reduction—diffusion process; On
the basis of excess Y,0s3, an additional 50% of the calcium
was added to reduce Y,0O3 to Y fully. The raw materials were
continuously mixed in argon atmosphere using a 3D mixing
machine for 9 h. Finally, the mixture was pressed into a cylin-
drical shape under the pressure of 15 MPa and was moved to a
tube furnace. The reduction—diffusion method was carried out
in flowing Ar (200 mL/min). First of all, the temperature of
the furnace needed to be raised and kept at 800 °C-1100 °C
for 13 h. Then, the temperature was naturally cooled to room
temperature in the atmosphere of flowing Ar. Finally, the al-
loy ingots after the reaction was broken to particles with size
range at ~ 50 pm by a jaw crusher.

The broken Y,Fe|7N3_g particles reacted reversibly with
H; to make the particles smaller and then were moved into a
high pressure reaction equipment. The high pressure nitriding
process needed to be at 480 °C under N, (purity 99.9999%) at-
mosphere of 10 MPa for 4 h. The particles after nitriding were
cleaned and filtered with ammonium acetate solution (5 wt%)
to remove CaO and excess Ca and then was cleaned with
ethanol to remove water. Finally, the YoFe;7N;_g particles
were obtained by drying in vacuum drying oven. The above
synthesis process of Y,Fe 7N5_s particles and related process
parameters were shown in Fig. 1. Then, the Y,Fe7N;_ parti-
cles were further broken with the size range at ~ 5 um through
the planetary ball milling (250 r/min, 4 h) for the follow-up
processes.

2.2. Coating process and absorber preparation

In order to change complex permeability and permittivity
for regulating impedance matching, the silicon dioxide coat-
ing process was employed to synthesize Y,Fe 7N5;_5@SiO;
particles.?%! In this process, the stirrer kept rotating to ensure
that materials were evenly dispersed in the solution. Firstly, 5-
g YoFe7N;_g (~ 5 um) particles were added and dispersed in
150-mL ethanol (99.7 wt%). Secondly, 2-mL 3-aminopropyl
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triethoxysilane (98 wt%) was added to the solution as a sur-
factant and the liquid—air interface became milky white after
stirring 10 minutes. Then, 40-mL deionized water, 20-mL am-
monia solution (25 wt%—-28 wt%), and 3-mL tetraethyl sili-
cate (98 wt%) were added to the solution successively and the
solution will continue to be stirred for 2 h at 180 r/min. Fi-
nally, Y,Fe7N;_5@SiO; particles were successfully synthe-
sized and collected after the washing and drying processes.
For obtaining the complex permeability and complex
permittivity, YoFe;7N;_s/PU and Y,Fe 7N5_ 5 @Si0,/PU ab-
sorbers (YFN/PU and YFN@Si/PU) were prepared with

( \ Ar atmosphere
\ : o

different volume fractions (15 vol%, 20 vol%, 25 vol%,
30 vol%). Firstly, the polyurethane (PU) was completely dis-
solved in acetone under continuous ultrasonic condition. Then
Y,Fe7N;3_g or YoFe 7N;_ 5 @SiO, particles were added and
dispersed in the solution fully. Finally, the liquid composed
of alloy particles, polyurethane and acetone was orientated in
a parallel rotating magnetic field (1 T) for 15 minutes until
acetone volatilized completely. After the above processes, the
orientated composite was made into a toroidal shape sample

(¢in = 3.04 mm, @y, = 7.00 mm) using a mold.

Ca

Y203  Fe(spherical) Ca '
99.99%  99.9% 99% P Y‘.‘.'203 o
3~5 um 3~5 um 3 mm

3D mixing Powder billet preparation (15 MPa)

|

. 3

H

— e —
+]
T
H, (2 L/min) 5 H, Ar
—_— %y — 800 “C~1100 °C, 13 h et . —_—
350 °C, 2 h o8¢

Y2F917+2H2;\2YH2+ 1 7F€

Pressure gauge l

Ar (200 mL/min) - - -
Reduction—diffusion

Crushing by Jaw crusher

Stirring
| | Ca(OH)z
suspension
N> (99.9999%) 5 wt%
- ) CH,COONH,
480 °C, 10 MPa, 4 h .‘g.. = Heating wire solution
l | YoFe17N3 5

Nitriding process

Cleaning to remove Ca and CaO Vacuum drying

Fig. 1. The synthesis process of Y,Fe7N;_g particles.

2.3. Characterization

The crystal structures were characterized by x-ray diffrac-
tion (XRD, PANalytical X’ Pert PRO). The elemental dif-
ferences between different samples were analyzed by x-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD).
The morphology was analyzed by scanning electron micro-
scope (SEM, Apreo S). The distribution of elements in sam-
ples was analyzed by the energy dispersive spectrometer
(EDS, EDAX). The vibrating sample magnetometer (VSM,
Microsence EV9) was used to measure the hysteresis loops of
samples. The complex permeability and complex permittivity
of absorbers were obtained using a vector network analyzer

(Agilent Technologies N5247A) in the range of 0.1 GHz-
18 GHz range.

3. Results and discussion

3.1. Characterization of structure, micromorphology, ele-
ment, and magnetic properties

Figure 2(a) shows the XRD pattern of raw Y,Fe;7N5_g5
particles. As shown in Fig. 2(a), the XRD pattern is com-
pletely consistent with PDF#86-0450 which is the standard
card of Y,Fe|7Nj 4. It is worth noting that the content of -
Fe precipitated from Y,Fe 7N5_s is extremely low comparing
with the previous work about Re;Fe7N;_s (Re = rare earth
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elements).>1%191 This result shows that high pressure nitrid-
ing technology is a promising process for the preparation of
pure RerFe7N5_s. In Fig. 2(b), compared to Y,Fe;7N5_g
(broken) particles, the XRD pattern of Y,Fe{7N;_5@SiO;
particles do not change significantly and the intensity of
its diffraction peaks drop slightly. Therefore, the crys-
tal structure of Y,Fe;7N3;_5@SiO, particles has not been
changed during the coating progress. As shown in Fig. 2(c),
compared to Y,Fe7N;_gs (broken) particles, the XPS of
Y;Fe7N;_s @SiO; particles have obvious intensity peaks at
100 eV and 551 eV respectively. These peaks and the XPS
peaks of Si and O are at the same position which indicates
that the Y,Fe7N3_5 @SiO, is composed of Y,Fe7N5;_g5 and
silica.

In Fig. 2(d), the loose, porous, and irregular structure
and size (~ 50 pum) of raw Y;,Fe;7N;_g particles can be
clearly and intuitively observed and the formation of this struc-

ture is due to the diffusion of Ca and the volatilization of
Y during the synthesis process. The scanning electron mi-
croscopy (SEM) images exhibit the microscopic morphologies
of YoFe 7N3_g (broken) and Y,Fe;7N3;_5@SiO, particles as
displayed in Figs. 2(e) and 2(f). As shown in Fig. 2(e), the
Y,Fe|7N3_g (broken) particles display irregular shapes and
the average size of ~ 5 um. In addition, as displayed in
Fig. 2(f) and Fig. 3, Y,Fe7N;_5@Si0; particles are covered
tightly by nano-sized SiO, and agglomerated spherical silica
attach to the surface of particles. In order to further charac-
terize the distribution of elements after coating, the elemental
mapping images of Y,Fe 7N;_5@SiO, particles are shown in
Fig. 3. From the elemental mapping images, we can see that
the element distribution is highly consistent with the shapes of
Y Fe7N;3_5 @SiO, particles which indicates SiO, coats the
surface of particles tightly and evenly.

(a) ¢ o-Fe (b)

Raw YyFe;7N3 5

PDF#86-0450

Intensity (arb. units)
Intensity (arb. units)

YQF 17N3,5 (broken)

Y F617N3,5@Si02

¢ a-Fe (c) YoFe 7N3 5 (broken)

C

A

Y2F617N3,5@Si02

Intensity (cps)

. . P |
20 30 40 50 60 70

0 400 800 1200
Binding energy (eV)

Fig. 2. (a) XRD pattern of raw Y,Fe;7N3_g particles. (b) XRD patterns of Y,Fe;7N;_g (broken) and Y,Fe 7N;_5@SiO, particles. (c) XPS of
Y,Fe|7N;3_5 (broken) and Y,Fe|7N;3_5@SiO; particles. (d)-(f) SEM images of raw Y,Fe7N3_5, YoFe7N3_g (broken), and Y,Fe7N3_5@SiO,

particles.

Fig. 3. The SEM image and elemental mapping images of Y,Fe;7N3_5@SiO, particles.
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Fig. 4. (a) The hysteresis loop of raw Y,Fe;7N3_g particles. (b) The hysteresis loops in-plane and out-of-plane directions of oriented Y,Fe;7N;_g5/PU
composite. (c) The hysteresis loops of Y,Fe;7N3_g (broken) and Y,Fe17N;_5 @SiO, particles.

The hysteresis loop of raw Y,;Fe|7N;_s particles is
shown in Fig. 4(a). As we can see, the coercivity (H;) and
the saturation magnetization (M) of raw Y,Fe;7N5_s parti-
cles are 57.8 Oe (1 Oe=79.5775 A-m~") and 1060.6 emu/cm?
respectively. According to previous studies, the Curie temper-
ature (7¢) is increased from 325 K to 694 K due to nitriding,
which raised the microwave absorption application tempera-
ture of YoFe;7N;_s.[212%] In the direction parallel and per-
pendicular to the plane of orientation, the hysteresis loops of
oriented Y,Fe;7N5_5/PU composite are shown in Fig. 4(b).
The expression of DPO is as follows:

M — Mr,outfoffplane
M;

DPO (%) = ; (1)

where M is the saturation magnetization, M ou—of—plane 18
the remanence perpendicular to the plane of orientation.
The oriented Y,Fe 7N;_5/PU composite has an excellent de-
gree of plane orientation (DPO) 98.77% which further indi-
cates that it is easy-plane microwave absorbing material.[!!]
Based on previous work about oriented microwave absorbers,
the oriented composite absorber showed a dramatic increase
in permeability and a remarkable decrease in the matching
thickness.['3! In Fig. 4(c), the difference of hysteresis loops
of Y,Fe;7N5_s (broken) and Y,;Fe(7N3_s @SiO, particles is
The M of Y,Fe7N;_s@SiO, particles decreases
from 1060.6 emu/cm? to 944.3 emu/cm® because SiO, can-

shown.

not be magnetized and occupies a certain volume. In addi-
tion, compared to the raw Y,Fe|7N5_gs particles, the H; of
Y;,Fe7N;_s and Y,Fe7N3_5 @SiO; particles increases from
57.8 Oe to 125.5 Oe because stress is generated in particles
during ball milling process.

3.2. Impedance matching and microwave absorption
properties of YFN/PU and YFN@Si/PU absorbers
The complex permeability (t; = ' — ju”) and complex
permittivity (& = &' — j&") of YFN/PU and YFN@Si/PU ab-
sorbers are measured by coaxial method at room temperature
over 0.1 GHz-18 GHz and are shown in Fig. 5. Obviously,

on the one hand, the values of complex permeability and per-
mittivity are positively correlated with the volume fraction.
On the other hand, under the same volume fraction, the com-
plex permeability and complex permittivity of YFN@Si/PU
absorbers decrease significantly relative to YFN/PU absorbers
which is majorly due to the introduction of non-magnetic silica
particles and the decrease of electrical conductivity after silica
coating. In addition, comparing with YFN/PU absorbers, the
resonance peaks of YFN@Si/PU absorbers still in relaxation
mode do not change significantly.

The previous work on microwave absorption shows that
the excellent property of absorber depends on two key fac-
tors which are phase matching and amplitude matching re-
spectively. On the one hand, according to interfacial reflection
model, the thickness and applied frequency of absorber must
satisfy the theory of A /4 interference cancellation for phase
matching (phase difference = 7).!>?3 The schematic diagram
of interfacial reflection model and A /4 interference cancela-
tion theory is shown in Fig. 6. On the other hand, according
to the matching theory in free space, the amplitudes of reflec-
tion waves are equal (|[I'| = |IT|) when impedance matching
|Z../Zo| = 1.122425] Therefore, the strongest reflection loss
(RLuin) can be obtained if the above two conditions are sat-
isfied (perfect matching).

According to interface reflection model, A /4 interference
cancellation theory and transmission line theory, matching
thickness (t,), input impedance (Zj,), and the reflection loss
(RL) of absorbers are calculated in the following equations:!3]

nc

Im=——F7,
4fm/ | &

(n=1,3,5,...), 2)

2Tt
Zin =Zo/ I»Lr/srtanh (J Tf\/ I-Lr81'> , 3
_ Zin—2p
RL (dB) = 20log 7 17| @

in which f is the application frequency, c is the velocity of
light in free space, ¢ is the thickness of absorber, and Zj is the
impedance of air.
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Fig. 5. (a)—(b) Complex permeability, (c)—(d) complex permittivity of YFN/PU and YFN@Si/PU absorbers depended on frequency under different

volume fractions.
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. ! X Back interface
Incident wave\reflection wave I’

reflection wave I1

Front interface
Back interface

tm (satisfying \/4) Absorber

interference cancellation)

Metal plate

Fig. 6. Schematic diagram of interface reflection model and A /4 interference
cancellation theory.

For YFN/PU and YFN@Si/PU absorbers, according to
Egs. (2), (3), and (4), we can obtain impedance matching
(1Z,,/Zo|), matching thickness (f, n = 1) and the strongest
reflection loss depended on frequency as shown in Fig. 7. As
shown in Figs. 7(a) and 7(b), as the volume fraction increases,
the best impedance matching frequency point (|Z;,/Zo| = 1)
moves to the low frequency. At the same volume fraction, the

best impedance matching frequency points of YFN@Si/PU
absorbers are at higher frequencies. In addition, the best
impedance matching frequency point of YFN@Si/PU ab-
sorber varies more regularly with the volume fraction, which
is helpful to determine the best volume fraction of the absorber
at a certain applied frequency. We also observed that too low
volume fraction (15 vol%) cannot achieve the best impedance
matching because the value of |Z; /Zo| is always larger than 1.

Before and after coating, the change of matching thick-
ness () with frequency is shown in Figs. 7(c) and 7(d). Since
coating reduces complex permeability and permittivity, the
tm of YEN@Si/PU absorber increases slightly at the same
frequency and volume fraction. However, owing to the in-
crease of best matching frequency, the thicknesses of perfect
matching of YEN@Si/PU absorbers greatly decrease eventu-
ally. Therefore, silicon dioxide coating is beneficial to reduce
the matching thickness and realize the light weight of the ab-
sorber. Finally, combined with Figs. 7(a), 7(c), 7(e) or 7(b),
7(d), 7(f), we can obtain the perfect matching thicknesses and
the strongest reflection loss of YFN@/PU and YFN@Si/PU

absorbers under different volume fractions.
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Fig. 7. (a)-(b) Impedance matching (|Z;,/Zy|), (c)-(d) matching thickness (fm, n = 1), and (e), (f) the strongest reflection loss of YFN/PU and
YFN@Si/PU absorbers depended on frequency under different volume fractions.

In practical application, it is meaningless to discuss only
the value of reflection loss peak without considering the
matching thickness, microwave absorption bandwidth, and ap-
plied frequency band. Therefore, in order to show the mi-
crowave absorption properties vividly, the RL of absorbers
depended on thickness and frequency under different volume
fractions is shown in the form of contour figures (color fill) as
shown in Fig. 8. The contour lines of —10 dB and —20 dB
are labeled which indicate that microwave energy absorption
efficiencies of absorber are 90% and 99% respectively.

There are several starting points of the characterization
of absorber’s property. From the point of perfect match-
ing, the RL,, and EAB of YFN/PU (20 vol%) absorber is
—43.23 dB and 1.43 GHz respectively at 3.86 GHz with thick-

ness of 3.29 mm; In contrast, the RL,j, value and EAB of
YFN@Si/PU (20 vol%) absorber is —59.02 dB and 4.74 GHz
respectively at 11.60 GHz with thickness of 1.70 mm. The
above data shows that YFN@Si/PU absorbers are more con-
ducive to the realization of microwave absorption material
standards which are thin thickness, light weight, strong ab-
sorbing intensity, and broad bandwidth. From the point of
EAB covering given frequency bands, in order to illustrate
the microwave absorption properties of absorbers in X-band
(8 GHz-12 GHz) and Ku-band (12 GHz-18 GHz), the related
parameters are shown in Figs. 8(c), 8(d), 8(f), and Table 2.
Therefore, it is necessary to choose between RL and the cov-

erage frequency band of EAB in absorber’s design.
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Fig. 8. The reflection loss of YFN/PU and YEN@Si/PU absorbers depended on thickness and frequency under different volume fractions.

Table 2. The parameters related to microwave absorption properties of YFN/PU (20 vol%) and YFN@Si/PU (20 vol%, 25 vol%) absorbers.

Sample Volume fraction (%) Thickness (mm) fm (GHz) EAB (GHz) RL i (dB)
YEN/PU 20 3.29 3.86 1.43 43.23
1.49 9.86 X-band 13.78
1.16 14.02 Ku-band 11.66
YFN@Si/PU 20 1.70 11.60 4.74 59.02
1.94 9.81 X-band 30.91
1.40 14.96 Ku-band 50.01
YFN@Si/PU 25 2.64 5.60 2.15 42.46
1.61 9.95 X-band 18.69
1.21 14.87 Ku-band 16.87
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Fig. 9. (a) The |Z,,/Zo|-f curve and (b) RL of YEN@Si/PU (20 vol%) absorber vary between 11.60 GHz—18 GHz at different thicknesses. (c) The
RLpin and (d) reflection factor (/& /) of YEN/PU and YEN@Si/PU absorbers depended on frequency under different volume fractions.

In this experiment, YFN@Si/PU (20 vol%) absorber is
always in the almost best impedance matching state within the
range of 11.60 GHz—18 GHz as shown in Figs. 9(a) and 9(b).
In this case, we can change the frequency range of microwave
absorption by just adjusting the thickness with little effect on
the RL i, and EAB. Therefore, as a key parameter, the volume
fraction under this case should be concerned and referenced in
the design of absorber. The reflection factor (M) is ob-
served to be closely related to the perfect impedance matching
of absorber. ! For an electromagnetic wave normally incident
to an absorber layer, the amplitudes of front and back interface
reflection waves can be expressed as!?®! (Suppose the ampli-

tude of the incident wave is 1)

F:(\/ur/er_l /(\/.ur/gr+1>7 (5)
o= (r*-1)71%/(1-IT7?%). (6)

The factor T = exp [j (27f1/c) \/Iir&;| takes into account the
attenuation of the wave in the absorber layer. When absorber
Z,,/Zo| =1, |I'| = |II|. According
to Egs. (3), (5), and (6), we can calculate that \/m is equal
to 3. Figures 9(c) and 9(d) show the direct correlation be-
tween perfect matching point (RL,;,) and \/m under dif-

ferent volume fractions. The values of

is in the perfect matching,

& /Uy corresponding
to the RL i, are always around 3 which agrees well with the

theoretical value 3.

3.3. Influencing factors and bandwidth formula of effec-
tive absorption bandwidth (EAB: RL < —10 dB)

In the previous work, as the main parameter of microwave
absorption property, effective absorption bandwidth has been
concerned and studied. As the RL peak comes from the can-
celation of the front interface reflection wave (I") and back
interface reflection wave (IT), their phase difference should be
7 at the peak frequency point. When the frequency deviates
from the peak frequency point by Af, the peak intensity will
decrease due to that the phase difference of the two reflected
waves deviates from 7 to 7 — 6 or 7+ 6.>?7] Figure 10 is
a schematic analysis of the microwave absorption bandwidth
based on the origin of bandwidth and mathematical model. As
shown in Figs. 10(a), 10(c), and 10(d), Af is the half band-
width at —10 dB, RL; is the reflection loss at a specified point,
RLy is the reflection loss at the peak frequency point, A is
the amplitude of the reflection wave (A = |I” +IT|). Starting
from microwave amplitude, the derivation process of effective
bandwidth formula is shown as follows taking YFN@Si/PU
(25 vol%) absorber for example.

As shown in Figs. 10(a) and 10(b), when the reflection
losses are RLy and RL; respectively, the amplitudes of reflec-
tion wave are Ag and A; respectively which can be written as

Apg=I"cosO+IlIcosmt =1 —1II, (7)
Ay =TcosO+ITcos(mr+60)=I —ITcosO. (8)

Hence, the difference between A; and Ag can be written as
A —Ag=II(l—cos0). 9)
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Assuming that 0 is small enough, it can be described by Taylor
expansion recursion formula

02 62
1fcos6~2—!f7. (10)
According to Egs. (9) and (10), we can get
2(A; —Ag) \ /2
0 = <(1°)) . (1)
II

According to the origin of bandwidth and mathematical model
which are shown in Figs. 10(a) and 10(b), the relationship be-
tween 0 and Af is described as

dr,
dim | JAF
0 df
—_ = . 12
p - (12)
The formula of EAB is obtained as
Ot fm (2(A1 Ao))1/2
A =2Af = = .(13)
S = s~ mldmdf] \ I

—50 .
(b)
4r _tm
— — |dtw/df]
£ 3t
E 2.5| mm
£ oo}
1k
| 0.38263
0 1

0 2 4 6 8 10 12 14 16 18
Frequency (GHz)

When absorber is in perfect matching and enough complex
permeability and permittivity data points are measured, RLy =
—oo, A; = 10-(19/20) = 03162, Ag = 10(->/29) ~ 0. Finally,
the formula of EAB can be expressed by

tm+/0.6325 /1T

|dim/df]|

Equation (13) demonstrates that EAB is mostly influ-
enced by the thickness, the derivation of matching thickness
to frequency and the amplitude of the front interface reflec-
tion wave. In the above factors, bandwidth is most sensitive
to the |dty/df]. According to Eq. (13), the related param-
eters of the calculated and experimental bandwidth are listed
under various thicknesses as shown in Table 3. Obviously,
the bandwidths from the theoretical calculations under various

thicknesses agree well with those of the experimental results.
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120 90 49 @
0 00
0.6
150 04 30
0.2
I7
180 —— 7 O
210 330
240 300
270

Fig. 10. (a) The RL—f, (b) tm—f and |dt,/df|-f curves. (c) I', IT, and I" + IT vary with frequency. (d) The vector pole figure of I" and IT at
5.8726 GHz for YEN@Si/PU (25 vol%) absorber with thickness of 2.50 mm.

Table 3. The parameters of the calculated and experimental bandwidth (RL < —10 dB) for YEN@Si/PU (25 vol%) absorber under various thicknesses.

¢ (mm) Jfm (GHz) [dtm/d f] RLy (dB) n Acalculated (GHZ) Acxperimental (GHz)
1.50 11.47 0.10971 -18.26 0.4279 3.95 4.56
2.00 7.89 0.18681 —24.28 0.4590 3.78 3.13
2.50 5.87 0.38263 —41.80 0.4965 2.58 2.28
3.00 4.80 0.56246 -26.22 0.5350 1.70 1.75
3.50 4.04 0.80902 -21.84 0.5755 1.13 1.30

4. Conclusion

In summary, Y,Fe|7N;_5@SiO; particles were synthe-
sized by reduction diffusion, high pressure nitriding, and sil-
ica coating method. The structure, morphology, element and
magnetic properties of YoFe7N;_g and Y,Fe7N3;_5@SiO,

particles were characterized. The complex permittivity and
complex permeability of YFN/PU and YFN @Si/PU absorbers
were characterized over 0.1 GHz-18 GHz. By being coated
with silica, the impedance matching and microwave absorp-
tion properties of YEN@Si/PU absorbers were regulated and
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compared with those of YFN/PU absorbers. The result indi-
cates that YEN@Si/PU absorbers are more conducive to the
realization of microwave absorption material standards which
are thin thickness, light weight, strong absorbing intensity, and
broad bandwidth. The microwave absorption properties of ab-
sorbers are characterized from the practical applied frequency
bands (X-band and Ku-band). In addition, the reflection factor
(\/& /M) is closely related to the perfect impedance match-
ing of absorber and the experimental values agree well with
the theoretical value 3. Finally, the formula of effective ab-
sorption bandwidth is derived and simplified from the origin
of bandwidth and mathematical model. The bandwidths from
the theoretical calculations under various thicknesses are al-
most in accordance with those of the experimental results.
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