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Abstract — The rapid development of information technology leads a demand for high frequency soft magnetic materials with ex-
ceptional radar wave absorption properties. A new magnetic material with superior radar wave absorption is explored in this paper.
we explored the preparation of Y2Co17−xFex (x = 0.0, 1.0, 2.0, 3.0) alloy powders using yttrium oxide as a raw material by a low-
cost  and  short  preparation  cycle  reduction-diffusion  process.  The  crystal  structure,  intrinsic  magnetic  properties,  high  frequency
magnetism and radar wave absorption of Y2Co17−xFex (x = 0.0, 1.0,  2.0,  3.0) were investigated. These compounds have a perfect
magnetic repair  of  Y2Co17 and enable the improvement of  the overall  magnetic properties of  Y2Co17−xFex (x = 0.0,  1.0,  2.0,  3.0)
compounds. The Y2Co17−xFex/Polyurethane (PU) (x = 0.0, 1.0, 2.0, 3.0) absorbers were divided in detail  using the zero-reflection
mechanism.  The  results  show  that  all  Y2Co17−xFex/PU  (x =  0.0,  1.0,  2.0,  3.0)  absorbers  have  excellent  absorption  performance
(reflection loss RL is less than −85 dB); in addition, Y2Co15Fe2/PU absorbers and Y2Co14Fe3/PU absorbers are superior candidates
for  S-band  materials.  In  particular,  the  perfectly  matched  frequency fp of  the  modulated  Y2Co14Fe3/PU absorber  is  shifted  to  the
L-band (1–2 GHz) where early warning radars are located. The Y2Co14Fe3/PU absorber has an effective absorption bandwidth of
300 MHz (1.5–1.8 GHz) at a thickness of 5.230 mm. It can also absorb the full L-band at −4 dB, which has rarely been reported.
Keywords — Rare earth soft magnetic alloy, Reduction diffusion, Soft magnetic composites, Zero-reflection condition, Reflec-
tion loss.
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I. Introduction
Nowadays,  high  frequency  electromagnetic  radiation  has
increased  dramatically  due  to  the  rapid  development  of  a
wide range of microwave applications [1]–[6], such as stand-
ard radar, satellite and military systems, especially 5G com-
munication technology operating in the S-band [5], [7]. The
massive presence of GHz microwaves does not only cause
serious  electromagnetic  interference  problems,  leading  to
malfunction  or  damage  to  electronic  equipment [8]–[12],
but  also  increases  health  risks  for  human [13], [14].  There
has been a growing interest in absorbers that can have wider
absorption  bandwidth,  greater  absorption  capacity,  higher
operating frequency, and lighter mass [15]–[18], leading to
a  significant  need in  finding general  and effective  ways to

develop materials with good electromagnetic wave absorp-
tion properties in the microwave frequency range [19]–[24].

Thankfully,  significant  efforts  have  been  made  by
material  scientists  to  develop  wave-absorbing  materials
[25]–[28], such as carbonyl iron and ferrite have been thor-
oughly studied. Carbonyl iron [29], a soft magnet, is an ex-
cellent wave-absorbing material in the MHz region. Ferrites
are considered to be the best candidates for microwave ab-
sorbing materials  due to their  unique combination of  mag-
netic  and  insulating  properties.  However,  the  performance
of these materials at GHz is significantly reduced due to the
MHz  domain  wall  resonance  of  the  magnetic  materials,
which limits their overall application [4], [11], [13].

In  particular,  rare  earth-3D transition  metal  soft  mag-
netic  compounds  have  received  widespread  attention  for
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Ms

Tc

Y9.4Fe79.3B11.1Cu0.2

Nd2Fe14B/α-Fe

(Nd1−xSmx)2Fe14B

Sm1.5Y0.5Fe15.5Si1.5

their  soft  magnetic  properties [4], [17], [30], [31],  such  as
high  saturation  magnetisation  and  Curie  temperature

,  since  the  beginning  of  the  21st  century.  Soft  magnetic
composites  (SMCs)  consisting  of  micron-sized  magnetic
particles  coated  or  mixed  with  insulating  materials  using
powder  metallurgy  techniques  have  been  shown to  exhibit
excellent  microwave  absorption  properties  in  GHz  region.
Maeda et  al.  reported  in  2004  that  the 
composite  showed  good  microwave  absorption  properties
(over  99%) at  39.5  GHz [32].  In  2007,  Lian et  al.  showed
that the  nanocomposite exhibited excellent
microwave  absorption  properties  with  an  reflection  loss
(RL) less than −20 dB [33]. In recent years, the combination
of  different  compounds  with  varying  properties  to  create
new composites has generated significant technical interest
[34], [35].  The  addition  of  a  second  phase  has  shown  to
significantly  improve  the  magnetoelectric  properties  of  re-
sulting  composites,  leading  to  remarkable  achievements  in
material parameters, magnetic properties, and wave absorp-
tion capabilities [36]. In recent years, there have been note-
worthy  progress  in  the  development  of  composites  with
improved material  parameters,  magnetic  and  wave  absorp-
tion  properties.  Qiao et  al.’s  study [37]  on  Sm-substituted

/paraffin  composites  showed  excellent
microwave absorption  properties,  with  an  average  reflec-
tion loss (RL) of less than 10 dB at 6–18 GHz. Meanwhile,
Yang et al. demonstrated a maximum RL of 55.1 dB and a
qualified bandwidth (QB) of 3.7 GHz (12.7–16.4 GHz) for
the -paraffin complex [38]. However, the
majority  of  these  absorbing  materials  operate  in  the  X- or
Ku-band, and there has been little reported on the lower fre-
quency  bands  of  S- and  C-band.  Recently,  the  reduction-
diffusion process has been explored to produce alloyed ma-
terials,  which  can  effectively  reduce  the  cost  of  preparing
alloyed materials  compared  to  conventional  melting  pro-

Y2Co17

cesses, by using metal oxides as raw materials [4], [17], [39].
This process has many advantages in industrial production,
such  as  short  production  cycles,  low  energy  consumption
and high cost-effectiveness and there have been few articles
on reduction-diffusion synthesis for the  alloy.

Y2Co17−xFex

Y2Co17

Y2Co17−xFex x = 0.0,1.0,2.0,3.0

Y2Co17−xFex x = 0.0,1.0,2.0,3.0

Y2Co17−xFex

x = 0.0,1.0,2.0,3.0
fp

Y2Co17−xFex

x = 0.0,1.0,2.0,3.0

Y2Co17 Y2Co16Fe1

Y2Co15Fe2 Y2Co14Fe3

Hence, we have utilized a low-cost and short prepara-
tion cycle reduction-diffusion process to prepare 
alloy powders using yttrium oxide as a raw material, which
is different from the conventional melting process. In order
to adjust the dielectric properties of the  alloy pow-
der,  we  prepared  ( ) alloy/
polyurethane  (PU)  soft  magnetic  composite  materials  by
ultrasonic compounding  and  hot  pressing.  Our  report  in-
cludes  the  crystal  structure  and  the  magnetic  properties  of

 ( ),  and  the  high-frequency
properties of their polyurethane composites. We found that
substituting  Fe  can  tune  the  intrinsic  magnetic,  dielectric,
and  microwave  absorption  properties  of  the 
( )/PU  composites.  The  reflection  loss
perfect  match  peak  frequency  ( ) decreases  with  increas-
ing  Fe  content,  in  agreement  with  the  variation  of  natural
frequencies  measured  by  the  magnetic  spectrum.  We  also
discuss  the  conditions  for  the  exact  match  of 
( )/PU  absorbers  with  different  amounts
of  Fe  replacement,  and  match  the  interfacial  reflection
model.  A  comprehensive  study  yielded  perfect  absorbing
properties  for /PU  and /PU  absorbers  in
C-band, while /PU and /PU absorbers
are excellent candidates in L-band. 

II. Experiment
 

1. Synthesis of Y2Co17−xFex compounds
Y2Co17−xFex

Y2O3

The  powder  was  synthesized  by  a  reduction-
diffusion process, as shown in Figure 1. Firstly,  (purity
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A: Reduction-diffusion process

B: Synthesis of absorber

Mixing

Dissolution

Acetone

Y2O3

Co
Fe
Ca

Y2Co17-xFex

PU

Pressing Punching

Decontamination and dryingReduction-diffusion

Y2Co17−xFex Y2Co17−xFexFigure 1  Synthesis of the  powder and the  powder-polyurethane absorber.
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Y2O3

Y2Co17−xFex

99.99%, 3 μm), Co powder (purity 99.9%, 3–5 μm), carbonyl
iron  powder  (spherical,  purity  99.9%,  3–5  μm)  and  Ca
(purity 99%, 3 mm) were mixed in an argon atmosphere for
8 hours. An excess of about 5wt%  was used to com-
pensate for Y evaporation. Then the homogeneous mixture
was placed in a tube stove and heated at 800 ℃ for 3 hours
under  an  argon  atmosphere  of  200  ml/min,  followed  by
heating  at  1100 ℃ for  3  hours  to  obtain  a  mixture  of

 and calcium oxide powder.

Y2Co17−xFex

After  the  reduction-diffusion  process,  the  samples
were crushed to 200 mesh and washed with a 5wt% ammo-
nium acetate solution to remove impurities such as residual
Ca  and  formed  CaO.  The  powder  was  then  immediately
washed  again  with  ethanol  and  dried  in  a  vacuum  drying
oven at 50 ℃ for 4 hours to obtain  powder. To
measure  the  microwave  absorption  properties,  the  pellets
(20–50 μm) were crushed for 3 hours using the ball milling
method. The milling balls had a diameter of 2 mm and the
mass ratio  of  pellets  to  balls  was  1:20.  To  prevent  oxida-
tion, both pellets and grinding balls were soaked in hexane
during  the  ball  milling  process.  Oleic  acid,  2%  of  the
weight  of  the  pellets,  was  used  as  an  auxiliary  for  ball
milling. 

2. Preparation of the absorbers

Y2Co17−xFex

Y2Co17−xFex

Polyurethane (PU) was used as  the matrix polymer to pre-
pare the composite as shown in Figure 1. Specifically, first-
ly, PU was added to a beaker with an appropriate amount of
acetone  under  sonication.  Secondly,  powder
was  added  after  the  PU  was  completely  dissolved  and
stirred under  ultrasonication  until  the  acetone  was  com-
pletely  evaporated  to  obtain  the  powder-
polyurethane  mixture.  The  mass  ratio  of  ground  particles

Y2Co17−xFexto  polyurethane  is  1:5.  Finally,  the  powder-
polyurethane  composite  was  compressed  into  a  toroidal
shape with inner diameter of 3.04 mm and outer diameter of
7.00 mm under 5 MPa. 

3. Characterization

CuKα

Y2Co17−xFex x = 0.0,
1.0,2.0,3.0

The crystal structure of the samples was identified by X-ray
diffraction (XRD) (Philips,  radiation).  And the  static
magnetism of  the  sample  was  measured  by  vibrating  sam-
ple magnetometer  (VSM,  Lake  Shore  7304)  under  an  ap-
plied magnetic field of 20 kOe at room temperature (about
300 K). The size and morphology of  (

)  particles  were  observed  by  scanning  electron
microscopy (SEM,  TESCAN  MIRA3)  imaging.  The  per-
mittivity  and permeability  of  the  samples  are  measured by
a  vector  network  analyzer  (VNA,  Agilent  N5247A)  in  the
0.1–18 GHz range. 

III. Results and Discussions
 

1. Structural  characterization  and  and  microstructure
of Y2Co17−xFex (x = 0.0, 1.0, 2.0, 3.0) compounds

Y2Co17−xFex x = 0.0,1.0,
2.0,3.0

2θ

All XRD peaks of the  compounds (
)  in  the  patterns  can  be  clearly  indexed  to  2:17

tetragonal  crystal  structure [40]  (PDF:#18-0434)  as  shown
in Figure  2(a).  These  patterns  essentially  do  not change,
proving  that  the  Fe  atom  replacement  does  not  affect  the
compound’s  crystal  structure.  Additionally,  every  pattern
has  a  strong  peak,  which  shows  that  every  sample  has  a
good crystallization. However, the XRD peaks of the com-
pounds are pushed towards the lower  direction with the
increase of Fe concentration because the Fe atom is bigger
than the Co atom, as seen in Figure 2(b), which shows the
enlarged section of the XRD patterns.
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Y2Co17−xFex x = 0.0,1.0,2.0,3.0 Y2Co17−xFex x = 0.0,1.0,2.0,3.0Figure 2  (a)  XRD patterns  of  ( )  compounds;  (b)  Enlarged  XRD patterns  of  ( ) com-
pounds.
 

An intriguing physical phenomena is the micro-shift of
the  crystal  diffraction  peaks  caused  by  the  replacement  of
iron.  Further  in-depth analysis  of  the  XRD diffraction was
necessary for this cause. The XRD pattern after iron substi-
tution  was  optimised  with  FullProf  and  the  results  of  this
optimisation are shown in Figure 3. The optimisation shows
that the experimentally measured data and the theoretically

calculated  values  are  in  good  agreement,  indicating  that
there is not much stray phase generation.

x
Y2Co17−xFex x = 0.0,1.0,2.0,3.0

x
c, a V c/a

With  the  increase  of ,  main  characteristic  peaks  of
 ( )  compounds  shift  to  the

lower angle, implying a change in the lattice parameters and
unit cell volume with . The corresponding lattice parame-
ters , unit cell volume  and  of the tetragonal phase
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c a V
Y2Fe17

Y2Co17

a c

2θ

were determined by Rietveld refinement and are plotted in
Figure 4. With a rise in the Fe content, which may be fused
linearly, the valve of , ,  and  increases monotonically.
According to empirical alloy theory, the volume of 
is  15%–20%  smaller  than  that  of ,  which  accounts
for the rise in lattice constant [41]. Figure 4 amply demon-
strates  that  the  steady  increase  in  cell  parameters  and 
with increasing numbers of substituted Fe atoms leads to an
increase  in  cell  volume and coincides  with  the  shift  of  the
XRD diffraction peak in the low-angle direction of .

Figures  5(a)–(d)  show  SEM  images  of  the  original

Y2Co17−xFex x = 0.0,1.0,2.0,3.0 ( ) powders. As can be seen
in Figure  5, before  ball  milling,  the  sample  exhibits  an  ir-
regular shape with an average particle size of approximate-
ly 15 μm gradually. It is well known that metallic materials
show  a  significant  skin  effect  at  high  frequency,  resisting
electromagnetic waves to transmit into the inner part of the
materials. To reduce the eddy current loss of the material at
high frequency, we reduced the size of the material by high-
energy ball milling and embedded it into insulating materi-
als such as polyurethane.

As seen in Figure 6, the morphology of the sample has
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Y2Co17−xFex x = 0.0,1.0,2.0,3.0Figure 3  Refined RT XRD patterns of  ( ) compounds.

 

0 1 2
v

c/a

a

c

Fe content x
3

735
740
745

1.457
1.459
1.461

8.36
8.37
8.38
8.39

12.20

12.25

v 
(Å

3 )
a 

(Å
)

c  
(Å

)
c/

a

c, a
c/a

Figure 4  Fe-concentration dependence of lattice parameters , unit cell
volume V and  of the 2:17 phase.
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Y2Co17−xFex x = 0.0,1.0,2.0,3.0Figure 5  (a)–(d)  SEM images  of  raw  ( )
compounds.
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changed  from  an  irregular  spherical  sample  to  a  flattened
flake after  high-energy ball  milling,  and the large particles
with  an  average  diameter  of  15  μm  gradually  transformed
into small  particles  with an approximate length of  3–9 μm
and  a  thickness  of  0.2–1 μm.  During  the  ball  milling  pro-
cess, these  particles  become  plastically  deformed  and  un-
dergo a welding effect due to the enormous pressure acting
on them. This deformation results in the formation of small

flake  particles,  while  the  welding  effect  causes  a  small
number of particles to fuse with each other and form multi-
layered  flakes.  In  general,  after  high-energy  ball  milling,
the  thickness  of  most  particles  is  less  than  the  skinning
depth,  which  facilitates  the  reduction  of  eddy currents  and
improves microwave absorption performance. 

2. Static magnetic properties of Y2Co17−xFex (x = 0.0, 1.0,
2.0, 3.0) compounds

Y2Co17−xFex

x = 0.0,1.0,2.0,3.0

Y2Co17−xFex x = 0.0,1.0,2.0,3.0

Y2Co17−xFex x = 0.0,1.0,
2.0,3.0

Y2Co17−xFex

x = 0.0,1.0,2.0,3.0

Figure  7(a)  depicts  the  hysteresis  loops  for 
powders  ( )  in  the  presence  of  a  20  kOe
applied  magnetic  field  at  RT.  The  enlarged  portion  of  the
hysteresis  line  is  shown in  the  inset.  The magnetization  of
the  ( ) powders  rises  sub-
stantially  with  increasing  elemental  Fe,  as  illustrated  in
Figure 7(a). We see that all of the  (

)  powders  magnetization  curves  show  unsaturated
features.  The  magnetization  curves  for  the  measured  field
parallel  to  the  alignment  direction  of  the 
( ) powders are shown in Figure 7 (b). It
follows the same principle as Figure 7(a) in that the intensi-
ty of  the  magnetization  varies  with  the  amount  of  Fe  con-
tent substitution and that not all samples are magnetized to
saturation.
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Figure 7  (a) Hysteresis loops of  ( ) compounds at room temperature (The inset shows the enlarged portion of the hystere-
sis line of  ( ) compounds); (b) Initial magnetisation curve of  ( ) compounds at room tem-
perature.
 

In order to fit and determine the saturation magnetiza-
tion intensities of all samples, convergence saturation quan-
tification  was  used.  The  convergence  saturation  law  was
then written as follows [42]:
 

M = Ms

(
1− a

H
− b

H2
− · · ·

)
+ kH (1)

M Ms

a b
H

Ms

where,  denotes the magnetization,  denotes the satu-
ration magnetization,  and  are the magnetization param-
eters,  and  is the  magnitude  of  the  applied  field.  There-
fore, Figure 8 summarises the value of the saturation mag-
netisation  ( )  obtained  by  converging  to  the  saturation

Hc

x = 0
x = 1

x = 2
x = 3 Ms

Y2Co17−xFex

Hc x = 1.0

law, the value of the coercivity ( ) read on the hysteresis
line. As the substitution of Fe increases, the value of satura-
tion  magnetisation  initially  is  117.15  emu/g  for ; in-
creases to 122.83 emu/g for ; then increases to a maxi-
mum value of 134.48 emu/g for ; and finally decreas-
es  to  129.45  emu/g  for .  Thus,  the  values  of  the

 composites  increase  first  and  then  decrease
with  increasing  Fe  content.  This  coincides  with  Zhon’s
work [43]. In addition, there is a slight decrease in the val-
ue  of  at  as the  iron  substitution  increases,  fol-
lowed  by  a  significant  increase.  This  may  be  attributed  to
changes  in  magnetic  anisotropy  and  lattice  distortions  due
to the substitution of Fe atoms. 
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Y2Co17−xFex x = 0.0,1.0,2.0,3.0Figure 6  (a)–(d) SEM images of  ( ) pow-
der after ball milling.
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3. Microwave absorbing properties
1) The electromagnetic parameters of wave absorbers

µ = µ′−iµ′′ ε = ε′−iε′′

Y2Co17−xFex

In the field of radar wave absorption, it is well known
that the complex permeability and complex permittivity are
crucial for the design of absorbers, both in terms of electro-
magnetic loss theory and interference phase extinction theo-
ry. Figure  9 shows the  frequency  dependence  of  the  com-
plex permeability ( ) and permittivity ( )
for  the /PU  composites  in  the  range  of  0.1–8
GHz.  As shown in Figure 9(a), the real  part  of  the perme-

µ′

µ′ f µ′

f
µ′max

(µ0−1)× fr=
2
3γMs

√
Hθ
Hφ

ability ( ) does not change much at 0.1 GHz with the sub-
stitution of Fe elements, all concentrated around 2.4. More-
over,  the  values  of  all  composites  decrease  gradually  with
increasing  frequency  in  0.1–8  GHz.  Commonly,  magnetic
losses  occur  in  magnetic  materials  under  the  influence  of
external fields  and  are  mainly  attributed  to  hysteresis,  do-
main  wall  resonance,  natural  resonance  and  eddy currents.
Since the radar wave can be regarded as weakly magnetic,
the magnetic loss due to hysteresis is negligible here, while
domain  wall  resonance  usually  occurs  in  the  MHz  range.
The  contribution  of  eddy  currents  can  also  be  considered
negligible  due  to  the  small  particle  size  of  the  composite
and  the  insulator  matrix.  Therefore  natural  resonances  are
the principal factor affecting magnetic losses in radar wave
absorbing materials. The dependence of the imaginary part
of the permeability ( ) and frequency ( ) shows that  in-
creases with  for all  samples from 0.1 to 10 GHz, with a
maximum  value  of  occurring  at  around  10  GHz  and
then gradually decreasing at 10–18 GHz. This indicates that
the  natural  resonance  frequency  of  all  samples  occurs  at
around 10 GHz, which is beyond the natural resonance fre-
quency of ferrite. From the equation 
[44], we know it is understandable that the samples have a
low permeability.
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Y2Co17−xFex

ε′

x = 0.0 x = 1.0 x = 2.0 x = 3.0

For magnetic materials, magnetic parameters are criti-
cal  for  wave  absorbers.  Similarly,  an  appropriate  complex
permittivity are always advantageous for improving electro-
magnetic  impedance  matching  and  enhancing  the  micro-
wave  absorption  properties  of  metallic  magnetic  materials.
From Figure 9(b), it can be seen that for all /PU
composites, the value of the real part of the permittivity ( )
for , ,  and  composites are 20,
24,  35  and  45  at  0.1  GHz,  respectively.  Overall,  the  real
part of the permittivity gradually increases as the Fe substi-
tution increases.  They  have  a  fluctuation  in  the  high  fre-
quencies, which is a measurement error. The imaginary part
of the dielectric remains smooth between 0.1 and 18 GHz,
which facilitates impedance matching.

2) Zero reflection parameters of wave absorbers
As  we  all  know,  the  comprehensive  requirements  for

absorbing materials are “thin, light,  wide and strong” from
the perspective of absorbing materials application, whether
it is  warship  stealth  or  civil  shielding  materials.  Unfortu-
nately, the  existing  absorbing  theory  cannot  fully  accom-
plish the comprehensive analysis of the “thinness, lightness,
width and strength” of absorbing materials. For this reason,
we combine  the  phase  matching  conditions  and  transmis-
sion line  theory to  make the  integrated analysis  of  absorb-
ing materials in the following mathematical expression.

The phase matching condition [45] is expressed as
 

t =
nc

4 f
√
µrεr
, n = 1,3,5, . . . (2)

and the transmission line theory [17], [40] is expressed as
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Figure 8  The  extracted  from  the  hysteresis  loops  and  the  saturation
magnetisation  obtained by convergence saturation law.
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Zin = Z0

√
µr

εr
tanh

(
i
2π f t

c
√
µrεr

)
(3)

 

RL(dB) = 20Log10

∣∣∣∣∣Zin−Z0

Zin+Z0

∣∣∣∣∣ (4)

Zin Z0

Z0 = (µ0/ε0)1/2 = 377 Ω εr

µr f
t

RL = −∞
Zin/Z0 = 1
RL- f

fp

tp

where  is the input impedance of the absorber,  is the
impedance of free space,  ,  is  the
complex permittivity,  is  the  complex permeability,  is
the  frequency  of  the  electromagnetic  wave,  is the  thick-
ness of the single-layer absorber. From equation (3), we can
see  that  the  reflection  loss ,  the  absorber  at

,  which  is  the  strongest  absorption  peak  on  the
 curve, meaning  exhibits  zero  reflection  of  the  inci-

dent  electromagnetic  wave  idealy.  The  peak  frequency  of
the  strongest  reflection  loss  absorption  peak  is  called  the
perfectly  matched  frequency  ( ),  and  the  thickness  of  the
absorber  is  called  the  perfectly  matched  thickness  ( )  are
called the perfect matched condition.

Y2Co17−xFex x = 0.0,
1.0,2.0,3.0 f

λ/4
3λ/4 Y2Co17−xFex x = 0.0,1.0,2.0,

3.0

Figures  10–13 show  the  exact  match  conditions  and
perfect  match parameters for  the /PU (

) absorbers, where, (a) is the frequency  depen-
dence  of  the  quarter  wavelengths  and  three-quarter
wavelengths  for the /PU (

)  absorbers;  (b)  is  the  frequency  dependence  of  the
impedance  match  for  the  corresponding  quarter  and  three-
quarter wavelengths and (c) is the perfectly matched param-

Y2Co17

Y2Co17

Y2Co17

Zin/Z0 = 1

Zin/Z0 = 1

Y2Co17

Y2Co17

eters  for  the  corresponding  absorbers. Figure  10(a)  shows
the  quarter-wavelength  thickness  and  three-quarter thick-
ness of /PU absorber in relation to frequency. As the
frequency  increases,  the  quarter-wavelength  thickness  and
three-quarter  thickness  gradually  decrease.  In  the  range  of
1–18 GHz,  the  quarter  wavelength  thickness  remains  be-
tween 1 and 8 mm; the three-quarter  wavelength thickness
remains  between  3  and  24  mm. Figure  10(b)  shows  the
impedance  versus  frequency  corresponding  to  the  quarter
wavelength  of /PU  absorber.  We  can  find  that  the
impedance  value  corresponding  to  the  quarter  wavelength
of /PU absorber  decreases  with  increasing  frequen-
cy;  at  5.58 GHz the impedance value corresponding to the
quarter  wavelength ,  which  means  that  the
impedance of the surface of the absorber and the air  is  the
same  so  that  the  incident  electromagnetic  waves  can  enter
the absorber  as  much as possible and facilitate  the absorp-
tion  of  electromagnetic  waves.  Based  on  the  impedance

,  corresponding  to  the  phase-matching  thickness
brought into the transmission line theory, the perfect match
parameters  are  obtained  as  shown  in Figure  10(c).  As
shown  in Figure  10(c)  for  the  complete  loss  peak  of  the

/PU  absorber,  the d size  of  the  strongest  reflection
value  is −92.71  dB,  the  matching  thickness  is  only  2.441
mm,  and  the  effective  bandwidth  (−10  dB)  is  2.06  GHz.
The perfect matching parameters and absorption character-
istics of the /PU absorber are shown in Table 1.
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Figure 10  (a)  and  values calculated from the complex permittivity and permeability of /PU compound absorber; (b) Dependence of in-
put resistance on frequency of /PU compound absorber; (c) Dependence of RL experimental and calculation results on frequency at 2.441 mm for

/PU compound absorber.
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Figure 11  (a)  and  values calculated from the complex permittivity and permeability for /PU compound absorber; (b) Dependence of
input resistance on frequency for /PU compound absorber; (c) Dependence of RL experimental and calculation results on frequency at 3.236
mm for /PU compound absorber.
 

In  a  similar  way,  a  comprehensive  analysis  of  the Y2Co17−xFex /PU absorbers with varying Fe content was car-
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t
Zin/Z0 = 1 t = c

4 f
√
εrµr

Y2Co16Fe1

Y2Co15Fe2

Y2Co14Fe3

ried out for several other absorbers using a combination of
this  phase  matching  theory  and  transmission  line  theory.
The  perfect  match  thickness  was  obtained  from  the
impedance  and phase matching , which
was carried over to the transmission line theory to also ob-
tain  the  corresponding  perfect  reflection  loss,  as  shown  in
Figures  11–13,  respectively.  We observe that  the  strongest
reflection loss of /PU absorber is −87.48 dB at a
thickness  of  3.236  mm,  with  an  effective  bandwidth  1.16
GHz;  the  strongest  reflection  loss  of /PU ab-
sorber is −89.94 dB at a thickness of 4.753 mm, with an ef-
fective  bandwidth  0.55  GHz;  and  the  strongest  reflection
loss of /PU absorber is −91.68 dB at a thickness
of 4.857  mm,  with  an  effective  bandwidth  0.45  GHz,  re-

x=0.0 x=3.0

Y2Co17−xFex x

spective. The detailed  perfect  matching conditions  and pa-
rameters are shown in Tables 2, 3 and 4. It  is obvious that
as the iron content increases, the perfect match frequency of
the reflection loss peak shifts to the lower frequency region,
with  the  perfect  match  frequency  shifting  from  5.6  GHz
( )  to  1.80  GHz  ( ), which  is  inextricably  con-
nected to the shift of the natural resonance frequency of the

/PU  ( =0.0,1.0,2.0,3.0)  composites  to  lower
frequencies.  In  conclusion,  this  method  provides  a  quick
and easy  way  to  analyse  the  potential  performance  of  ab-
sorbing materials compared to most of the performance de-
termination methods provided for absorbing materials.

Meanwhile, it is worth noting also that it has been dis-
covered that for the reflection loss peak of the absorber with
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Figure 12  (a)  and  values calculated from the complex permittivity and permeability for /PU compound absorber; (b) Dependence of
input resistance on frequency for /PU compound absorber; (c) Dependence of RL experimental and calculation results on frequency at 4.753
mm for /PU compound absorber.
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Figure 13  (a)  and  values calculated from the complex permittivity and permeability for /PU compound absorber; (b) Dependence of
input resistance on frequency for /PU compound absorber; (c) Dependence of RL experimental and calculation results on frequency at 4.875
mm for /PU compound absorber.

 

Y2Co17Table 1  Zero reflection parameter and Absorption performance at perfect match or /PU compound absorber.

Matching parameters µ ε
√
εr/µr

√
µrεr

Parameter value 1.57−0.59i 17.6−0.847i 3.24 5.43

Absorption performance tm (mm) fm (GHz) Zin/Z0 RL(dB)

Parameter value 2.441 5.60 0.995 −92.71

 

Y2Co16Fe1Table 2  Zero reflection parameter and Absorption performance at perfect match for /PU compound absorber.

Matching parameter µ ε
√
εr/µr

√
µrεr

Parameter value 1.73−0.59i 21.2−1.19i 3.41 6.23

Absorption performance tm (mm) fm (GHz) Zin/Z0 RL(dB)

Parameter value 3.236 3.68 0.995 −87.48
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√
εr/µr

√
εr/µr Y2Co17√

εr/µr=3.41 Y2Co16Fe1

√
εr/µr=3.94

Y2Co15Fe2

√
εr/µr = 4.27 Y2Co14Fe3

a large reflection loss value RL, the  of the complex
electromagnetic  parameter  of  the  absorber  at  the  perfect
matching frequency point is between 2 and 5. For example
in  this  paper  the  =  3.24  for /PU  absorber,

 for /PU absorbers,  for
/PU absorbers and  for /

PU absorbers. In this case, we also observed that the reflec-
tion  loss  value  corresponding  to  the  reflection  loss  peak

f
d Y2Co17−xFex

Y2Co17−xFex

varies with frequency and the quarter wavelength thickness
varies  with  frequency  in  the  similar  trend  as  shown  in
Figure  14,  where Figures  14(a)–(d)  show the  color  plot  of
reflection loss RL versus frequency  and composite thick-
ness  for  the /PU  absorbers  with  different
amount of Fe replacement, and Figures 14(e)–(g) show the
quarter  wavelength thickness varies with frequency for the

 with different amount of Fe replacement.
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Figure 14  (a)–(d)  The  color  plot  of  reflection  loss  RL  versus  frequency  and  composite  thickness  for /PU  absorbers  with  different
amount of iron replacement; (e)–(g) Show the quarter wavelength thickness varies with frequency for  with different amount of Fe replace-
ment.
 
 

4. Application prospect study of Y2Co17−xFex/PU
absorbers

Y2Co17−xFex x = 0.0,1.0,2.0,
3.0

As an ideal absorber, the incident wave should be attenuat-
ed by the absorber as much as possible. The electromagnetic
energy  loss  in  the  absorber  is  the  difference  between  the
energy of the incident and reflected waves in the case of en-
ergy  conservation.  This  is  usually  directly  related  to  the
electromagnetic parameters  of  the  absorber.  The  replace-
ment of Fe has no significant effect on the magnitude of the
magnetic permeability of /PU (

),  but  there  is  a  significant  decrease  in  the  permittivity.
According  to  (2),  it  is  not  only  significantly  reduces  the
thickness of the absorber, but also facilitates the impedance

matching.
Y2Co17−xFex

x = 0.0,1.0,
2.0,3.0

Y2Co17−xFex

The frequency dependence of RL for the 
composite  absorbers  with  various  Fe  content  (

) are shown in Figure 15. Figures 15(a)–(d) show the
typical  dependence  of  RL  on  frequency  and  thickness  for

 composite absorbers with different Fe substitu-
tion over the measurement range. It is obvious that there is
a  significant  of  RL and  operating  frequencies  between  the
absorbers of the different Fe substitutes. Each absorber has
unique electromagnetic absorption properties and the three-
dimensional  projection  of  individual  absorbers  gives  a
strong  indication  of  the  combined  microwave  absorption
properties of the absorbers. It is worth noting that the bright
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Y2Co15Fe2Table 3  Zero reflection parameter and Absorption performance at perfect match for /PU compound absorber.

Matching parameter µ ε
√
εr/µr

√
µrεr

Parameter value 1.91−0.532i 30.6−1.87i 3.94 7.80

Absorption performance tm (mm) fm (GHz) Zin/Z0 RL(dB)

Parameter value 4.753 2.02 0.995 −89.94

 

Y2Co14Fe33Table 4  Zero reflection parameter and Absorption performance at perfect match /PU compound absorber.

Matching parameter µ ε
√
εr/µr

√
µrεr

Parameter value 1.93−0.484i 36.3−2.12i 4.27 8.50

Absorption performance tm (mm) fm (GHz) Zin/Z0 RL(dB)

Parameter value 4.875 1.80 0.996 −91.68

Effect of Fe Substitution on Magnetic Properties and Radar Wave Absorption of the Y2Co17 Rare Earth Soft Magnetic... 0050372-9  



bars  in  the  3D projection  move  towards  lower  frequencies
as  the  amount  of  Fe  substitution  increases,  which  helps  to
address the “thin” and “low frequency” issues in the field of
microwave absorption. In Figures 15(e)–(h), the RL curves
are  shown  for  different  thicknesses  of  the  composite  with
different iron substitutes when working as a single layer ab-
sorber  alone.  As  the  thickness  increases,  the  absorption
peak moves towards the lower frequencies and the value of
the reflection loss RL first decreases to a minimum, mean-
ing that  a  perfect  reflection  loss  is  obtained  when  the  per-
fectly matched thickness peaks and then increases again.

f

Y2Co17

|Zin/Z0|

Y2Co16Fe1

Y2Co15Fe2

Y2Co15Fe2

For  practical  applications,  the  selection  of  absorbing
materials needs to take into account the matching thickness,
microwave absorption  bandwidth  and  the  applied  frequen-
cy band, rather than just discussing the value of the peak re-
flection  loss. Figures  15(e)–(g)  show  the  reflection  loss
(RL)–frequency ( ) relationship for the same volume frac-
tion  with  different  Fe  replacement.  In Figure  15(e),  it  is
demonstrated that the /PU absorber has a minimum
RL of −92.71 dB at 5.60 GHz and a thickness of 2.441 mm,
where the impedance  equals 1. All the values of RL
are  below −10  dB  with  the  thickness  of  the  sample  in  the
range of  2–2.87 mm. which is  convenient  for  practical  ap-
plications in the band (4–8 GHz). Similarly, in Figure 15(f),
the /PU absorber is still applicable to the C-band,
but the  RL  has  been  enhanced  significantly  and  the  thick-
ness  of  the  absorber  has  been  decreased  markedly,  from a
full  coverage  of  2–2.85  mm  without  Fe  replacement  to  a
full coverage of 1.75–2.80 mm at present. It  is particularly
relevant to note that the /PU composite absorber
shows a significant effect in the S-band. In the C-band, the
reflection loss has a maximum value of −37 dB when thick-
ness of the /PU composite absorber is 3.79 mm,
with a frequency at 3.3 GHz, when the effective bandwidth
is 1 GHz (3–4 GHz).The s radar band is mainly used to de-
tect  airborne  targets  at  medium  and  long  distances,  for
satellite communications and weather forecasting, and also
for 5G communications. If put into practical application, it

will effectively change people’s lives.

Y2Co14Fe3

Y2Co14Fe3

Y2Co14Fe3

The  L-band  radar  detection  system  is  a  high  altitude
detection system developed independently by China, featur-
ing a high degree of automation, very fast  timeliness,  high
accuracy,  ease  of  use  and a  novel  interface.  Radar  devices
operating  in  this  band  are  susceptible  to  interference  from
external electromagnetic signals, however, due to their low
operating frequency, it is difficult for general wave absorb-
ing materials to fulfil their shielding tasks. Fortunately, the
perfectly matched frequency of the /PU compos-
ite  absorber  is  shifted towards  the  L-band with  a  strongest
reflection loss RL of −91.68 dB; between 3.2 and 5.1 mm,
all RL values are below −10 dB as shown in Figure 15(h).
The /PU  composite  absorbing  material  has  an
effective  absorption  bandwidth  of  300  MHz  (1.5–1.8GHz)
at  a  thickness  of  5.230  mm,  while  it  can  absorb  the  full
L-band  at −4  dB.  The /PU  composite  absorbers
is  potential  candidates  for  L-band  radar  wave  absorption,
which was rarely reported. 

IV. Conclusion
Y2Co17

Y2Co17−xFex

Y2Co17−xFex

Ms

Y2Co17−xFex

Y2Co17−xFex

In  summary,  high  purity  alloy  compounds  were
synthesised via a low-cost reductive diffusion process,  and
similarly, the  replacement  of  Co  atoms  with  Fe  atoms  af-
forded  high  purity  alloys  compounds.  The
crystal structure and intrinsic magnetic properties of the Fe
substituted  alloys compounds were investigat-
ed,  and  the  high  frequency  properties  of  the  polyurethane
composites. It was discovered that the substitution of the Fe
atom for a Co atom results in greater crystal lattice parame-
ters and cell parameters, which produces a saturation mag-
netization intensity  and significantly alters the magnetic
characteristics.  Additionally,  we  investigated /
Pu absorbers with different Fe contents based on the combi-
nation  of  phase  matching  theory  and  the  transmission  line
theory.  With  varied  Fe  replacements  in  the  same  volume
fraction, the results demonstrate that all /Pu ab-
sorbers  have  outstanding  absorption  performance  (reflec-
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Figure 15  (a)–(d)  The  color  plot  of  reflection  loss  RL  versus  frequency  and  composite  thickness  for /PU  absorbers  with  different
amount of Fe replacement; (e)–(g) Show the quarter wavelength thickness varies with frequency for  with different amount of Fe replace-
ment.
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tion loss less than −85 dB), which is consistent with the re-
sults  confirmed  by  the  interfacial  reflection  model.  The
measurements  of  the absorption of  radar  waves reveal  that
the variance of the reflection loss with increasing iron con-
centration is comparable with the variation of the magnetic
material’s  natural  frequency.  According  to  the  combined
conclusion, /PU absorber and /PU absorber
are excellent options in the S-band, and /PU ab-
sorber and /PU absorber are excellent candidates
in the C-band. 
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