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Abstract: The flaky Nd,Ce».,Co;7 alloy powders were prepared by vacuum arc melting and high energy ball milling method. The

influences of Nd content and matching thickness on phase composition, morphology, electromagnetic parameters and microwave

absorbing property were studied. The results show that microwave absorption properties of Ndo3Ce;;Coi7 powders are efficiently

optimized, the maximum reflectivity (RL) is —32.36 dB and the effective bandwidth is extended by 4 times. Moreover, adjusting Nd

content can successfully optimize the absorption properties of Ce>Co;7 alloy powder. The absorption peak shifts to lower frequency

region with increasing the Nd content, and the maximum RL of Ndy3Ce; 7Co;7 powder can reach about —30.53 dB at 7.28 GHz at a
given thickness of 1.8 mm with the effective bandwidth of 2.24 GHz, indicating that the Nd-Ce-Co alloy can be used as an ideal

absorbing material in C-band with low thickness, broad band and high-efficiency.

Key words: Nd,Ce,.,Co;7 alloy; electromagnetic parameters; microwave absorbing property

In order to relieve the stupendous electromagnetic pollution
ascribed to the explosive increase of electronic devices such as
cell phones, computers and laptops, microwave absorbing
materials with the advantages of broad band, light weight and
high-efficiency microwave absorption property have attracted
extensive attention in military defense and civil construc-

tion!'!

. Compared with carbon nanotubes, carbon fibers,
perovskite ceramics and various conducting polymers,
magnetic materials have become a focus research due to the
large loss, wide loss band and easy impedance matching!®.
Traditionally, the absorption strength of electromagnetic
wave absorbing materials is a primary factor in estimating
microwave absorbing materials. In recent years, the factor has
been converted into “thin thickness, light weight, wide band
and strong absorption strength™”*!. Nevertheless, the applica-
tion of absorbing materials in microwave frequency band is
restricted because of the snoek limit, which is a hindrance to
improving the absorbing property of magnetic materials. As
reported in the previous researches, flaky shape has lager
shape effect, which is beneficial for breaking the snoek limit,

Received date: October 06, 2018

. . . . [9,10]
resulting in an increase in natural resonant frequency'” .

Co-based alloys like Fe-Co-Ni', Fe-Co!"® and Ni-Co
nanoferrites!"” have been studied to be applied in various fre-
quency bands on account of high Curie temperature, high
saturation magnetization, high permeability and low aniso-
tropy. Rare earth (RE) elements have unpaired 4f electrons
and strong spin-orbit coupling of angular momentum, contri-
buting to optimization of microwave absorbing property!'*'!
In addition, light rare earth elements with double hexagonal
lattice or super hexagonal lattice possess low crystal symmetry,
generating high magneto crystalline anisotropy'"”..

For the sake of outstanding absorbing properties, the effects
of Nd content on the phase composition, morphology and
of flake-shaped Nd-Ce-Co
powders were investigated in this study.

electromagnetic parameters

1 Experiment

Typical procedure for the preparation of Nd,Ce, Co;;7 (x=0,
0.2, 0.3, 0.4) alloy was carried out by arc melting under the
protection of Ar atmosphere, using Nd (>99.99%), Ce
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(>99.99%), Co (>99.999%) as the primary ingredients. And in
general, extra 5% Nd and Ce were added on the purpose of
compensating the evaporation loss of Nd and Ce. All melted
specimens were put into the quartz tube, heat-treated at 800 °C
for 15 d, and then quenched in ice-water mixture. The
quenched samples were ground into powders less than 0.1 mm
by coarse breaking. To achieve flaky shape powders, the
coarse powders were milled for 20 h with the ball-to-powder
weight ratio of 15:1 in a planet ball mill (QM-2SP) at the
speed of 300 r/min.

The phase composition was measured by X-ray diffraction
(XRD) using Cu-Ka radiation within the 26 range of 20°~80°,
and the morphology was analyzed by scanning electron
microscope (SEM). The electromagnetic parameters were
investigated by a vector network analyzer (VNA), using the
toroidal specimens with an inner diameter of 3.0 mm and an
outer diameter of 7.0 mm, which were prepared by the mixed
process of milled powder and paraffin with the mass ratio of 4:1.

2 Results and Discussion

2.1 Microstructure of Nd,Ce, Co,; alloy

Fig.1 shows the XRD patterns of the Nd,Ce,..Coy; (x=0, 0.2,
0.3, 0.4, at%) alloy. It can be seen that all samples comprise
the Ce,Co;; phase, manifesting that the addition of Nd almost
has no influence on the main phase of the alloy.

Fig.2 exhibits the microscopic morphology and particle size
of Nd,Ce,..Co,; alloy powders. It is observed that all samples
present flake shape after ball milling. According to relevant
reports, flaky-shaped structure can generate strong microwave
absorption, dominated by multiple scattering caused by larger
scattering areal™'”!. The particle sizes for x=0, 0.2, 0.3, 0.4 are

about 2.57, 4.72, 4.88, 5.32 um, respectively, measured using
a nano measurer 1.2, indicating an increase an the particle size.
2.2 Electromagnetic parameters of Nd,Ce, .Co,; alloy
Electromagnetic properties of microwave absorbing materials
can be expressed by complex permittivity (e=¢—¢"j) and
permeability (u=u"-uj"), standing for the storage capacity and
loss ability of microwave absorbing materials'"®. The electro-
magnetic parameters of Nd,Ce, Co; alloy are illustrated in
Fig.3. As can be seen from Fig.3a and 3b, the values of the real
(&) and imaginary (&") part of complex permittivity increase
with increasing the Nd content, probably ascribed to the
enhancement of space charge polarization, dominated by the
high electrical conductivity caused by the larger surface area of
particles with increasing the Nd content'"*". In addition, the
resonance frequency of &” shifts to a lower frequency region,
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Fig.1 XRD patterns of the Nd,Ce,..Co7 (x=0, 0.2, 0.3, 0.4, at%)
alloy

Fig.2 SEM images of the Nd,Ce».,Co7 alloy powders: (a) x=0, (b) x=0.2, (¢) x=0.3, and (d) x=0.4
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Fig.3 Electromagnetic parameters of Nd-Ce-Co alloy powders with different Nd contents: (a) &'=0, (b) £"=0.2, (c) x'=0.3, (d) x"=0.4

which may be related to the increase in activation energy. The
addition of Nd can generate lattice distortion, and then the
average particle size increases, resulting in the increase of
activation energy, which is inversely proportional to the resonance
frequency of &**. Thus, the movement of &” is attributed to the
increase of activation energy with increasing the Nd content.

Fig.3c and 3d show the frequency dependence of the complex
permeability for the Nd-Ce-Co alloy powders. As we can see
that the resonance frequencies of the real (1) and imaginary («")
part of complex permeability move toward lower frequency
region. The values of u' tend to decrease with the increase in
frequency overall, which may be ascribed to the limited speed
of spin and domain-wall motion (displacement/rotation)?*.
Furthermore, multiple magnetic resonance peaks for 4" can be
observed distinctly. The first peak may be associated with
natural resonance, and the peaks at high frequency may be
owing to exchange resonance. Therefore, natural resonance and
exchange resonance contribute to magnetic loss>*".
2.3 Microwave absorbing property of Nd,Ce, Co,; alloy

powders

The reflectivity (RL) of the specimens for a single layer
microwave absorbing material can be calculated by Eq.(1~3)
at a given thickness and frequency (2~14 GHz) on the basis of
transmission line theory, which is determined by complex
permittivity and complex permeability!'**>2¢.

7, = JZ (1
80

Z, :\/Ztanh(j%\/ﬁj @)

Zin _ZO
Z.+Z,

RL = 20lg 3)

where Z, represents impedance of air, x4, and & stand for
permeability and permittivity, respectively. f is frequency of
electromagnetic wave, d is matching thickness, c is speed of light,
Z, is input impedance of the absorber, and y, ¢ represent the
complex permeability and complex permittivity, respectively.
The reflection loss (RL) (d=1.8 mm) is calculated for the
discussion, shown in Fig.4. The maximum absorbing peak
slightly shifts to a lower frequency region, which is similar to
the regularity of complex permeability and complex permit-
tivity in the range of 2~14 GHz, and the value of reflectivity
increases at the first place and then decreases. Combining with
Table 1, the bandwidth of Nd,Ce,.Co,; can reach about 2.72
GHz at the given thickness of 1.8 mm with the condition of
x=0.2, indicating that Nd-Ce-Co alloy can be endowed with
excellent broadband performance at thinner thickness. Fur-
thermore, the Nd, ;Ce; ;Co;; alloy can achieve a maximum RL
of —30.53 dB at 7.28 GHz and 1.8 mm, manifesting that
proper Nd content can optimize the microwave absorbing
property in C-band (4~8 GHz). Meanwhile, the bandwidth of
RL<-10 dB of Nd,;Ce; ;Co,; alloy powder can also reach about
2.24 GHz, which still has better bandwidth performance.
These consequences reveal that precisely choosing Nd content
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Fig.4 Reflection loss (RL) curves of the Nd,Ce,..Co;7 (x=0, 0.2, 0.3,
0.4) alloy powders with different Nd contents

Table 1 Maximum RL and peak frequencies of Nd.Ce;..Coi;

alloy
x 0 02 03 0.4
Maximum RL/dB —-24.29 -28.47 -30.53 -17.25
fu/GHz 8.48 7.84 7.8 6.72
F idth of
requency width o 24 272 224 232

RL<-10 dB/GHz

can successfully realize the selective-frequency microwave
absorption.

Fig.5 and Table 2 denote the maximum RL of Nd,;Ce; ;-
Coy; alloy powder with different thicknesses in the frequency
range of 2~14 GHz. The absorption peak of Nd,;Ce;,Coy;
powder moves to a higher frequency region with the decrease
in thicknesses, shifting from the C-band to X-band, which can

be explained by the following equation'”’.

c 1

1,
= | 1+—tan” o 4
fo=37 T'u'( Sanj @)

where f;, and d,, stand for the matching frequency and

thickness, respectively. It is obvious that f, decreases with
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Fig.5 Reflection loss (RL) curves of Ndo3Ce;7Coy7 alloy powder
with different thicknesses

Table 2 Maximum RL and peak frequencies of Ndy3Ce;7Coy7
alloy with different thicknesses

Thickness/mm 1.5 1.8 2.0 2.5 3.0
Maximum RL/dB  -23.14 -30.53 -32.36 -17.62 -13.85
fuo/GHz 9.2 7.28 6.48 5.12 4.16

Frequency width of

2.24 1.76 1.04 0.64
RL<-10 dB/GHz

increasing the thickness at a given \/8’71' .

As a whole, the effective bandwidth of Nd,;Ce; ,Co;; alloy
powder increases by a factor of 4 from 0.64 GHz to 2.8 GHz.
The value of reflectivity increases firstly and then decreases
with decreasing the thicknesses. The RL of Nd,;Ce;;Coy;
alloy powder can achieve about -32.36 dB (99.94%
absorption) at 6.48 GHz with the thickness of 2.0 mm, and the
bandwidth of RL<-10 dB is 1.76 GHz. To sum up, the
Nd-Ce-Co alloy powder better bandwidth
performance and high-effective absorbing property at low

possesses

thickness, which can be applied in various fields.
3 Conclusions

1) The phase of Nd-Ce-Co alloy mainly consists of Ce,Co,7,
manifesting that the addition of Nd has no influence on the
phase composition.

2) The bandwidth of RL<-10 dB of Nd,,Ce, 3Co,; powder
can be about 2.72 GHz at the matching thickness of 1.8 mm.
The maximum RL of Nd,;Ce, ;Co,; alloy powder can reach
about —30.53 dB at 7.28 GHz with the effective bandwidth of
2.24 GHz. Moreover, the absorption peak moves towards
lower frequency region, under the different Nd contents at a
given thickness of 1.8 mm.

3) The absorption peak of Nd,;Ce; ,Co;7 powder moves to a
higher frequency region with the decrease in thicknesses,
shifting from the C-band to X-band. The effective bandwidth
of Nd, ;Ce, ;Co,; alloy powder increases by a factor of 4, from
0.64 GHz to 2.8 GHz. The maximum RL can achieve —32.36
dB with the best matching thickness of 2.0 mm at 6.48 GHz.
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