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Microwave Properties of RE(Nd, Tb)FeCoB Alloy System
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Abstract: The RE(Nd, Th)FeCoB magnetic powders were prepared by arc melting, high energy ball milling and a partial oxidation
treatment method. A X-ray diffraction device and a vector network analyzer were used to analyze the phase structure and microwave
absorbing properties of the powders. The results of B addition to the microwave absorbing performances in the NdFeCo alloy,
indicate that NdzFewsB phase will precipitate and the relative content of the a-Fe phase increases with the increasing of B in
Nd1o.53Fe77.84C011.63 alloy powder. When Nd is replaced by the heavy rare earth Th in NdFeCoB alloy, the powders consist of a-Fe,
ThoFewsB, ThoFeiz and a small amount of Th2O3 phases. (NdiossFer7.84C011.63)97Bs powder has a minimum of absorption peak
frequency, which is 9.5 dB at 4.5 GHz. After substituting Th for Nb in (Ndios3Fer7.84C011.63)97Bs alloy the absorption peak
frequency increases to 6.3 GHz, but the reflectivity value is reduced to —11 dB.
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The application of electromagnetic technology can create
the material civilization, but at the same time it brings people
into a world full of -electromagnetic radiation. The
electromagnetic wave radiation emission from the working
electronic instruments, not only interfere the normal work of
other electronic instruments, but also threat the health of
human body™3l. A lot of research work have been done to
reduce the harm of the electromagnetic radiation, and people
find that using of magnetic absorbing materials to guide the
electromagnetic wave is a good idea. Through the resonance, a
large number of the electromagnetic wave radiation energy
can be absorbed. Coupling the electromagnetic wave energy
into heat energy is a very good way to inhibit and interfere
electromagnetic wave radiation. Generally, the working
frequency band of the mobile communication, the electronic
equipment, and radar systems are in the range of about 1~6
GHz, but so far the absorption peak frequencies of the
majority absorbing materials are above 6 GHz when the
absorbing layer thickness less than 2 mm7l. So researching
the absorbing materials with thin thickness and low absorption
peak frequency becomes one of today’s hotspots. In this
work, Ndz(Fe, Co)i7 alloy was used as the basic material. With
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the purpose of reducing material absorption peak frequency, B
element was added into the alloy to change the phase structure,
and then heavy rare earth Th was used to replace light rare
earth Nd to explore the effect on the phase structure and
microwave absorbing properties.

1 Experiment

The (Ndios3Fe77.84C01163)100xBx (=0, 1, 3, 5, mole
fraction, %) samples were prepared by Fe, Co, Nd, Tb (purity
not less than 99.50%) and Fe-B alloy. They were smelted in a
vacuum arc furnace under the protection of high purity argon
(99.99%), then the samples underwent a homogenization heat
treatment at 1050 °C for 48 h under vacuum environment, and
were milled 72 h under the protection of gasoline using planet
ball mill (QM-ISP), whose speed was 250 r/min. The mass
ratio of the balls to the powers was 15:1. The powder
underwent oxidation treatment at 100 °C for 2 h and the XRD
device (D8 ADVANCE) was used for phase analysis. The
well-prepared powders were mixed with paraffin in 4:1 ratio
(mass ratio). The mixture was prepared into a coaxial ring
with a thickness of 3.5 mm, the inside and outside diameters
of which were 3 and 7 mm, respectively. The complex
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permeability and the complex permittivity in the frequency
range of 2~18 GHz, which were used to calculate the
reflectivity of the sample, were measured with HP8722ES
microwave vector network analyzer.

2 Results and Discussion

2.1 Effects of B on the microwave absorbing performan-
ces in NdFeCo alloy

Flgl is the XRD patterns of (Nd10,53Fe77,84C011,63)1oo.xBx
(x=0, 1, 3, 5) powders. It is demonstrated that Ndios3F€77.84-
Cou163 powders are mainly composed of a-Fe, NdzFe;7, a small
amount of FEZNd and Nd203 phases, (Nd10,53FE77,84C011,63)99B
powders mainly consist of a-Fe, Nd;Fei7, a small amount of
NszGuB and Nd203 phases, (Nd10,53Fe77,34C011,53)97Bs
powders are mainly composed of a-Fe, Nd2Fe14B, Nd.Fe;7, and
a small amount of Nd;O3 phases, and (Nd1053F€77.84C011.63)95Bs
powders mainly consist of a-Fe, a small amount of Nd.Fe.4B
and Nd,O; phases, and some crystal is turned into
non-equilibrium organization. With the adding of B in
(Nd10.53F€77.864C011.63)100-xBx powders, the relative content of the
o-Fe phase increases, so the addition of B element has a great
influence on the phase composition of the Ndio53F€77.864C011.63
powders.

Fig.2 shows the electromagnetism parameters of the
NdFeCoB powders with different contents of B element in the
frequency range of 2~18 GHz. As seen from Fig.2a and 2b,
the NdFeCo powder has a high complex dielectric constant
real part ¢’ and an imaginary part ¢” in 2~7 GHz when 3% of
the B element is added. But as it reaches 5%, the complex
dielectric constant real part ¢’ declines. The reason may be that
a part of the crystal forms a non-equilibrium organization, and
makes the electrical conductivity reduce, thus complex
dielectric constant real part ¢’ value declining; at the same
time, the freedom energy AE reduces, as a result the complex
dielectric constant imaginary part ¢” rises. From Fig.2c it can
be seen that with adding 3% of B, the complex permeability
real part ' and the imaginary part x” of NdFeCo powder
reduces obviously in 2~7 GHz, and this may be due to that a
large number of Nd.Fe1sB phase precipitate and the relative
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Fig.l XRD patterns of (NdiossFer7.84C011.63)100xBx (=0, 1, 3, 5)
powders
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Fig.2 Electromagnetic parameters of (NdiossFerg31C011.14)100xBx
(x=0, 1, 3, 5) powders: (a) curves of &' vs f, (b) curves of &”
vs f, (c) curves of x' vs f, and (d) curves of x” vs f

content of a-Fe increases, which lead to the increase of the
saturated magnetization (Ms), so the complex permeability
(real part x’ and imaginary part «") reduces. But when the
content of B reaches 5%, the part of non-equilibrium
organization is formed, and the saturated magnetization (Ms)
of the powder is decreased; as a consequence the complex
permeability (real part ' and imaginary part x") risest®l.
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According to the equivalent of transmission line theory, the
reflection coefficient for coated single-layer electromagnetic
microwave absorbing materials can be deduced as:

R= 20Ig(|Z -1/(z +1)| 1)
where, Z=.[u /e, tanh(j2nfd [ue, Ic),

&, u, and d are the relative dielectric constant, the
relative permeability and the thickness of the absorbing
material, respectively, f for electromagnetic wave frequency, ¢
for electromagnetic wave in free space velocity, and j for
imaginary unit. The reflectivity (R) of wave-absorbing
materials is calculated by formula (1).

As shown in Fig.3, when x=0, 1, 3, 5, the minimum
reflectance and the absorption peak frequency are —9.6 dB at
6.2 GHz, 9.4 dB at 6.5 GHz, -9.5 dB at 4.5 GHz and -6.2 dB
at 6.8 GHz, respectively, when the thickness d=1.8 mm. The
lowest absorption peak frequency is declined to 4.5 GHz as
the addition of B element is 3%. The reason is that a great
quantity of Nd.Fei4B phase precipitate and the saturation
magnetization (M;) of Nd,FeisB phase is larger than that of
Nd;Fei7 phase; at the same time the relative content of a-Fe
phase increased also makes the saturation magnetization (Ms)
increase. According to f oc1/MZ, if the saturation magneti-
zation (M;) of the powder increases, the absorption peak
frequency will decrease. When the content of B reaches 5%, a
lot of non-equilibrium organization are formed, and the
saturation magnetization (Ms) of the powders reduces as a
result of the absorption peak frequency rising to 6.8 GHz.

2.2 Effects of Th on microwave absorption properties of
NdFeCoB alloy

The previous section discussed the impact of B on NdFeCo
alloy and achieved some beneficial results. So this part is going
to discuss the organization structure and microwave absorption

characteristics changing by other rare earth elements replace Nd.

Through the comparative analysis, (Nd1os3Fe77.84C011.63)97B3 was
chosen as the research object, and the changing of organization
structure and the absorbing properties were studied when using
heavy rare earth Tb substitution of Nd. (Tbios3F€77.84C011.63)97B3
(mole fraction, %) alloy was obtained as the same experiment
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Fig.3 Reflectivity of (Ndio.s5F€78.31C011.14)100xBx (X=0, 1, 3, 5)
powder

method as previous.

F|g4 is the XRD patterns of (RE10A53Fe77A84C011A53)g7B3
(RE=Nd,Th) powders, and the patterns show that
(RE10.53F€77.84C011.63) 97B3 powder is mainly composed of a-Fe,
RE;Fe14B, RE;Fe;7 and a small amount of RE,O3 phase.

Fig.5 shows the curves of the complex permittivity and the
complex permeability versus frequency of the (REiossFer7.84-
Co1163)e7B3 (RE = Nd, Tb) powders in 2~18 GHz band.

The graph shows that, (Ndios3Fe77.84C011.63)e7B3 has higher
complex dielectric constant real part ¢', this may be mainly
related to the fact that the electrical conductivity of Nd is
greater than that of Tb’s and the complex dielectric constant
real part &' is proportional to the square of the conductivity, thus
complex dielectric constant real part ¢’ of the (Ndios3Fe77.84-
Co11.63)97B3 powder is higher than that of the (TbiossFe77.sa-
C011.63)97B3’sl™. (Nd1053F€77.864C01163)97B3 alloy has high
complex dielectric constant imaginary part ¢” in the frequency
band of 2~18 GHz. In band of 2~4 GHZ, (Nd10,53F677,g4-
Co1163)97B3 has higher complex permeability (real part x' and
imaginary part x”); along with the frequency increase,
(Nd1053Fe77.84C011.63)97B3 complex permeability real part ' will be
lower than that of (TbiossFer7.84C011.63)97B3; when frequency is
more than about 6 GHZ, (Nd10,53FE77,34C011,63)97B3 complex
permeability real part x' is again higher than that of
(Tb1os3Fer7.84C01163)97Bs real part x4 but when the frequency is
higher than about 4 GHz, (Ndi053F€77.864C011.63)97Bs complex
permeability imaginary part x«” will be lower than that of
(Tb1o.53F€77.84C011.63)97B3 complex permeability imaginary part u”.

According to the formula (1) the reflectivity of wave-
absorbing materials can be calculated. As shown in Fig.6, the
least reflectivity values of (Ndio.s3Fe77.84C011.63)97B3 and
(Thb1o53F€77.84C011.63)97B3 powders are about —9.5 dB at 4.5 GHz
and —11 dB at 6.3 GHz when the thickness d=1.8 mm. The main
reason why the absorption peak frequency of (NdiossFe77.s4-
C011,63)97Bs powder is lower than that of (Tb10,53F677,s4-
Co11.63)97B3 powder is that the M of Nd.Fe14B phase in (Ndig.55-
Fe77.84C011.63)97B3 powder is bigger than that of Th,Fe1sB phase
in (TbiossFe77.84C011.63)97Bs and according to the relationship
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Fig.4 XRD patterns of (RE1o0.53Fe77.84C011.63)97B3 (RE=Nd, Tb)
powders
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Fig.5 Electromagnetic parameters of (RE1o.s3Fe77.84C011.63)97B3(RE=Nd, Tb) powders: (a) curves of ¢’ vs f, (b) curves of ¢” vs f,

(c) curves of u' vs f, and (d) curves of x" vs f

u-(Nd1053Fe77.84C01163)97B3

R/dB
&

0-(Th1ossFer7.s4Co1163)97Bs

10 12 14 16 18
fIGHz

Fig.6 Reflectivity of (RE10.s3Fe77.84C011.63)97B3(RE=Nd, Tb) powder

f. ocl/MZ the absorption peak frequency of the (Ndioss-
Fe77.64C011.63)97B3 powder will decreasel®9,

3 Conclusions

1) NdFe1sB phase will precipitate when B is added into
Ndios3Fe77.84C01163 alloy, and the relative content of the a-Fe
phase increases. (RE1o53Fe77.84C011.63)97B3(RE=Nd, Tb) powders
are mainly composed of a-Fe, RE2Fe14B, RE;Fe;7 and a small
amount of RE,O3 phases.

2) When 3% of B is added into NdiossFe778:C01163 alloy,
the powder has a minimum of absorption peak frequency.
When the coating thickness d=1.8 mm, the absorption peak

value of the powders reaches —9.5 dB at 4.5 GHz.

3) The absorption peaks of the (NdiossFer7.84C01163)e7Bs3
alloy powders shift towards high frequency when Nd is
replaced by heavy rare earth Th.
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