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Abstract: The (Mns5Biss5)100—x/ (NdpFeq4B)y hybrid magnetic alloys were prepared by the ball milling
of the combined annealed Mns55Biys powders and Nd,Fe4B powders. The magnetic properties at
room temperature and elevated temperature were investigated. It was found that the saturation
magnetization and the coercivity at room temperature increased significantly with the increasing
Nd,Fe4B content. The enhanced energy product of 10.8 MGOe and 11.5 MGOe were obtained in
(Mns55Big5)40/ (NdaFe14B)gp and (MnssBiss)z0/ (NdaFe4B)gg. At elevated temperatures (350 K), the
coercivities of 16.6 kOe and 16.1 kOe were obtained with Nd;Fe14B content of 20 wt.% and 40 wt.%,
which were higher than those at room temperature. The temperature coefficients of coercivity of
(Mns5Bigs5)g0/ (NdaFeq4B)oo and (MnssBigs )0/ (NdyFej4B)ag were calculated to be positive, owing
to the coercivity temperature characteristics of MnBi alloy. Finally, the energy products remained
10.5 MGOe and 10.1 MGOe in (MnsgBigs)40/ (NdyFe4B)go and (MnssBigs)og/ (NdyFe4B)gp at 350 K,
which exhibited potential for high temperature applications.
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1. Introduction

Permanent magnet materials are key materials in the production of electronics, syn-
chronous motors, electric vehicles and wind power generators [1-3]. MnBi alloys have
attracted extensive attention due to their unique magnetic properties, such as a theoretical
maximum energy product of 17.6 MGOe [4], a large magnetocrystalline anisotropy energy
of 1.6 MJ/m?3 at room temperature [5,6], a high Curie temperature of 711 K [7], and, espe-
cially, the positive temperature coefficient of coercivity [8-10], which make the MnBi alloy
a promising candidate for high temperature applications.

The low temperature phase MnBi (LTP-MnBi) with a NiAs-type hexagonal structure
is formed by peritectic reaction at 628 K [11,12]. During the solidification process, the Mn
element can be easily segregated and oxidized, which hinders the formation of LTP-MnBi
and damages magnetic properties directly. Gabay [13] produced an MnBi alloy ribbon with
a high purity LTP content of 98 wt.% by melting and spinning, followed by an annealing
process. The results demonstrated that a smaller ejection orifice led to a higher saturation
magnetization. Finally, a high saturation magnetization value of 78 emu/g was obtained.
Xiang [14] prepared MnBi powder by induction melting, followed by annealing and low
energy ball milling. The ball milling process reduced MnBi particle size to 0.7 um. The
saturation magnetization decreased due to the decomposition of LTP-MnBi during the
milling process, but the coercivity increased to 1.9 T.

Furthermore, element doping is considered to be an effective way to regulate the
magnetic properties of MnBi alloys. Dopant atoms can occupy the lattice positions or
enter interstitial sites to optimum lattice parameters, especially the c/a ratio, which was
closely related to the magnetocrystalline anisotropy [4,15-18]. Yang [19] investigated the
effect of Ga-doping on the magnetic properties of MnBi alloys. The results showed that
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the coercivity enhanced with the increase of Ga content. A high coercivity of 1.66 T and an
energy product of 7.87 MGOe were obtained. Bae [20] fabricated Sb-doped MnBi alloys
and found that an appropriate addition of Sb element was able to refine the grain size of
MnBi particles. The saturation magnetization, coercivity, and the maximum energy product
were 64.7 emu/g, 1.5 T, and 11.0 MGOe, respectively, in MnsBiss 9Sbg 1 ball-milled powder.
In addition to element doping, Xu [21] successfully synthesized the exchange coupled
hard/soft MnBi/Fe-Co composite powders by using a magnetic self-assembly process. An
enhanced remanence magnetization was obtained, owing to the high magnetization of
Fe-Co nanoparticles. Yang [22] prepared the anisotropic MnBi/SmyFe;7N, hybrid magnet
by the grinding of high purity MnBi ribbons and Sm;Fe17Ny particles together. The strong
exchange coupling effect between MnBi and SmjFe 7Ny led to both high remanence and
high coercivity from 250 K to 380 K. The maximum energy products of 18 MGOe at 300 K,
and 10 MGOe at 380 K were obtained. Therefore, it was found that the hybridization
of MnBi alloys with other hard/soft magnetic materials is beneficial to compensate re-
spective disadvantages and reach high magnetic properties. It is well-known that NdFeB
alloys have been used in many fields due to its excellent magnetic properties at room
temperature. However, the negative temperature coefficient of coercivity and low Curie
temperature (583 K) restrict the further development of NdFeB alloys in the field of high
temperatures [23].

In this work, the bulk (Mnss5Biys5)100—x/ (NdaFe14B)x hybrid magnetic alloys are pre-
pared by the ball milling of Mns5Bigs powder and Nd,Fe4B powder together, followed by
a cold press process. The magnetic properties at room temperature and elevated tempera-
ture were investigated. Due to the excellent room temperature the magnetic properties of
NdFeB alloy and the positive temperature coefficient of coercivity of MnBi alloy, the hybrid
magnetic alloys will exhibit good magnetic properties at room temperature and elevated
temperature, which is favorable for applications in various fields.

2. Materials and Methods

The Mns5Biys alloy ingot was prepared by induction melting with high purity (99.99%)
Mn and Bi elements under high purity argon atmosphere. Excess 5 wt.% Mn was added
to compensate for the evaporation loss of Mn during the melting process. The obtained
ingot was annealed at 290 °C for 12 h in a high vacuum (10~° Pa) with a tube furnace and
then cooled with the furnace. The annealed ingot was crushed and ground into powders in
ethanol by using a pestle and mortar. The powders were vacuum dried and then sieved
using #300 mesh to ensure the particle sizes were less than 48 pym. Then, the Mns;Biys
powders were mixed with Nd,Fe 4B powders according to different weight percentages
to prepared (MnssBigs)100—x/ (NdaFe14B)y (x = 0, 20, 40, 60, 80, and 100) hybrid permanent
magnetic powders. The (Mnss5Biss5)100—x/ (NdpFe14B)y hybrid powders were ball milled for
2 h with a milling speed of 100 r/min at room temperature. The ball milling process was
carried out with zirconia balls (3 mm in diameter) in 100 mL zirconia jars. The ball milling
medium was ethanol, and the ball-to-powder weight ratio was about 10:1. Finally, 10 g
of (Mns5Bigs)100—x/ (Nd2Feq4B)y hybrid magnetic powders were taken to be cold pressed
under a pressure of 400 MPa at room temperature. The cold press process was carried
out under vacuum (1073 Pa) by using a hard alloy mold with a diameter of 10 mm. The
cold-pressed sample was a cylinder with a diameter of 10 mm and a height of 4 mm. Blocks
with a size of 2 mm x 2 mm x 2 mm were cut from the cold-pressed sample and were
magnetically orientated under a pulsed magnetic field of 18 kOe.

The crystallographic structure of the hybrid magnetic powders was identified by X-ray
diffraction (XRD) with Cu-K, (A = 1.5406 A) radiation. The densities of the cold-pressed
bulk samples were measured by the Archimedes method. The magnetic properties were
characterized under an applied field of 30 kOe by using a Physical Property Measurement
System (PPMS) equipped with a Vibrating Sample Magnetometer (VSM).
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3. Results and Discussion
3.1. Microstructure of Mns5Biss/NdyFe14B Hybrid Magnetic Alloys

Figure 1 showed the typical XRD patterns of (Mns5Biss)100—x/ (INd2Fe14B), hybrid magnetic
powders after ball milling process. It was observed that the pure MnszBiys (x = 0) powders
consisted of a high purity LTP-MnBi (>90 wt.%) and a small amount of Bi phase and Mn
phase. With the increase of Nd,Fe14B content, the diffraction peak intensity of Nd,Fe4B
phase gradually increased. It was clearly seen that the diffraction peaks of LTP-MnBi
and Nd,Fe4B phase existed simultaneously, which indicated that the Mns;Bigs powder
was well mixed with the Nd,Fe 4B powder. Figure 2 showed the densities of the bulk
(Mns55Bigs)100—x/ (NdaFe14B)x hybrid magnetic alloys with different Nd,Fe4B content. The
density values were illustrated in Table 1. For the pure Mnss5Biys (x = 0), a density value of
8.61 g/cm?® was obtained, which reached 96.7% of the theoretical density value (8.9 g/cm?)
of MnBi alloy. With the increase of the Nd,Fe 4B content, the density values of the bulk
hybrid magnetic alloys gradually decreased, which was due to the relatively low density
value of the Nd,Feq4B alloy (7.45 g/ cm?).
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Figure 1. The XRD patterns of (Mnss5Bis5)100—x/ (NdyFe14B)y (x = 0, 20, 40, 60, 80, and 100) hybrid
magnetic powders.
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Figure 2. The densities of the bulk (MnssBiss5)100—x/(Nd2Fe14B)yx (x =0, 20, 40, 60, 80, and 100) hybrid
magnetic alloys.
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Table 1. The density values of the bulk (Mns5Biss5)100—x/ (NdaFe14B)y hybrid magnetic alloys.

(Mns55Bigs)1gg_,/(NdaFe14B)y Density (g/cm3)
x=0 8.61 £ 0.02
x=20 8.45 + 0.03
x =40 8.14 + 0.02
x =60 7.96 + 0.03
x =80 7.66 + 0.04
x =100 7.45 4+ 0.02

3.2. The Magnetic Properties of MnssBiys/NdyFe4B Hybrid Magnetic Alloys at Room Temperature

Figure 3 showed the room temperature hysteresis loops of the bulk
(Mn55Biss5)100—x/ (NdoFe14B)y hybrid magnetic alloys. No obvious kinks were ob-
served for all the loops, indicating good exchange coupling between grains of these
two phases. The pure MnssBiys featured with a great M,/M; value, which indi-
cated an magnetocrysatlline anisotropy along with c-axis. With the increase of
Nd,Fe4B content, the M;/Ms values gradually decreased. Figure 4 and Table 2
show the variations of saturation magnetization (Ms), coercivity (H.), and maxi-
mum energy product (BH)max with the increasing Nd;Fe 4B content. For the pure
MnssBigs (x = 0), a M of 61.2 emu/g, a He of 12.5 kOe, and a (BH)max of 9.8 MGOe
were obtained. With the increase of Nd,;Fe;4B content, both the Mg and H. of the bulk
(Mn55Biss)100—x/ (Nd2Fe14B)y hybrid magnetic alloys were significantly enhanced,
mainly owing to the excellent magnetic properties (Ms = 120.9 emu/g, He = 19.7 kOe)
of Nd,Feq4B alloy at room temperature. However, it was noted that the (BH)max of the
hybrid magnetic alloys decreased when Nd;Feq4B content was 20 wt.% and 40 wt.%.
The decrease in (BH)max was mainly caused by the declined densities. When Nd,Fe4B
content further increased to 60 wt.% and 80 wt.%, the (BH)max enhanced to 10.8 MGOe
and 11.5 MGOe, which indicated 10% and 17% increase compared to Mnss5Biys, re-
spectively. Therefore, it was demonstrated that the addition of Nd,Fe 4B alloy can
improve the room temperature magnetic properties of MnBi alloy.
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Figure 3. The room temperature hysteresis loops of the bulk (Mns5Biss5)100—x/(NdpFe14B)y (x =0, 20,
40, 60, 80, and 100) hybrid magnetic alloys.
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Figure 4. The variation curves of saturation magnetization (Ms), coercivity (Hc), and maximum
energy product (BH)max of the bulk (MnssBigs)100—x/(Nd2Fe14B)y (x = 0, 20, 40, 60, 80, and 100)
hybrid magnetic alloys with the increase of Nd,Fe4B content.

Table 2. The room temperature magnetic properties of the bulk (MnssBiss)100—y/ (NdpFe14B)x hybrid
magnetic alloys.

(Mns5Bigs) g9 /(NdoFersB)y M (emu/g) He (kOe)  (BH)max(MGOe) M, /M
x=0 61.2 (4) 12.5 (3) 9.8 (2) 0.98
x=20 67.6 (2) 13.4(2) 9.1 (6) 0.89
x =40 78.2 (1) 14.8 (7) 9.2 (1) 0.80
x=60 93.8 (6) 162 (4) 10.7 (6) 0.76
x =80 1014 (5) 18.1(8) 11.5 (1) 0.71
x =100 1209 (2) 19.7 (2) 13.0 9) 0.69

3.3. The Coercivity Temperature Dependence of MnssBiss/NdyFe14B Hybrid Magnetic Alloys

It was well-known that MnBi alloys characterized with a positive temperature coeffi-
cient of coercivity, and the coercivity increased constantly with the increase of temperature
from 300 K to 400 K [24-26]. Therefore, in order to investigate the relationship between
temperature and the coercivity of (MnssBiys)100—x/ (NdpFe14B), hybrid magnetic alloys,
the magnetic properties at the temperatures from 300 K to 380 K were measured. Figure 5
showed the variation trends of the coercivity of (MnssBiss)100—x/(INd2Fe14B)y hybrid mag-
netic alloys with the increase of temperature. For the pure Mnss5Biss (x = 0), the coercivity
enhanced significantly with the increase of temperature and reached 21.6 kOe at 380 K.
However, with the increase of Nd,Feq4B content, the trend that coercivity increased with
the increasing temperature declined gradually. For x = 20, LTP-MnBi was the dominant
phase, so the coercivity increased with the increase of temperature, while the increasing
trend was much weaker than that of pure MnssBigs. A coercivity of 17.7 kOe was obtained
in (Mns5Bigs)go/ (NdaFe14B)oo hybrid magnetic alloy at 380 K. For x = 40, it was observed
that the coercivity of (Mns5Bias)s0/ (NdaFeq4B)49 hybrid magnetic alloy first increased and
reached the maximum value of 16.2 kOe at 325 K but then began to decrease with the
further increase of temperature. Furthermore, for x = 60 and 80, the Nd,Fe4B phase, which
featured with a negative temperature coefficient of coercivity, gradually became the domi-
nant phase. Thus, the coercivity decreased with the increase of temperature. The relatively
low coercivities of 14.1 kOe and 13.5 kOe were obtained in (MnssBigs)49/(NdyFe4B)g and
(Mns5Bigs5)20/ (NdaFe14B)go hybrid magnetic alloys at 380 K.
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Figure 5. The temperature dependence of coercivity of the bulk (MnssBiss)100—x/ (NdaFe14B)y (x =0,
20, 40, 60, 80, and 100) hybrid magnetic alloys.

To further investigate the temperature characteristic of coercivity of the hybrid magnetic
alloys, the temperature coefficient of coercivity K (Oe/K) was calculated by following formula:

HCT2 - HCTl

K= 1
LT, @

where T and T, are the initial temperature and the final temperature and H.r; and
H.r are the coercivities at corresponding temperatures. The results were shown in
Figure 6. The temperature coefficients of coercivity were calculated to be 78 Oe/K, 46 Oe/K,
3 0e/K, —29 Oe/K, —60 Oe/K, and —78 Oe/K for x = 0, 20, 40, 60, 80, and 100, respec-
tively. It was demonstrated that although the temperature coefficients of coercivity for
(Mn55Bi45)40/(Nsze14B)60 and (Mn55Bi45)20/(Nsze14B)80 were still negative, they have
been improved greatly compared to pure Nd;Feq4B. For (MnssBiss)e0/ (NdyFe14B)49 and
(Mns5Bigs)s0 / (NdoFe14B)yg, the positive temperature coefficients of coercivity indicated
good stability at high temperature. Therefore, the existence of the MnBi alloy can improve
the high temperature magnetic properties of NdFeB alloy.
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Figure 6. The temperature coefficient of coercivity of the bulk (MnssBigs)100—x/(NdFej4B)x (x =0,
20, 40, 60, 80, and 100) hybrid magnetic alloys.
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3.4. The High Temperature Magnetic Properties of MnssBigs/NdyFeyyB Hybrid Magnetic Alloys

The magnetic properties of (Mns5Biss)100—x/ (Nd2Fe14B)x hybrid magnetic alloys at
350 K (the upper working temperature of NdFeB alloy) were investigated. As shown in
Figures 7 and 8, and Table 3, the M; for pure MnssBigs and pure NdyFe 4B were measured
to be 58.4 emu/g to 113.6 emu/g at 350 K, respectively. With the increase of Nd,Fej4B
content from 20 wt.% to 80 wt.%, the M gradually increased, which was similar to the
variation tendency at room temperature. However, the coercivity decreased gradually.
For the pure Mns5Biy5, the highest H. of 20.1 kOe was obtained, which was due to its
positive temperature coefficient of coercivity. For (Mnss5Biss)100—x/(NdoFe14B)y, the He
decreased to 16.6 kOe, 16.1 kOe, 15.6 kOe, and 15.4 kOe with Nd,Fe14B content of 20 wt.%,
40 wt.%, 60 wt.%, and 80 wt.%, respectively. The pure Nd,Fe;4B exhibited the lowest H. of
15.1 kOe. It was noteworthy that although the H. gradually decreased with the increase
of Nd,Fe4B content, the H. (16.6kOe and 16.1 kOe) of (Mns5Biy5)g9/(NdFe4B)y0 and
(Mns5Bigs)60/ (NdaFe14B)ag at 350 K were higher than those (13.4 kOe and 14.8 kOe) at room
temperature. Therefore, it was indicated that mixing with the MnssBiys alloy increased
the coercivity of Nd,Fe14B alloy at 350 K, which indicated an enhanced anti-ferromagnetic
ability. Furthermore, the (BH)max of 10.5 MGOe and 10.1 MGOe at 350 K were obtained in
(Ml’l55Bi45)40/(Nd2F614B)60 and (Mn55Bi45)20/(NszeMB)go, which was favorable for the
applications at high temperature.

140 (MlliiBi45)lﬂG—,\-(NleeHB),\- 350 K
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! =80
100 =
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Figure 7. The demagnetization curves of the bulk (Mns5Biss5)100-x/ (Nd2Fe14B)y (x = 0, 20, 40, 60, 80,
and 100) hybrid magnetic alloys at 350 K.
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Figure 8. The variation curves of saturation magnetization (Ms), coercivity (H;) and maximum
energy product (BH)max of the bulk (MnssBigs)100—x/(NdaFe4B)y (x = 0, 20, 40, 60, 80, and 100)
hybrid magnetic alloys at 350 K with the increase of Nd,Fe14B content.
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Table 3. The magnetic properties of the bulk (MnssBiss)00—y/ (NdFe14B)y hybrid magnetic alloys at 350 K.

(Mns5Bigs)q99—,/(NdaFeq4B)y Ms(emu/g) H.(kOe) (BH) max(MGOe)
x=0 58.3 (8) 20.1(2) 9.3 (5)
x=20 66.2 (3) 16.6 (1) 8.5 (8)
x =40 76.1 (6) 16.0 (9) 9.1 (8)
x=60 929 (4) 15.6 (4) 10.4 (9)
x=80 101.7 (2) 15.4 (3) 10.1 (3)
x =100 113.6 (3) 15.1 (1) 10.6 (2)

4. Conclusions

The bulk (Mnss5Biss5)100—x/ (Nd2Fe14B)x (x = 0, 20, 40, 60, 80, and 100) hybrid magnetic
alloys were successfully prepared by following processes: induction melting, vacuum
annealing, ball milling, and cold press. The magnetic properties at the temperatures from
300 K to 380 K were investigated. With the increase of Nd,Fe14B content, both the saturation
magnetization and coercivity of the hybrid magnetic alloys at room temperature were
increased compared to the pure MnssBiss. The increased energy products of 10.8 MGOe and
11.5 MGOe were obtained in (Mn55Bi45)40/(Nsze14B)60 and (Mn55Bi45)20/(Nsze14B)80,
respectively, which were 10% and 17% higher than those in pure MnssBiss. At elevated
temperatures, due to the positive temperature coefficient of the coercivity of MnBi alloy, the
hybrid magnetic alloys exhibited good magnetic properties. The coercivities of 16.6 kOe
and 16.1 kOe were obtained in (Mn55Bi45)80/(Nsze14B)7_0 and (Mn55Bi45)60/(Nsze14B)40
at 350 K, which indicated a 24% increase and a 9% increase compared to those at room
temperature. An energy product of 10.5 MGOe was obtained in (Mns5Biss)40/ (NdaFe14B)so
at 350 K. It was demonstrated that (MnssBiss)100—x/ (NdaFe14B), hybrid magnetic alloys
can exhibit good magnetic properties at room temperature and high temperature, which is
favorable for its application in various fields.
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