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Abstract Anisotropic MnBi/NdFeB (MnBi contents of

0 wt%, 20 wt%, 40 wt%, 60 wt%, 80 wt%, and 100 wt%)

hybrid bonded magnets were prepared by molding com-

pression using MnBi powders and commercial hydro-

genation disproportionation desorption and recombination

(HDDR) NdFeB powders. Magnetic measurements at room

temperature show that with MnBi content increasing, the

magnetic properties of the MnBi/NdFeB hybrid bonded

magnets all decrease gradually, while the density of the

hybrid magnets improves almost linearly. In a temperature

range of 293–398 K, the coercivity temperature coefficient

of the hybrid magnets improves gradually from

-0.59 %�K-1 for the pure NdFeB bonded magnet to

-0.32 %�K-1 for the hybrid bonded magnet with 80 wt%

MnBi, and the pure MnBi bonded magnet exhibits a pos-

itive coercivity temperature coefficient of 0.61 %�K-1.

Keywords Hybrid bonded magnet; NdFeB; MnBi;

Coercivity temperature coefficient

1 Introduction

Recently, low-temperature-phase (LTP) MnBi compound

with NiAs-type hexagonal crystal structure has received

considerable attention due to its good magnetic properties

[1–6], especially its high coercivity and prominent positive

temperature coefficient below 300 �C [7]. However,

despite many efforts, it is difficult to obtain single-phase

MnBi through conventional synthesis techniques. In addi-

tion, as LTP MnBi decomposes at high temperatures,

bonding the magnet will be necessary. Another challenge is

to increase its relatively low saturation magnetization. One

possible way to enhance the magnetization is to mix the

MnBi with NdFeB powders to synthesize a hybrid bonded

magnet.

NdFeB bonded magnets are important functional mate-

rials and have been widely used for decades in various

applications due to their good magnetic properties [8–11].

However, the coercivity temperature coefficient of NdFeB

bonded magnets is about -0.4 %�K-1, which restricts the

use of NdFeB bonded magnets at elevated temperatures

[12], such as in electric motors. Hence, hybrid bonded

magnets mixed with different magnetic powders appear to

fill the magnetic property gap of single-component mag-

nets [13]. In the common hybrid magnets, ferrite with

positive temperature coefficient of coercivity is used to

compensate the undesirable thermal stability of NdFeB

[14]. Unfortunately, the poor coercivity of the ferrite

undermines the application of such hybrid magnets. How-

ever, the MnBi/NdFeB hybrid bonded magnets combine

the advantages of both single magnets and are expected to

bear good magnetic properties and thermal stability.

Although studies on the fabrication of anisotropic MnBi/

SmFeN hybrid magnets by hot compaction without resin

binder have been reported before [15], only few studies

were on the fabrication of MnBi/NdFeB hybrid bonded

magnets.

This paper reports the fabrication of anisotropic MnBi/

NdFeB hybrid bonded magnets with different MnBi con-

tents by conventional molding compression method. These

magnets were prepared from commercially available
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hydrogenation disproportionation desorption and recombi-

nation (HDDR) NdFeB powders with high coercivity and

fine grains MnBi powders. The magnetic properties and

thermal stability of the hybrid bonded magnets under dif-

ferent MnBi contents were investigated in detail.

2 Experimental

MnBi alloy with nominal composition Mn48Bi52 was pro-

duced by induction melting. The alloy was annealed at

593 K for 20 h and melt-spun under argon atmosphere.

The MnBi ribbons were annealed at 673 K for 30 min and

ball milled for 4 h in a high-energy ball mill. Commercial

HDDR NdFeB powders were mixed with MnBi powders to

prepare MnBi/NdFeB hybrid bonded magnets. The

amounts of MnBi in the hybrid bonded magnets were

0 wt%, 20 wt%, 40 wt%, 60 wt%, 80 wt%, and 100 wt%.

The MnBi/NdFeB powders were mixed with 2.5 wt%

epoxy resin, aligned by mold compression, and finally

consolidated at 423 K for 90 min. The crystal structures

were studied using X-ray diffraction (XRD, Shimadzu

XRD-7000) with Cu Ka radiation. The mass densities of

the bonded magnets were determined by Archimedes

method. The magnetic properties of the bonded magnets at

room temperature and elevated temperatures were mea-

sured by a vibrating sample magnetometer (VSM, Ver-

saLab) in a field of up to 1.75 MA�m-1.

3 Results and discussion

XRD pattern of ball-milled MnBi powders is shown in

Fig. 1. Characteristic intensity peaks of the LTP MnBi are

dominant, and other small peaks due to Bi also appear,

indicating the difficulty in producing single-phase MnBi.

Figure 2 shows a hysteresis loop of the as-milled MnBi

powders measured at 300 K. Magnetization remanence

(Ms) of 0.54 T and magnetization saturation (Mr) of 0.37 T

are obtained, and the coercivity (Hc) is as high as

883.56 kA�m-1. Figure 2 also shows that the MnBi pow-

ders are not fully saturated and the magnetic properties of

MnBi powders should have even higher values.

Figure 3 shows the room temperature magnetic proper-

ties and density of the anisotropic MnBi/NdFeB hybrid

bonded magnets as a function of MnBi content. The pure

anisotropic NdFeB bonded magnet possesses the best

remanence (Br), coercivity (Hc), and maximum energy

product ((BH)max) of 0.72 T, 1122.36 kA�m-1, and

92.34 kJ�m-3, respectively, while the pure MnBi bonded

magnet has the lowest values of the magnetic properties.

As MnBi content increases, the remanence, coercivity, and

maximum energy product of the hybrid magnets all drop

simultaneously. However, the mass density of the hybrid

magnets increases with the MnBi content increasing since

the theoretical density of MnBi is 20 % higher than that of

NdFeB.

Figure 4 shows the coercivity of the MnBi/NdFeB

hybrid magnets as a function of MnBi content at elevated

temperatures. At 293 K, the slight decrease in the coer-

civity with MnBi content increasing can be explained by

the somewhat larger coercivity of NdFeB compared to that

of MnBi. As the temperature increases from 293 to 398 K,

the temperature characteristics of the MnBi are more evi-

dent. The coercivity of the hybrid magnets improves with

MnBi content increasing. When the MnBi content is below

60 wt%, the coercivity of the hybrid magnets only

improves slightly, while when the MnBi content is more

than 80 wt%, the coercivity of the hybrid magnets at ele-

vated temperature increases even more. The improvement

in the coercivity is clear due to the positive coercivity

temperature coefficient of the MnBi phase in the hybrid

magnets.

Fig. 1 XRD pattern of high-energy ball-milled MnBi powders Fig. 2 Hysteresis loop of high-energy ball-milled MnBi powders
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The coercivity temperature coefficients of the MnBi/

NdFeB bonded magnets (293–398 K) are shown in Fig. 5.

Throughout this temperature range, the pure MnBi bonded

magnet exhibits a positive coercivity temperature coeffi-

cient of 0.61 %�K-1, while pure NdFeB bonded magnet

possesses a negative one of -0.59 %�K-1. As for the

hybrid bonded magnets, the coercivity temperature coeffi-

cient remains negative but slightly improves compared to

pure NdFeB bonded magnet. For the hybrid bonded magnet

with 80 wt% MnBi, the coercivity temperature coefficient

is about -0.32 %�K-1, indicating that the MnBi/NdFeB

bonded magnets exhibit better thermal stability in tem-

perature range of 293–398 K. So the MnBi/NdFeB bonded

magnets could be a good candidate for high-temperature

applications.

4 Conclusion

Anisotropic MnBi/NdFeB hybrid bonded magnets with

different MnBi contents (0 wt%, 20 wt%, 40 wt%,

60 wt%, 80 wt%, and 100 wt%) can be prepared by mold

compression. Pure NdFeB bonded magnet exhibits nega-

tive temperature coefficient of coercivity. But for MnBi/

NdFeB hybrid bonded magnets, an appropriate addition of

MnBi is beneficial to the coercivity of the hybrid magnets

at elevated temperatures. In a temperature range of

293–398 K, the temperature coefficient of coercivity for

the hybrid magnets improves gradually from -0.59 %�K-1

for the pure NdFeB bonded magnet to -0.32 %�K-1 for

the hybrid bonded magnet with 80 wt% MnBi, indicating

the improved thermal stability of the MnBi/NdFeB hybrid

bonded magnets.
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Fig. 3 Dependence of maximum energy product ((BH)max) a,

coercivity (Hc) b, remanence (Br) c and mass density (q) d on MnBi

contents for aligned MnBi/NdFeB hybrid bonded magnets

Fig. 4 Dependence of coercivity on MnBi contents for MnBi/NdFeB

hybrid bonded magnets at elevated temperatures

Fig. 5 Dependence of coercivity temperature coefficient on MnBi

content in MnBi/NdFeB bonded magnets (293–398 K)
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