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High purity MnBi magnetic low temperature phase (LTP) were prepared via induction melting, annealing and
low energy ball milling. The effects of synthetic parameters and chemical compositions on phase purity and
magnetic properties were systematically investigated. A homogenization heat treatment process was employed
to increase the fraction of LTP MnBi, which showed notably high saturation magnetization (M;) of up to 74.8
Am?/kg with the purity of 97 wt% LTP MnBi. The purity of MnBi is strongly related to the amount of Mn and

residual Bi in the annealed ingot. By controlling the residue, the highest phase fraction was obtained with the
atomic ratio of MngeBiss. The maximum energy product (BH)myax Was recorded 11.7 MGOe under an applied
magnetic field of 1.5 T at room temperature, making MnBi a promising rare-earth-free permanent magnet.

1. Introduction

Rare-earth-free MnBi has attracted spotlights nowadays with its
high crystal anisotropic field and outstanding magnetic properties, even
in the high-temperature range. The low temperature phase (LTP) MnBi
crystallizes in the NiAs type hexagonal crystal structure in which the c-
axis is the easy direction of magnetization and exhibits high magneto-
crystalline anisotropy (K = 1.6 x 10° Jm™3%) [1-3]. Although the
NdFeB magnets have a high maximum energy product (BH),,x at room
temperature, the low Curie temperature (T.) is only 583 K and the
negative temperature coefficient limits its application ranges at high
temperatures [4]. By the way, the MnBi magnet has a higher T, of 711 K
[5] and the unusual positive temperature coefficient of the coercive
field [6] makes it a promising candidate for high-temperature appli-
cations.

However, synthesizing high purity LTP MnBi has been a critical
technical issue for achieving high-performance magnets. The reason
why this is challenging is that the difference in melting temperature
between Mn and Bi is quite large, about 1000 K and the peritectic re-
action occurs in a wide range of temperatures and compositions [7].
Further, Mn is easily to segregate from the Mn-Bi liquid phase through
the peritectic reaction at 720 K during the solidification process and the
LTP MnBi is decomposed by the eutectic reaction at 535 K [7-9].

In order to overcome these fabrication obstacles and improve the
purity of LTP MnBi, many efforts have been made by understanding the
microstructure [9,10], particle size control [11,12] and transformation
kinetics during the heat treatments [13,14]. In previous reports, X.
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Zhen et al. obtained about 90 wt% of LTP MnBi by induction melting
with post annealing at 563 K for 30 h [15]. V.V. Nguyen et al. prepared
97 wt% of LTP MnBi by the arc-melting process followed by sintering in
vacuum at 573 K [16]. S. Kim et al. obtained 98 wt% of LTP MnBi by
melt-spun and annealing for 20 h followed the magnetic separation
process [17].

Various manufacturing techniques have also been employed to
achieve high quality MnBi powders [18-20]. Xie et al. prepared sub-
micron sized MnBi powders with LTP content up to 96 wt% using low
energy ball milling at a cryogenic temperature [18]. A recent result by
B. A. Jensen et al. shows that the MnBi powders could achieve the
(BH)max of 13.0 MGOe using a rather high magnetic field of 9 T at 300 K
after melt-spun and low energy ball milling for 8 h [20]. Further,
controlling the chemical composition between Mn and Bi is crucial to
reduce the unreacted Mn and Bi residue, and thereby enhancing the
magnetic property of MnBi. However, with these efforts, the experi-
mental results have not yet reached its theoretical value (17.7 MGOe)
[5], so it is necessary to keep developing adequate synthetic processes
with optimizing fabrication factors for high performance MnBi magnet.

In this work, the phase purity and magnetic properties of MnBi
powders prepared by induction melting have been investigated.
Compared with the conventional rapid-solidification process, this pro-
cess has noticeable advantages in mass production or industrial appli-
cations with its simplicity of preparation and higher fabrication yield,
etc. At the same time, it is easier to avoid the loss of Mn / Bi at higher
synthesis temperature. Fabricated MnBi alloys were then explored in
detail about the effects of heat treatments, ball milling processes, and
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further chemical compositions on phase purity critical in obtaining
better magnetic properties.

2. Experimental

MnBi powders with nominal compositions MnssBiss + x wt.% Mn
(x = 0-7) were prepared using induction melting, post annealing, low
energy ball milling, and magnetic separation processes. MnBi ingots
were fabricated with high purity Mn and Bi elements (> 99.9%) by
induction melting. The obtained ingots were then annealed at 573 K for
24-84 h in an argon atmosphere to obtain high purity LTP MnBi. The
annealed ingots were manually crushed using mortar and pestle. The
powders were sieved using # 625 mesh screens to obtain initial parti-
cles with a size of less than ~ 25 pm. The low energy ball milling has a
unique advantage, as the LTP MnBi is easily decomposed during high
energy milling. The obtained powders were then milled using low en-
ergy ball milling at a rotation speed of 175 rpm from 1 to 9 h. The
milling was performed using zirconia balls (5 mm in diameter) with the
ball-to-powders weight ratio of 10:1 in ethyl alcohol. To maximize the
LTP content, the as-milled powders underwent a magnetic separation
process by ethanol for several times to increase magnetic phase purity.

The crystal structures of the as-milled powders were characterized
by using X-ray diffraction (XRD) with Cu-K, radiation. The powder
morphology and chemical composition of annealed samples were ex-
amined by a field emission scanning electron microscope (FE-SEM)
equipped with an Oxford Aztec energy dispersive spectroscopy (EDS)
detector. The magnetic properties were measured via vibrating-sample
magnetometer (VSM) with maximum applied magnetic field of 1.5 T
with a small amount of paraffin wax for powders immobilization.

3. Results and discussion

The XRD patterns of as-casted and 573 K-annealed MnssBiys ingots
are shown in Fig. 1(a). In contrast to as-casted ingots, the unreacted Mn
and Bi appear as minor phases for the annealed ingots, while LTP MnBi
presents as the major phase. To investigate the phase identity and
weight fraction, the measured XRD patterns were analyzed for all
samples using the Rietveld refinement method with the FULLPROF
program. As a result, the MnBi in all samples were hexagonal structure
with the space group P63;/mmc and the lattice constants ao and ¢, were
4.285 + 0.002 and 6.115 + 0.003 A. The peaks around 27.2° and
43.0° were attributed to the residual Bi and a-Mn phases. For clarity,
the phase fractions calculated by Rietveld refinement were listed in
Table 1 and plotted in Fig. 1(b). The LTP MnBi phase fraction increased
from 88.0 wt% to 92.6 wt% by increasing the annealing time increasing
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Table 1
The phase fractions of annealed MnBi alloys based on Rietveld refinement.

Annealed time (h) MnBi (wt. %) Bi (wt. %) a-Mn (wt. %)
24 88.0 7.2 4.8
48 90.5 6.0 3.5
72 92.6 4.0 3.4
84 92.2 4.6 3.2

from 24 to 72 h, meanwhile, decreased at longer annealing time. The
melting point of Bi (545 K) is lower than the annealing temperature of
573 K, while the melting point of Mn is rather high (1518 K). As a
result, it is expected that the segregated Mn reacts with the Bi-rich
matrix during annealing, which results in the crystallization of LTP
MnBi. Li et al. reported a similar phase purity trend increasing with
increasing annealing time and reached a maximum value of 89.1 wt%
after annealing for 25 h [21]. Because the kinetics of MnBi formation is
slow, it is reasonable that a higher fraction of LTP MnBi (92.6 wt%)
could be obtained by extending the annealing time to 72 h.

The microstructure of the as-casted and 72 h annealed MnBi alloys
were analyzed by FE-SEM in backscattered electron imaging mode, as
shown in Fig. 2. Dark grey, black, and light grey regions correspond to
the LTP MnBi, Mn and Bi, respectively. For the as-casted alloy, it can be
found that most of the unreacted Mn and residual Bi co-exist with a
small amount of LTP MnBi. In contrast, for the annealed ingot, the LTP
MnBi forms a homogeneous matrix with only a small amount of Bi and
Mn residue. Judging by the increased phase of LTP MnBi, it is well
agreed with the high purity LTP MnBi confirmed by XRD shown in
Fig. 1.

Since the annealed MnssBiys ingot still contains a small amount of
unreacted Bi, a precise amount of excess Mn is systematically added to
effectively promote the reaction with residual Bi and further improve
the phase purity. Fig. 3(a) shows the X-ray diffraction patterns of the as-
annealed MnsBiso and MngsBiys ingots, in which the MngsBiys ingot
contains an excess of 1-7 wt% Mn. For comparison, a large amount of
Bi still exists in the Mns(Biso annealed ingot; however, the MnssBiss
annealed ingot is mainly comprise LTP MnBi. As the excessive Mn
contents increases, Bi peak becomes vivid, indicating reduced LTP
portion. The fraction of LTP MnBi is calculated by Rietveld refinements
shown in Fig. 3(b). The LTP MnBi phase fraction increases from 92.6 wt
% to 97.0 wt% as the excess Mn increases from 0 wt% to 1 wt% and
shows a linear decrease as more excess Mn is added. The highest frac-
tion of LTP MnBi in this work was achieved with the excessive 1 wt%
Mn(=MnsgBisg), which is compatible with previously reported com-
position (~56 at.% Mn) fabricated by rapid solidification process or arc
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Fig. 1. (a) The XRD patterns and (b) the LTP MnBi weight fraction of the as-casted and different durations annealed MnssBi4s ingots.



Fig. 2. The SEM observation of the MnssBi4s ingots:

melting and heat treatment processes [22,23].

Further optimization process has been done with the chemical
composition of MnseBigq. The low energy ball milling process was
employed to enhance its coercivity (H.) by controlling the particle size.
The effect of milling time on particle size and morphology is shown in
Fig. 4. The initial powders were crushed and sieved with a size of less
than 25 pm. With the milling time increases from 0 to 4 h, the average
particle size was decreased gradually. It was found that the particle size
of MnBi powders was more homogeneous after 3 h ball milling.

The XRD patterns of the magnetically separated MnseBisq powders
with various low energy ball milling times, and the fraction variation of
LTP MnBi are shown in Fig. 5. As the ball milling time increased, the
portion of LTP MnBi is getting decreased from 97 wt% to 75 wt% with
the milling time from 1 to 9 h. In the meantime, the residual Bi peak
intensity becomes higher, indicating that it is related to the phase de-
composition of LTP MnBi due to introduced mechanical energy or
stress.

In order to investigate the effect of milling time on magnetic
properties, the room temperature demagnetization curves of the mag-
netic-field aligned Mns¢Biyy powders were measured as shown in
Fig. 6(a). The theoretical density (8.9 g/cm?’) was used to calculate the
maximum energy product (BH)myax- The H., (BH)max, and saturation
magnetization (M) values extracted from the hysteresis loops are
plotted as a milling time function as shown in Fig. 6(b). The H. of the
initially crushed powders (< 25 pm) were measured around 0.4 T —
0.5 T. However, the H. was increased remarkably from 0.83 T to 1.53 T
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(a) as-casted and (b) annealed for 72 h at 573 K.

with milling time increased from 1 to 9 h, mainly owing to the re-
finement of MnBi particle size. In contrast to the coercive field, the M;
was decreased from 74.8 Am?/kg of the initially crushed powders to 56
Am?/kg of the 9 h ball milling powders. In general, H, and M; are in a
trade-off relationship, even though a higher H, is obtained after ball
milling for 9 h, the decrease of M value can result in a decreased
magnetic property overall. This phenomenon is related to the decom-
position of the ferromagnetic LTP MnBi into the nonmagnetic Bi phase,
leading to the reduction of the M; of MnBi powders, likewise discussed
in Fig. 5 and previous report [19].

Even though both XRD and magnetic results confirmed the de-
composition of the MnBi phase during ball milling, the optimized ball
milling conditions in this work were milling for 3 h. With that, MnBi
exhibited a high ratio of M,/M; reached to 0.97, indicating the possi-
bility of high c-axis orientation and proper alignment in bonded MnBi
magnet. Further, excellent magnetic properties with M; of 65.4 Am?/kg
and (BH)max of 11.7 MGOe could be obtained. It is noteworthy that the
(BH)max of this work is close to 70% of the theoretical value, which
shows that the properties can be enhanced by optimizing the compo-
sition and post processes. Therefore, it can be emphasized that the MnBi
powders with the minimal magnetic phase decomposition and a smooth
demagnetization curve with high H. have been achieved.

4. Conclusions

MnBi alloy with enhanced magnetic properties was fabricated by
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Fig. 3. (a) The XRD patterns and (b) the LTP MnBi fraction of Mns(Biso and MngsBiss + x wt.% Mn (x = 0, 1, 2, 3, 5 and 7) ingots after annealed for 72 h.



Y. Yang, et al.

Journal of Magnetism and Magnetic Materials 517 (2021) 167344

Fig. 4. The SEM images of MnBi powders morphology after ball milling for (a) 1 h, (b) 2 h, (¢) 3 h and (d) 4 h, respectively.

induction melting, followed by annealing and low energy ball milling
processes. The improved magnetic properties are mainly due to the
increased purity of the low temperature phase (LTP) MnBi and the
optimized microstructure of the powders. The results showed that the
purity of LTP MnBi was as high as 97 wt% and the saturation magne-
tization (M;) of MnseBis4 powders reaches 74.8 Am?/kg with annealing
time of 72 h. The highest coercivity (H.) of 1.53 T could be obtained by
controlling the ball milling time to 9 h with compensation of LTP MnBi
fraction due to mechanical stress during ball milling. With the opti-
mized fabrication process, the MnsgBis4 powders showed the maximum
energy product (BH)yax of 11.7 MGOe with M; of 65.4 Am?/kg under an
applied magnetic field of 1.5 T at room temperature. The MnBi powders
with higher performance and higher purity are crucial for the pre-
paration of MnBi bulk. The ways how to improve purity and phase
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control of MnBi powders and remarkably enhanced magnetic properties
discussed in this work can hopefully open good chances for industrial
applications in rare-earth permanent magnet markets or as a gap
magnet combined with rare-earth magnets.
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