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We investigated the magnetic properties of large, compacted, sintered MnBi bulk magnets with di-
mensions of 20.3 x 15.3 x 10.3 mm°. To obtain a high content of the low-temperature-phase (LTP) of
MnBi in the precursor powders, a new process was implemented and produced about 98 wt% of LTP. To
improve the coercive field of MnBi, particle sizes were controlled using different milling techniques. The
dependence of magnetic properties of the bulk magnets on the particle size was analyzed. The highest

maximum energy product, (BH)max, obtained among our samples was 7.3 MGOe. This is the first report of
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demonstrating high performance in large-sized MnBi bulk magnets.

© 2017 Published by Elsevier B.V.

1. Introduction

The low-temperature-phase (LTP) of MnBi has attracted much
attention as a desirable material for high-temperature (~200 °C)
applications because of its high uniaxial magnetic anisotropy at
room temperature and unusual positive temperature coefficient of
coercivity [1-8]. For practical applications of MnBi, there remains
the main challenge of fabrication of high-performance bulk mag-
nets with a high maximum energy product (BH)max. The formation
of pure LTP-MnBi with high volume fraction is difficult because the
difference in melting temperature between Mn (1246 °C) and Bi
(271 °C) is too large and a peritectic reaction occurs over wide
temperature and composition ranges [9]. The unreacted Mn and Bi
always appear as minor phases along with the MnBi phase as the
result of an incomplete peritectic reaction [10]. Furthermore, the
preparation of sintered MnBi bulk magnets with a high level of LTP
is still a very challenging task. Mn tends to segregate from MnBi
liquid through the peritectic reaction at 446 °C [6], and a partial
melting of LTP-MnBi takes place at 262 °C by eutectic reaction as a
result of the reaction with Bi to form the Bi-Mn liquid phase [9].
Therefore, various synthesis techniques have been employed to
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achieve high-quality MnBi powder. While most results have been
reported for MnBi powders and melt-spun ribbons, not much work
has been done on the fabrication of MnBi sintered magnets.

One of the important process steps in the fabrication of a bulk
magnet is the preparation of a suitable precursor powder. The melt-
spin rapid-solidification method has been able to consistently
produce over 95 wt% pure LTP [2,5—7,11,12]. Recent results obtained
with the conventional method of arc-melting followed by grinding
and thermal annealing also yielded over 90 wt% single phase
[8,9,13—16]. In particular, Xie et al. recently reported an LTP content
in MnBi powder of up to 96 wt% (from the calculation, the ratio of
the Ms of MnBi to the theoretical Ms value) achieved using low-
energy ball-milling at room temperature [16]. The highest LTP
content in MnBi powder of up to 97 wt% has been achieved using
low-energy ball-milling at low temperature (—120 °C), this is
attributed to suspension of excessive decomposition of MnBi that
occurs during ordinary room-temperature ball-milling [13]. In
addition, magnetic separation has been suggested as a method to
enhance the initial LTP content (e.g. from 60 wt% to 90 wt% [15]).
Although highly pure MnBi powder can possibly be produced, the
fabrication of sintered MnBi bulk magnets of high quality is still
very limited. This is because the decomposition of LTP occurs at a
relatively low temperature, as mentioned above, and the degra-
dation of magnetic properties of a bulk magnet compared to that of
powder is consequentially inevitable during the sintering process.
In practice, the values of (BH)max reached in the powder (9 MGOe
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[14] and 11.9 MGOe [9]) showed a significant decrease in the bulk
(5.8 MGOe [14] and 7.8 MGOe [9]). The highest value of (BH)max of
MnBi bulk magnets reported so far is 8.4 MGOe [17], but this is far
below the theoretical limit of 17.6 MGOe [18]. In particular, the
reported values of (BH)max of bulk magnets were obtained from
only a part of an original bulk sample using a vibrating sample
magnetometer (VSM) or a superconducting quantum interference
device magnetometer (SQUID) [3,9,13,14,17,19]. The magnetic
properties of bulk magnets are strongly dependent on the details of
the synthesis process and should be measured from large-scaled
samples. In this work, a BH loop tracer, which is a general tool for
measuring magnetic properties of hard bulk magnets, was
employed to characterize the magnetic properties of the large-
scaled MnBi bulk magnets. Further improvement of (BH)pax can
be accomplished by optimizing the balance between remnant
magnetization (M;) and coercivity (Hc). For this optimization, high
content of LTP-MnBi in the initial powder and full densification and
good alignment of its grains in the final bulk are required. An
appropriate combination of powder synthesis method and
consolidation technique still needs to be found. In this paper, we
report on the magnetic properties of MnBi bulk magnets with large
dimension compared to others previously reported.

2. Experiment

MnBi powders were prepared by the following procedure: melt-
spinning, cold-pressing, annealing, magnetic separation, and
grinding. Commercial raw materials of Mn (99.99%) and Bi (99.99%)
were mixed in the desired atomic ratios. To obtain higher LTP
content, excess Mn was added into MnspBi5o, and the optimal
amount was adjusted in the variation of x wt% (x = 0, 5, and 7).
Ribbons of MnBi were obtained by ejecting the alloy melt from a
quartz tube onto the surface of a rotating copper wheel under an
argon atmosphere at 50 kPa. To enhance the quenching rate, the
tangential speed of the wheel was set at about 55 m/s, and the
nozzle diameter of the quartz tube was about 0.25 mm. The melt-
spun ribbon was coarsely ground using mortar and pestle. The
crushed ribbon was then compressed with an applied pressure of
40 MPa at room temperature to form a cylinder 5 mm in height and
10 mm in diameter. The cylinders were annealed at 300 °C for 20 h
in vacuum and coarsely ground. The magnetic separation technique
was used to separate the LTP from the non-magnetic phases, such
as unreacted Mn and Bi or Mn- and Bi-rich phases, before me-
chanical grinding. To prepare powders with various particle sizes,
conventional ball-milling and jet-milling methods were utilized.
Low energy ball milling was performed for different milling times
(1.0, 2.0, and 2.5 h) using a planetary mill with a rotation speed of
150 rpm. Jet milling was carried out with an inlet pressure of about
0.34 MPa under N, atmosphere. The as-milled powders were
compacted to dimensions of 20.3 mm x 15.3 mm x 10.3 mm under
an applied pressure of 650 MPa in the presence of a 2 T magnetic
field in argon atmosphere at room temperature. The obtained green
compact was sintered at 280 °C for 10—20 min with an applied
pressure of 350 MPa under vacuum. All sample handling was done
in an argon-filled glove box whenever needed (LABstar, MBraun,
p(02) < 1 ppm).

Differential scanning calorimetry (DSC, Perkin-Elmer) was used
to study the structural transformation of the non-quenched ingot
and quenched melt-spun ribbon under flowing nitrogen gas. The
phases grown in the as-spun ribbons and annealed ribbons were
characterized by X-ray diffraction (XRD, Bruker D8 Advance with
LynxEye) with Cu Ka radiation. The morphology and composition of
sintered bulk magnets were investigated using a scanning electron
microscope (SEM, JEOL, JSM-7001F) equipped with an energy
dispersive X-ray spectroscopy (EDX) system. Microstructures were

observed by transmission electron microscopy (TEM, JEOL, JEM-
ARM 200F). The particle size distributions of the as-milled MnBi
powders prepared with different milling techniques were analyzed
using a particle size analyzer (HELOS). Magnetic properties of the
hot-compacted MnBi bulk magnets with dimensions of
20.3 x 15.3 x 10.3 mm> were measured at room temperature using
a hysteresis loop tracer (Robograph RE).

3. Results and discussion

Thermal analyses of the MnBi samples in the form of the as-cast
ingot and as-spun ribbons were carried out to investigate the rapid
quenching effect on the formation of LTP and to determine an
appropriate annealing temperature for high purity LTP. The as-cast
ingot and as-spun ribbons were prepared using arc-melting and
melt-spinning, respectively, from the raw materials. The differen-
tial scanning calorimetry (DSC) scans taken at a heating rate of
40 K/min under flowing N; gas are shown in Fig. 1. The DSC curves
show that the overall thermal behaviors for the two samples are
significantly different. Structural change with increasing tempera-
ture, which is indicated by rather sharp endothermic peaks, is
clearly observed only in the quenched sample. The three endo-
thermic peaks located at the temperatures of ~265 °C, ~360 °C, and
~465 °C are seen in both samples with different intensities. The
three peaks indicate, respectively, melting of Bi-rich eutectic and
Bi(Mn) phases, a transformation of LTP to high-temperature phase
(HTP), and decomposition of MnBi [6,12,20—23]. With an increasing
temperature, the as-cast ingot shows crystallization of some frac-
tion of Bi, Mn3Bi, and ferromagnetic MnBi, which is signified with a
broad exothermic peak at ~150 °C [6,12,20—23], but the quenched
ribbon does not. A notable feature is that the LTP formation indi-
cated by the exothermic peak at ~271 °C [6,12,20—23] appears only
in the quenched melt-spun ribbon.

Fig. 2(a) shows the X-ray diffraction (XRD) pattern of melt-spun
MnBi ribbon synthesized without the ingot-making process. In
typical fabrication processes, a rapidly solidified MnBi ribbon is
fabricated during the quenching procedure of melt-spinning
starting with an ingot previously synthesized by arc-melting.
Consequently, volatilization of Mn occurs twice: once in the arc-
melt and again in the melt-spin processes. To avoid this, we pro-
duced melt-spun MnBi ribbons without arc-melting, thus
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Fig. 1. DSC curves for an as-cast MnBi ingot and an as-spun MnBi ribbon.
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Fig. 2. XRD patterns of (a) the as-spun ribbon without ingot-making process, (b)—(d)
the annealed ribbons of MnsgBisg + x Mn (x = 0, 5, and 7 wt%) in the form of com-
pressed cylinders annealed at 300 °C for 20 h after melt-spinning, and (e) the annealed

ribbons of MnsgBiso + 5 wt% Mn after magnetic separation. Inset presents a magnified
view of the figures of (b), (c), and (d) near the 2-theta range of the main phase.

preventing more Mn loss. As shown in Fig. 2(a), a small fraction of
LTP-MnBi is already formed even at the melt-spinning process.
However, a large amount of unreacted Bi remains, while there is
little Mn left. This means that Mn excess is required to get higher
LTP content. To balance the composition of Mn and Bi, excess Mn
was added to MnsgBis5g in the amount of x wt% (x = 0, 5, and 7).
Before annealing, the melt-spun ribbon was coarsely crushed and
compressed into a cylinder at room temperature. The compacted
ribbon was annealed for 20 h at 300 °C — a temperature deter-
mined from the DSC analysis in Fig. 1. In this procedure, abundant
formation of LTP-MnBi is expected because the close contact be-
tween ribbons allows Mn, as it readily diffuses, to combine with Bi.

The phases formed in the annealed ribbons of MnsgBi5g + xXMn
(x =0, 5, and 7 wt%), which are presented in Fig. 2(b)—(d), indicate
that LTP-MnBi is well grown after annealing at 300 °C. As Fig. 2(b)
shows, unreacted Bi still appears at MnsgBisg (x = 0) without other
phases, but the amount decreases with increasing x. At x = 7, the
unreacted Bi has disappeared, but the peak intensity for LTP has
decreased as can be seen in the inset of Fig. 2(d). These results
indicate that a high content of well-structured LTP was synthesized
at x = 5 (Fig. 2(c)). From a refinement analysis, lattice parameters
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Fig. 3. Demagnetization curves of the final MnBi bulk magnets.

are determined as a = 4.2739 A and ¢ = 6.1087 A, and the weight
fraction of pure LTP is about 95.1 wt%. The magnetic LTP fragments
are collected from the annealed ribbons of MnsoBisg +5 wt% Mn by
performing magnetic separation. According to the XRD data of the
magnetically separated powder (Fig. 2(e)), only LTP-MnBi is pre-
sent, and the content is increased to 98.1 wt%, which is the highest
value obtained from precursor powders so far [5—7,11].

The magnetically-separated fragments of annealed MnssBisg
ribbons were milled to particles of various sizes by utilizing low-
energy ball-milling (BM) and jet-milling (JM) techniques. It has
been reported that a remarkable enhancement in coercivity of
MnsgBisg powders has been observed after BM when the milling
time is over 1.0 h [7]. Thus, milling times of 1.0 h, 2.0 h, and 2.5 h
were used. The as-milled powders were compacted and sintered.
The densities of the hot-compacted magnets were in the range of
8.10—8.41 g/cm?, which corresponds to about 90.0—93.5% of the
theoretical density of the MnBi compound (8.99 g/cm? [17,24]). The
magnetic properties of all samples MnBi bulk magnets with di-
mensions of 20.3 x 15.3 x 10.3 mm> were examined. Fig. 3 shows
the demagnetization curves for the MnBi bulk magnets measured
under an applied field parallel to the alignment direction at room
temperature. The values of magnetic properties (M, H., and
(BH)max) obtained from the demagnetization curves in Fig. 3 are
presented in Table 1. The MnBi bulk magnets fabricated with BM
powders (so-called BM magnets) show that H. increases and M;
decreases, as the ball-milling time increases. The MnBi bulk magnet
fabricated with JM powders (so-called ]M magnet) shows more
enhanced H. and more reduced M; than that in the BM magnets.

The coercivity of sintered magnets like Ba-ferrite (BaFei2019)
[25], Sm-Co (SmCos) [26], or Nd-Fe-B (NdyFei4B) [27—30] is

Table 1
Magnetic properties of hot-compacted MnBi bulk magnets.
HC Ml’ (BH)max
[kOe] [kG] [MGOe]
Ball-mill
1.0h 5.6 6.00 7.3
20h 6.7 5.63 6.9
25h 7.3 5.50 6.5
Jet-mill 8.6 5.27 6.1
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Fig. 4. Back-scatter SEM images of the hot-compacted MnBi bulk magnets prepared with ball-milled (BM) powders with different milling times ((a) 1.0 h, (b) 2.0 h, and (c) 2.5 h)

and (d) jet-milled (JM) powders.

affected by the grain size: it has been reported to increase when the
mean grain size decreases [25—30]. Therefore, we attempted to
investigate the effect of grain size on the coercivity in variously
prepared MnBi sintered magnets. The grains in the hot-compacted
magnets are shown in the SEM images, recorded with back-
scattered electrons, in Fig. 4. An inhomogeneous grain-size distri-
bution is observed in the BM magnets: both small grains (<3 um)
and large grains (>10 pm) (Fig. 4(a)—(c)) are observed. On the other
hand, a homogeneous distribution is observed in the JM magnet
(Fig. 4(d)). The grain size of sintered magnets varies almost linearly
with variations in the mean particle size of the milled powders
[27,30]. Therefore, we investigated the magnetic properties of MnBi
bulk magnets as a function of the average particle size instead of
the average grain size. The average particle sizes are defined as the
median diameter at the 50% point of the cumulative distribution,
which was obtained using a particle size analyzer. The resultant
values are 5.76, 5.23, and 4.62 pm for BM powders for 1.0, 2.0, and
2.5 h, respectively, and 3.01 um for the JM powder. The average
particle size decreased with increasing milling time and the JM
technique gives rise to much smaller particles.

Hcand M are plotted in Fig. 5(a) as a function of average particle
sizes. As the particle size is reduced, H. increases and M; decreases.
The increase in H. can be explained by the particle size effect
observed in hard magnets [25—30]. The obtained H. is in the range
of 5.6—8.6 kOe, which is similar to values reported by other groups
(5.0-7.9 kOe) [8,11,13,14,17]. The decrease in M; can be explained by
the reduction in the volume fraction of ferromagnetic LTP-MnBi
due to stress causing decomposition during the milling process
[10,16] and due to thermal decomposition during the compaction
process [9,14]. Microstructural and compositional analyses of a hot-
compacted MnBi magnet, which was fabricated with powders
milled for 2.0 h, were performed using TEM and EDX (see Fig. 6).
Three phases, namely, LTP-MnBi, Bi-rich, and Mn-rich phases, were
observed, indicating that phase segregation occurred due to ther-
mal decomposition during the hot compaction process [9,14]. These

results support the hypothesis that MnBi decomposition causes the
reduction in My, which occurs due to the reduced volume fraction of
the magnetic phase of LTP. The lowest M, in the JM magnet means
that a jet-mill process gives rise to the greater phase segregation of
the LTP.
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Fig. 6. TEM images of the hot-compacted MnBi magnet fabricated using powder as-
milled for 2.0 h.

The values of (BH)max for the MnBi bulk magnets are shown in
Fig. 5(b) and Table 1. The highest value for the 1.0 h BM magnet was
7.3 MGOe, which is higher than the values of (BH)max for 2.0 h and
2.5 hBM and JM. It is noted that this is the first report on such large-
scaled MnBi bulk magnets. However, further improvement of
(BH)max to reach the theoretical value is still needed for practical
applications. Further investigation is required on powder refine-
ment and hot compaction to reduce LTP decomposition and mag-
netic pressing to attain good alignment of grains.

4. Conclusions

We investigated the magnetic properties of MnBi bulk mag-
nets with large scale. We have tried a new procedure for the
preparation of high-quality precursor powder to attain high LTP
content: melt-spinning, cold-pressing, annealing, magnetic sepa-
ration, and grinding. By adopting the new process, the amount of
LTP obtained was ~98 wt%, which is the highest value compared
to that presented in the literature for precursor powders. The
improvement of coercivity was accomplished by controlling the
particle size using different milling techniques. The magnetic
properties of the hot-compacted MnBi bulk magnets were
investigated using the entire as-prepared bulk sample without
cutting. The highest value of (BH)max obtained for the largest bulk
magnets ever made was 7.3 MGOe. Our results show that our
process can yield high-performance in MnBi bulk magnets with
larger dimensions.
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