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Abstract: MnssBiss melt - spun ribbons were prepared by using the melt-spinning technique
followed by annealing in Ar/5%H, gas mixture. The in-situ formation of ferromagnetic phase
(denoted as LTP) of MnBi was observed by the multi-section cycled Differential Scanning
Calorimetry (DSC) method. It was found that, the optimal annealing temperature range for
forming MnBi LTP is 250 — 280 °C. The prolonging annealing time increases the content of MnBi
LTP leading to the increase of saturation magnetization M; but paid by the drop of the intrinsic
coercivity jHe. The MnBi green powders were prepared by the Low Energy Ball Milling method

(LEBM) in N2 liquid. The maximum energy product of MnBi green powders is estimated about
10.8 MGOe.
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1. Introduction

In the recent years, the demand of permanent magnets (worth $34,400 Million by 2021 [1]) has
been increased because of growing their applications in electronics, renewable energy, automotive
industries. However, the shortage in rare earth supply [2] and the crisis in price increase of Nd and Dy
[3] cause difficulties in production of NdFeB-based permanent magnets. Therefore, the development
of rare-earth-free permanent magnets becomes very important.

MnBi-based hard magnetic materials were investigated since the early 1950 s [4]. With the
instrinsic characteristics of the moderate spontaneous magnetization (Msy) of 8.2 kG, the high
magneto-crystalline energy (K.) of 0.9 MJ/m?, the elevated Curie temperature (T¢) of 360 °C and
especially the positive temperature coefficient of coercivity d(iHc)/dT > 0, the MnBi-based magnets
become alternative of NdFeB-based magnets for high-temperature applications [5]. However, over
past 60 years, instead of the numerous spent efforts, the quality of MnBi-based magnets is restricted by
the moderate value of maximum energy product (BH)max of 8.4 MGOe [6] that is far below the theoretical
limit of 17.6 MGOe [7].

In fact, as shown on the phase diagram (see Fig. 1b), the MnBi alloy can be formed in two phases,
one of that is responsible for ferromagnetism and formed at the temperature lower than 340 °C with
the hexagonal crystal structure, the another is paramagnetic and formed at higher temperature of 365 °C
with the orthorhombic structure. According to the formation temperatures, these two phases are noted
as LTP (Low Temperature Phase) for the first phase and HTP (High Temperature Phase) for the
second one. Because of the complex phase diagram of Mn-Bi system, the MnBi alloys are
peritectically solidified forming the multi-phase alloys that requires the followed annealing process to
enhance the LTP content. Moreover, the initial composition of weighted Mn and Bi amounts effects
on the formation of LTP as shown by Cui et al., [8]. Their results indicated that, to maximize the LTP
content, the weighed Mn-rich composition of MnssBiss should be preferred that was used in this work.

Up to now, the MnBi powder with high LTP content and coercivity is prepared by melt-spinning
MnBi alloy into ribbons followed by pulverizing obtained ribbons in a protection gas atmosphere
[9-16]. This powder is called as the green powder since it is utilized as a starting powder used for
magnet compaction process. It is worthy to note that the large difference in the melting temperature
(Tm) of Mn and Bi and the strong reactivity of Bi with the copper wheel of spinner make the formation
of high-performance MnBi ribbons very difficult. Meanwhile, the challenge in producing of MnBi
high-performance magnets requires the remanence magnetization M, balanced with the remanence
coercivity gH. kept around of 6 + 7 kOe.

In this work, we present our efforts to prepare melt-spun high-performance MnBi LTP ribbons and
high-performance MnBi green powders for use in a large-scale manufacturing of MnBi high-
performance bulk magnets. All the technological parameters will be discussed in details.

2. Experimental

The alloys with nominal compositions of MnssBiss were arc-melted from the starting high-purity
metals (Mn and Bi, 99.95%) under argon atmosphere. The ingots were melted three times to ensure
their homogeneity. 10g per batch of this pre-alloys was remelted in the high-quality quartz tube of a
commercial melt-spinner and ejected onto a rotating copper wheel lubricated with a thin layer of
graphene oil in 0.05 MPa argon atmosphere. The wheel speeds were regulated in the range from 5 to
35 m/s, the quartz tube orifice diameter was fixed at 0.8 mm, the distance between the nozzle and the
wheel surface was kept constant by 3 mm. The prepared melt-spun ribbons were annealed at 280 =5 °C in
Ar/5%H, gas mixture for different times ranging up to 15 h. For preparing MnBi green powders, the
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annealed MnBi ribbons were milled in N2 liquid by low-energy ball milling method (LEBM). The
composition phases of as-spun ribbons and annealed ones were characterized by D8 advance Brucker
X-ray diffractometer (XRD) with Cu-Ka radiation with the scattering 26 angle scan in the range from
25 to 75 degrees by the scanning step of 0.05° for the hold time of 3 s. The thermodynamic behavior
of materials was analyzed by DSC trace method on Labsys Evo system at a chosen heating profile in a
pure argon flow. The morphology of ribbon was studied by Hitachi-S4800 field emission scanning
electron microscopy (FESEM). The hysteresis loops of prepared MnBi ribbons were measured by the
Pulse Field Magnetometer (PFM).

3. Results and Discussion

Fig. 1a plots the XRD patterns of MnBi ribbons melt-spun at different wheel speeds. All peaks
belong to the phases of MnBi, Bi and Mn. The ratio of these peak intensities versus wheel velocities
reflects the complexity of rapid quench process of MnBi system. Depending on the phase diagram
shown in Fig. 1b, one recognizes the peritectic solidification of the Mn-Bi system leading to the multi-
phase microstructure of ribbons consisting of Bi and Mn phases. The LTP phase appeared in this
multi-phase microstructure is caused by the combination between Mn and Bi grains. Because this
combination follows the time-dependent diffusion mechanism with the low diffusion coefficient D ~
1012 cm?/s [17] and the MnBi LTP is formed only at T < 340 °C, the MnBi LTP content is low and
depends on the wheel speed used. The lower spinning speed is, the higher MnBi LTP content
achieves. Particularly, at v =5 m/s the MnBi LTP content is estimated of 38 %wt. using the method
presented in [18].
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Figure 1. A) XRD patterns of MnBi ribbons melt-spun at: a) v =5 m/s; b) v = 15 m/s;
¢) v=25m/s; d) v =35 m/s. B) The phase diagram of Mn-Bi system [19].

The magnetic properties of these as-spun ribbons were checked by measuring the room
temperature magnetization loops on the PFM with the maximal magnetized magnetic field Hmax = 40
kOe. The loops plotted in Fig. 2 show the decrease of Ms of ribbons from 35 to 10 emu/g when the
wheel speed increases from 5 to 35 m/s. This decrease corresponds to the above-mentioned descent of
MnBi LTP content. In contrast, by increasing wheel speed, the coercivity of the as-spun ribbons is
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increased from 3.7 to 5.9 kOe. This result is conventional and corresponds to the reduction of the
MnBi particle sizes caused by increasing the cooling rate of ribbons.

45

Figure 2. M(H) loops of MnBi ribbons melt-spun at: a) v = 5m/s; b) v = 15 m/s; ¢) v = 25 m/s; d) v = 35 m/s.

It is known, that MnBi LTP is formed by the diffusive combination of Mn and Bi [17], so this
combination should be completed fast if the sizes of Mn and Bi grains are small. This conclusion
pushes using the MnBi ribbons melt-spun at high cooling rate with the wheel speed v = 35 m/s
followed by the elongated anneal at around 280 °C to increase further the MnBi LTP content of

ribbons.
Fig. 3 shows the thickness and the cross-section morphologies of the ribbon melt-spun at v = 35 m/s.

The ribbon is fairly uniform, the thickness is around 33 pm and the grain size is in the range of 50 +
200 nm.

W

Figure 3. FESEM images of MnBi ribbons melt-spun with v = 35 m/s: a) the ribbon thickness;
b) the ribbon particles morphology.
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To investigate the evolution of the MnBi LTP formation, the multi-sectioned DSC trace of MnBi
ribbons melt-spun at v = 35 m/s was recorded and shown in Fig. 4. The first endothermic peak located
at 263 — 265 °C is the peak of the melting state of the eutectic composition BigsMn, [20]. The
exothermic peak at 251 — 255 °C principally corresponds to the crystallization of the MnBi LTP [20].
By keeping the sample in the temperature range of 200 + 280 °C for 5 cycles, the LTP content inside
the ribbon is gained continuously. During each cycle, the MnBi LTP content is formed resulting in
decrease of free Bi and Mn. The high content of MnBi LTP is proved by the huge endothermic peak
located at 350 °C revealing the energy change occurred at the Curie temperature of MnBi LTP, where

the transition from the ferromagnetic state to paramagnetic state is occurred.
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Figure 4. The multi-sectioned DSC trace of the MnBi ribbon melt-spun at v = 35 m/s.
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Figure 5. The XRD patterns of MnBi ribbon melt-spun at v = 35 m/s and annealed at 280 °C

fora) 0 h;b)3h;c)9h,d)12hande) 15 h.
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On the basics of the mentioned MnBi LTP evolution, the MnBi ribbon melt-spun at v = 35 m/s
were annealed in the tube furnace at 280 °C in Ar/5%H2 gas mixture for 3, 6, 9, 12 and 15 h. The
XRD patterns plotted in Fig. 5 show the time-dependent increase of the intensity of the main
diffraction peaks of MnBi located at 28.14 degree. By increasing the annealing time, the intensity ratio
between the strongest peaks of MnBi and Bi (IMnBi(101)/1Bi(012)) increased. Moreover, the peak
(101) of MnBi becomes sharper indicating that the grains grown up during the annealing process. As a
consequence of this MnBi LTP formation, the strongest peak of the Mn phase located at 26 = 43.02° is
not observed after 9h of heat treatment. The MnBi LTP content reached the value of 95 wt.% after
12 h annealing. The MnBi LTP content is unchanged after annealing for 15 h.

The Ms and iHc values of the hand and LEBM-milled (for 120 min.) MnBi powders versus their
annealing time ranging from 0 to 15 h were summarized in Fig 6. The coercivity iH. obviously drops
from 5.9 to 2.1 kOe after 15h annealing. Meanwhile, the saturation magnetization Ms of ribbons was
increased from 10 emu/g to 70 emu/g after 12 h annealing. This high value of 70 emu/g is compared to
the recent works [21, 22].
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Figure 6. The magnetic properties versus the annealing times: a) Ms, ¢) Hcof hand milling MnBi powders;
and b) Ms, d) iHc of LEBM MnBi powders for 120 minutes.
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Figure 7. The morphology of LEBM MnBi powders (a) and particles distribution (b) of MnBi powders LEB
milled for 120 minutes.



N. H. Nam et al. / VNU Journal of Science: Mathematics — Physics, Vol. 40, No. 2 (2024) 33-41 39

According to the relation between the size of Mn and Bi grains and the annealing time t, described
in [17], to optimize the annealing time t,. The melt-spun ribbons were annealed at 280 °C for 9 h,
which were ground for 120 min. to get the grain size and the grain size distribution as shown in Fig. 7.
The mean diameter of grains is 0.87 um, meanwhile the single domain size of MnBi about 0.5 um.

Finanly, these obtained MnBi green powders are aligned in the epoxy resin diluted by using xylene
under 18 kG magnetic field to form the in-epoxy bonded rectangular magnet sample with the length to
edges ratio large enough to skip the effect of the demagnetization field. The magnetic characteristics of
these aligned MnBi green powders were estimated with the density of 8.9 g/cm® and presented in the Fig. 8.
The obtained results include iHc = 14.8 kOe, ,H: = 6.5 kOg, M; = 6.7 kG and (BH)max= 10.8 MGOe.
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Figure 8. The M(H), B(H) and (BH)max curves of LEB milled and annealed MnBi powders bonded in the diluted
epoxy resin under 18 kG aligning magnetic field.

4. Conclusion

The MnBi LTP ribbons were fabricated by means of the melt-spinning technique using the
conventional commercial rapid quench furnace ZGK-1 followed by the subsequent annealing at
280 °C. The in-situ multi-sectioned DSC trace revealed the intensive growth of the ferromagnetic
phase at 251 - 255 °C. The coercivity iHc of MnBi ribbons melt-spun at v = 35 m/s measured at
40 kOe is 5.9 kOe. The MnBi ribbons with the highest MnBi LTP content of 95 wt.% and Ms of
70 emu/g were obtained by 12 h annealing at 280 °C. The high-performance green MnBi powders
have been prepared from the MnBi ribbons melt-spun at 35 m/s, annealed at 280 °C for 9 h, and LEB
milled for 120 min. The energy product of this green powder achieves 10.8 MGOe that is high enough
for making MnBi high-performance bulk magnets in the mass scale.
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