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This study explores a novel arc-plasma sintering method for fabrication of
magnetic phases in the manganese—bismuth (MnBi) alloy system with a 1:1
atomic ratio. The arc-plasma technique provides an innovative approach to
sintering the intermetallic systems with elements exhibiting significantly
different melting points, such as Mn (1246°C) and Bi (271.4°C). By adjusting
the distance between the sample and the plasma source, temperatures up to
1250°C are rapidly reached in an argon atmosphere. Post-sintering annealing
at 240°C for 4 and 24 hours influences significantly the magnetic properties
of the material. Characterization is conducted using scanning electron mi-
croscopy, x-ray diffraction, and a vibrating sample magnetometer. This
study highlights the potential of arc-plasma sintering as an efficient method
for producing MnBi-based permanent magnets, offering a sustainable alter-
native to rare earth-based materials. The results demonstrate that optimiz-
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ing the sintering process improves magnetic performance and enhances the
structural integrity of the magnets. Further research into the microstruc-
tural transformations during annealing could provide valuable insights into
the mechanisms driving these improvements.

Key words: arc-plasma sintering, MnBi, high-temperature sintering, perma-
nent magnets, magnetic materials.

B mamiit poboTi mocirimxeHo HOBY MEeTONY CHiKAHHSA ILJIa3MOI0 JyTOBOTO PO3PsI-
Iy AJIS CTBOPEHHA MarHeTHUX (a3 Ha ocHOBi cucTemi Manran—BicmyT (MnBi)
3 atomoBuM chiBBigHomeunHaMm 1:1. IlmasmoBo-ayroBa meToauka 3abesmeuye
iHHOBaAIiMHUH MiaAXid ITOA0 CIIiKaHHS iHTepMeTaJIeBUX CHUCTEM 3 eJIeMeHTaMU,
110 MaIOTh iCTOTHO Pi3Hi TeMmepaTypu TomiaeHHA, TakuMu AK Mn (1246°C) Ta
Bi (271,4°C). Ilmaxom peryaoBaHHSA Bigmaii MiK 3pasKoM i AiKepeJioM Ijias-
Mu B aTMoc(hepi apromy MoKHA IMIBUAKO HocArTu Temmneparypu xo 1250°C.
Bignan micas coikamasa 3a 240°C BupomoB:k 4 i 24 ToguH iCTOTHO BIIMBAE Ha
MaTrHeTHi BJIACTHMBOCTI MaTepisany. XapaKTepusallisi IPOBOIUTHCS 3a JOIIOMO-
T'OI0 CKaHiBHOI eJIEKTPOHHOI MiKpOCKOMIii, peHTI'eHiBChKOI audpakriii Ta BioO-
pariinoro margeromerpa. IIpoBeeHi focaimKeHHA IeMOHCTPYIOTE MTOTEHITi A
METOIY NYTOBOTO IIJIa3MOBOTO CIIIKaHHA AK e(peKTMBHOI MeTOnu BUPOOHUIITBA
TMOCTiHUX MarHeTiB Ha ocHOBI MnBi, mpomonyioun cTifiKy aJabTepHATHUBY Ma-
TepifgsaM Ha OCHOBI pifKicHO3eMenbHUX ejieMeHTiB. PegynbTaTy 1eMOHCTDY-
IOTh, IO ONITHMi3allid MPOIIeCy CHiKaHH MOJIMIITye MarHeTHI XapaKTepuCTH-
KU Ta OifBUIye CTPYKTYPHY IimicHicTs marueriB. Iloganemmi gocnimsxenna
MiKPOCTPYKTYPHUX II€PETBOPEHD IIil Yac BilIaMOBaHHA MOYKYTH HATU I[iHHE
PO3yMiHHA MeXaHi3MiB, 110 3YMOBJIIOIOTH ITi OJIiNITIEHH .

Karouosi ciioBa: gyrose miasmoBe cmikaHuda, MnBi, BucokoremmeparypHe
CIiKaHHJ, ITOCTiliHI MaruHeTn, MarHeTHi MaTepisaan.
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1. INTRODUCTION

The demand for permanent magnet materials is expected to rise in re-
sponse to the increasing importance of environmentally friendly ener-
gy sources in the future. Magnetic materials play a crucial role in vari-
ous industries, particularly in transportation, where they are essential
for replacing fossil fuels [1]. Currently, rare earth element based ma-
terials, such as NdFeB, are extensively used for permanent magnets.
The demand for these materials is primarily driven by key sectors ex-
periencing significant growth. In the electronics industry, components
like motors, sensors, and actuators increasingly rely on NdFeB mag-
nets due to the trend towards device miniaturization and improved
power efficiency [1, 2]. This trend is anticipated to result in a substan-
tial and ongoing increase in the demand for rare earth elements. How-
ever, since the production of rare earth elements is mainly concentrat-
ed in a few countries, the prices of rare-earth element-based magnetic
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components are likely to continue to rise [3].

To reduce our dependence on rare earth elements, efforts are being
made to obtain magnetic materials that are free of rare earth. A man-
ganese-bismuth intermetallic alloy compound (MnBi) is a promising
candidate for magnetic materials that do not contain rare earth ele-
ments and has attracted a lot of attention. This material is ferromag-
netic which substantially shows anisotropic magnetocrystalline prop-
erties and has a positive coercivity coefficient temperature. This al-
lows the material to be applied at relatively high temperatures, which
are rarely found in other ferromagnetic materials [4, 5]. The perma-
nent magnetic properties of this MnBi intermetallic system originate
from the low-temperature phase (LTP) a-MnBi, which possesses a
NiAs-type hexagonal crystal structure demonstrating uniaxial aniso-
tropic magnetic properties at room temperature [6]. However, achiev-
ing a single LTP phase is challenging due to the large difference be-
tween the melting points of Mn and Bi [7]. The most used method to
obtain MnBi ingots is conventional powder metallurgy. Manganese
(Mn) powder is mixed with bismuth (Bi) powder in various composi-
tions based on atomic percent and weight percent, which is then com-
pacted and processed using arc melting methods [8], melt spinning [9,
10], or induction furnaces [11]. The resulting ingots are subsequently
ground for several hours in an inert gas atmosphere [12]. The fine
powder containing a magnetic phase is compacted and heat-treated in a
magnetic field to enhance density and magnetic properties, with some
approaches utilizing epoxy resin as a binder to produce bonded mag-
nets [13, 14]. Other sintering methods include spark-plasma sintering
[15, 16] and utilizing severe plastic deformation (SPD) techniques for
bulk systems [17]. These synthesis methods are typically conducted at
low temperatures, with a few publications discussing high-
temperature synthesis processes. Li et al. [18] synthesized MnBi using
an induction furnace at 900°C with directional solidification in a mag-
netic field, significantly enhancing crystalline anisotropy. Meanwhile,
Panita Thongjumpa et al. [19] also obtained a ferromagnetic phase
from MnBi using a microwave furnace at a temperature of 1247°C,
which is slightly above the melting point of Mn.

This study presents an innovative approach to fabricating MnBi
magnetic phases using arc-plasma sintering (APS). In contrast to tra-
ditional powder-based methods, APS enables the direct utilization of
bulk MnBi samples, by passing the need for powderization. By achiev-
ing high temperatures rapidly within a controlled environment, this
technique offers a compelling alternative to produce MnBi-based mag-
netic materials. The research focuses on exploring and optimizing the
growth of the MnBi magnetic phase through APS, with the goal of im-
proving both the efficiency and scalability of the fabrication process
for industrial applications.
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2. EXPERIMENTAL

An arc-plasma sintering facility was utilized in the synthesis process
of the MnBi phase system. The plasma arc generated by the APS is
highly influenced by the gas flow rate. The use of argon as a plasma gas
is beneficial in creating an inert atmosphere around the material dur-
ing processing, thus preventing oxygen adsorption events [20]. Ac-
cording to the research, the length of the plasma arc is closely related
to changes in current and the flow rate of argon as the plasma gas; the
temperature on the workpiece surface is directly proportional to the
distance between the workpiece and the plasma source [21]. For this
study, a distance of 15.5 mm between the sample and the source was
maintained, with a constant current of 70 A, while the argon plasma
gas flow rate was varied to 5, 6, and 71/min, respectively. Here, the
plasma gas used is high purity argon with a flow rate of 5, 6, and 7
I/min, a fixed electric current of 70 A and a plasma life time of 10s
with a pause of 2 s with automatic settings. The working temperature
of arc-plasma sintering has been verified without using a sample, with
a distance between the plasma source and the empty sample container
of 15.5 mm, which is equipped with a K-type thermocouple as a tem-
perature counter. The results of temperature measurements at the
sample position can be seen in Fig. 1. Based on the measurement re-
sults, it observed the plasma temperature generated is influenced by
the flow rate of argon gas as the plasma gas, as it was observed by Hua
Xieet al.[22].

The alloy used in this work with a nominal composition of Mn;oBiso
[at.% ] was obtained from Xiamen Advanced High-tech Material Co.,
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Fig. 1. The temperature of the arc plasma versus the plasma gas in this case
high-purity argon gas.
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Ltd., China. As determined by ICP, the alloy contains 20.79% wt. Mn
and 78.41% wt. Bi, with a purity of 99.2% . This green alloy is a solid
with a density of about 19.9 g/cm? and a grain size of <250 pm. A por-
tion of this green alloy was cut into 4 pieces with dimensions of approx-
imately 1.0—2.0 cm?3 for the sintering and annealing processes.

The arc-plasma sintering process involved placing the sample in a
graphite crucible, with a thermocouple positioned as close as possible
to measure the sample temperature during sintering. Sintering was
conducted at temperatures of 350°C, 1100°C (120 s/cycle), and another
sample was sintered at 1100°C for 2 cycles, equivalent to 240 s of plas-
ma ‘on’. The highest sintering temperature applied in this work was
1250°C. The annealing processes were performed for all post-sintering
samples at temperatures of 240°C for 4 hours and 24 hours, respective-
ly, in a vacuum atmosphere. The sintered and annealed samples were
characterized using x-ray diffraction techniques, microstructural
analysis with an optical microscope and SEM equipped with EDS, and
magnetic properties were measured using a vibrating sample magne-
tometer (VSM) at room temperature.

3. RESULTS AND DISCUSSIONS
3.1. Post Sintering and Annealed Morphology of MnBi Alloy

Figure 2 depicts the microstructure of the MnBi master alloy. The
composition of the alloy, as analysed through energy-dispersive spec-
tres-copy (EDS) and detailed in Table 1, reveals the presence of two dis-
tinct phases. The dark phase, located at point 006 in Fig. 2, a, is char-
acterized by a composition of Mn 68.21 and Bi 27.32 [% wt.], which,

Fig. 2. The master-alloy microstructure displays the distribution of two pri-
mary phases: the dark-grey phase primarily contains the element Mn (a) while
the white phase mostly includes the element Bi (b).
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TABLE 1. EDS of master alloy.

Constituent elements, % wt.
Elements
Dark grey (markedby 006) | White (marked by 002)
Mn 68.21 9.22
Bi 27.32 86.42

based on the MnBi phase diagram, is likely to encompass both a-Mn
and the intermetallic a-MnBi phases. Conversely, the light phase,
identified at point 002 in Fig. 2, b, is primarily composed of Mn 9.22
and Bi 86.42 [% wt.].

Phase identification of the crystal structure using x-ray diffraction
reveals that the master alloy does not exhibit any detectable MnBi
phase within the accuracy limits of the instrument (Fig. 3). The pres-
ence of the MnBi phase in the green alloy is confirmed, though weakly,
through magnetic loop measurements conducted using a vibrating
sample magnetometer (VSM), as shown in Fig. 4. This can be explained
by the fact that manganese (Mn), despite being adjacent to ferromag-
netic elements such as iron (Fe), cobalt (Co), and nickel (Ni) in the peri-
odic table, behaves as an antiferromagnetic material at room tempera-
ture. In contrast, bismuth (Bi) is known to be a non-magnetic material.

Figure 5 illustrates the microstructure of the alloy after sintering at
350°C, followed by annealing at 240°C for durations of 4 and 24 hours.
SEM analysis reveals the microstructure of the alloy annealed for 24
hours at 240°C, as shown in Fig. 5, a. EDS analysis identifies the dark-
coloured phase as Mn-rich and the light-coloured phase as Bi-rich.

This indicates that the alloy system has not fully formed, as evi-
denced by the elemental mapping results in Fig. 5, b, which show a dis-
tinct separation in the distribution of Mn and Bi elements rather than
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Fig. 3. The x-ray diffraction pattern of MnBi alloy confirms the presence of
Mn- and Bi-rich phases.
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Fig. 4. The loop hysteresis of MnBi master alloy.
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Fig. 5. Results of mapping analysis of MnBi alloy showing Mn (a) and Bi (b)
elements in the microstructure.

a uniform alloy. VSM-measurement data, presented in Fig. 6, indicates
that the magnetic saturation remains very low. This suggests that the
low-temperature sintering process, followed by 24 hours of annealing,
was insufficient to facilitate significant atomic inter-diffusion within

the bulk system.

3.2. Microstructural Development during High-Temperature Sintering

Figure 7 highlights the significant microstructural transformations
occurring during high-temperature sintering, specifically the for-
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Fig.7. SEM shows the microstructure of alloy sintered at a temperature of
1100°C for 120 s (1 cycle) before annealing (a) after annealing at a tempera-
ture of 240°C in a vacuum for 4 hours (b) and 24 hours (¢).

mation and evolution of the MnBi phase before and after annealing.
The morphology of the MnBi phase exhibits an elongated structure,
with energy dispersive spectroscopy (EDS) analysis revealing composi-
tional shifts from Mn:Bi ratios of 24:76 [% wt.] after 4 hours of an-
nealing to 19:81 [% wt.] after 24 hours. These changes reflect the dy-
namic redistribution of elements within the alloy during prolonged
thermal exposure. However, due to the absence of an external magnet-
ic field during the sintering process, the MnBi phase lacks a preferred
orientation, resulting in a random arrangement. This observation un-
derscores the potential for achieving enhanced phase alignment under
an external magnetic field, as demonstrated by X. Li et al. [23]. The
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enhanced coercivity, as determined through VSM analysis of the alloy
sintered at 1100°C prior to annealing, further validates the signifi-
cance of controlled processing conditions in optimizing the magnetic
properties.

3.3. Role of Arc-Plasma Sintering in MnBi Phase Formation

The arc-plasma sintering technique has proven effective in facilitating
the formation of the MnBi phase, despite its unique constraints. The
plasma, with a brief lifetime of 10 s per cycle repeated 12 times, gener-
ates a high-temperature environment reaching 1100°C. This process
enables rapid solidification and microstructural refinement. However,
the surrounding Bi-rich regions have been observed to impede the
growth of the MnBi phase, as noted in previous studies [10, 23]. This
limitation necessitates the implementation of post-sintering annealing
to promote the sustained growth of the MnBi phase.

3.4. Comparative Analysis of Magnetic Properties

Post-sintering results of MnBi alloys (50:50 composition) processed
using arc-plasma techniques have demonstrated superior remanent
magnetization compared to those fabricated through melt-spun ribbon
methods. This distinction highlights the advantages of arc-plasma sin-
tering in enhancing magnetic retention. However, VSM measurements
conducted at room temperature under a maximum applied field of
10 kOe revealed a slight reduction in magnetic saturation following
annealing at 240°C for durations of 4 and 24 hours, as compared to
melt-spun ribbons [10]. Despite this, Figure 8 indicates a noticeable
improvement in magnetic saturation values post-annealing, which is
directly attributed to the growth of the MnBi phase. Given that MnBi
is the sole ferromagnetic phase in the alloy, the observed increase in
magnetic saturation strongly correlates with its enhanced develop-
ment during thermal processing.

3.5. Implication for Optimization

The findings suggest that while arc-plasma sintering is effective for
initiating MnBi phase formation, subsequent annealing plays a crucial
role in refining the microstructure and enhancing magnetic proper-
ties. The ability to optimize the MnBi phase through controlled anneal-
ing and external magnetic field alignment represents a significant op-
portunity to improve further the performance of MnBi-based alloys for
magnetic applications.

XRD analysis of the alloy after sintering followed by annealing at
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Fig. 8. Hysteresis loops of sintered at 1100°C in 1 cycle followed by annealing
at 240°C for 4 hours and 24 hours in vacuum.

240°C for 4 and 24 hours detected only the presence of the Bi phase.
This may be attributed to the high-temperature sintering process,
which likely caused the Bi element in its liquid phase to migrate toward
the surface. The diffraction peaks corresponding to the Bi phase, ob-
served at 20 =27.16° for the alloy annealed for 4 hours and 20 = 39.62°
for the alloy annealed for 24 hours, are significantly pronounced. This
suggests the potential development of texture in the material as a re-
sult of the sintering and annealing processes, as illustrated in Fig. 9.
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Fig. 9. The XRD pattern of the samples sintered at 1100°C in 1 cycle followed
by annealing at 240°C for 4 hours and 24 hours in vacuum.
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Fig. 10. The microstructure of alloy sintered at 1100°C for 240 s (2 cycles) be-
fore annealing (a) after annealing at 240°C in vacuum for 4 hours (b) and 24
hours (¢).

When the sintering process was conducted for 240 s (2 cycles) at a
temperature of 1100°C, it appeared to promote the growth of the MnBi
phase, as evidenced by SEM and EDS analysis results shown in Fig. 10.
The light-coloured phase remained predominantly Bi, while the dark
grey phase displayed the MnBi phase with a composition of 27:73 [%
wt.], and the dark-coloured phase was primarily Mn.

Following the sintering process and subsequent annealing at 240°C
for 4 or 24 hours, a significant increase in magnetic saturation was ob-
served, as illustrated in Fig. 11. Compared to the material sintered for
only 1 cycle, the extended sintering duration resulted in a higher for-
mation of the MnBi phase, as indicated by the increased magnetic satu-
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Fig. 11. The effects of sintering on the alloy MnBi, which was sintered at
1100°C for 240 s and then annealed at 240°C for 4 and 24 hours in vacuum.
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Fig. 12. XRD patterns of MnBi alloy sintered at 1100°C for 240 s, then an-
nealed at 240°C for 4 hours and 24 hours in vacuum.

ration values. EDS analysis of the material annealed for 24 hours re-
vealed a Mn:Bi composition of 21:79 [% wt.] in the MnBi phase. Con-
sistent with previous XRD observations, the detected phases were still
predominantly associated with the Bi phase, as shown in Fig. 12.

To gain a deeper understanding of the impact of sintering at a tem-
perature slightly above the melting point of manganese, this study
employed the arc-plasma method to sinter the MnBi alloy at 1250°C for
120 s (1 cycle). This high-temperature approach aims to investigate its
role in promoting phase growth and improving material properties.
SEM analysis provides clear evidence that the MnBi phase (represented
by the dark grey regions) exhibits significantly larger grain sizes com-
pared to its formation during the solidification process, as highlighted
in Fig. 13. The increased grain size indicates enhanced phase develop-
ment, which is essential for optimizing the magnetic properties of the
material.

Further insights were gathered from magnetic hysteresis curve
measurements, which revealed a noticeable decrease in coercivity after
sintering at 1250°C. This reduction is likely attributed to the intensive
growth of the MnBi phase, with grain sizes surpassing 50 um [24]. De-
spite this decrease in coercivity, the remanence value of the annealed
material was observed to be comparable to that of material sintered at
1100°C, suggesting that the remanent magnetization remains stable
across the two sintering conditions. This stability in remanence, cou-
pled with the enhanced MnBi phase formation, highlights the effec-
tiveness of sintering at 1250°C in promoting phase growth without
compromising key magnetic properties.

A closer examination of Fig. 13 further underscores the structural
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Fig. 13. The microstructure sintered at 1250°C (1 cycle) before annealing (a)
after annealing at 240°C in a vacuum for 4 hours (b) and 24 hours (¢).

benefits of the elevated sintering temperature. The MnBi phase grains
are not only densely distributed throughout the alloy but also show
signs of fusion, indicating a high degree of interconnectivity. This
dense and cohesive grain distribution likely contributes to the im-
proved structural integrity and magnetic uniformity of the material.
Overall, the findings suggest that sintering at 1250°C is a promising
strategy for enhancing the MnBi phase while maintaining the magnet-
ic and structural performance required for advanced applications.

With the presence of heat, this will support the occurrence of diffu-
sion reactions at the grain boundaries, which will then generate the
formation of the MnBi phase. The grain boundary was partially melted
by reaction heat, inducing the growth of the reactant. Since there are
some eutectic melting states at the boundary, this is considered similar
to the semi-solid melting state [25]. Although the melted area was
small, the formed ferromagnetic grain can move in the melted area,
resulting in the closeness of the ferromagnetic grain.

As seen in Figure 14, magnetic saturation grows monotonically with
annealing time. This is further verified by the x-ray diffraction data of
MnBi alloy after sintering at 1250°C and followed by annealing proce-
dure at 240°C for 4 and 24 hours respectively, where the MnBi phase
can be clearly detected, as shown in Fig.15. The x-ray diffraction
(XRD) data analysis, depicted in Figs. 9 and 12, indicates that bismuth
is the predominant phase present in the system. This observation can
be attributed to the significantly higher atomic number of bismuth,
Z =83, compared to manganese’s Z = 25. Moreover, the elevated sinter-
ing temperature utilized in this study surpasses the melting point of
bismuth, facilitating the migration of bismuth atoms towards the al-
loy’s surface during the cooling stage. This process is expected to lead
to the accumulation of bismuth-rich phases on the surface [26]. Addi-
tionally, the utilization of bulk materials in the sintering and anneal-
ing processes in this study may account for the predominant detection
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Fig. 14. The effects of sintering the MnBi alloy at 1250°C are presented, along
with the subsequent annealing process conducted in a vacuum at 240°C for
both 4 and 24 hours.

of Bi diffraction patterns. It was only at a sintering temperature of
1250°C that the a-MnBi phase was distinctly observed, as seen in Fig.
15. With the sintering temperature exceeding the manganese melting
point, the higher temperature offers advantages for the precipitation
reaction between Mn and Bi.

Based on the VSM-measurement results, it is shown that the coerciv-
ity of MnBi after the sintering process in this study is consistently
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Fig. 15. The XRD pattern of the MnBi alloy, which was sintered at 1250°C and
subsequently annealed in a vacuum at 240°C for durations of 4 hours and 24
hours, is presented. This analysis indicates the presence of the a-MnBi phase,
while the unmarked peaks correspond to other phases, specifically, Bi or Mn.
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greater than that after annealing, as seen in Fig. 14. Since magnetic
coercivity is significantly influenced by complex microstructural con-
ditions, the magnetic phase resulting from the sintering process in this
case is likely isolated from other non-ferromagnetic phases like Mn,
Bi, or MnO that form during the solidification of the liquid phase.

Conversely, during the annealing process, interdiffusion takes
place, leading to the development of a ferromagnetic phase character-
ized by in-creased remanence but decreased coercivity, aligning with
the findings of J.Cao et al. [26] on the impact of the intergranular
phase on the magnetic properties of the MnBi system. Therefore, it is
well documented that to boost the magnetic coercivity of the MnBi sys-
tem, grinding using the ball milling method followed by an extended
annealing process is crucial. Ongoing research focusing on the produc-
tion of a-MnBi through the arc-plasma sintering technique followed by
milling is underway, with the outcomes to be detailed in future publi-
cations.

4. CONCLUSIONS

This study demonstrates the viability of utilizing arc-plasma sintering
as an alternative method for forming the ferromagnetic MnBi phase.
The results highlight that the growth and formation of the MnBi phase
are highly dependent on the sintering temperature and duration, with
higher temperatures and extended sintering times promoting more ex-
tensive phase development. Post-annealing, the observed increase in
magnetic remanence further confirms the enhancement of the ferro-
magnetic MnBi phase.

Even in the absence of an applied magnetic field during the sintering
and annealing processes, XRD analysis indicates that the MnBi phase
elongates at sintering temperatures exceeding 1100°C. This suggests
that the method intrinsically supports the structural alignment neces-
sary for improved magnetic properties.

The use of the arc-plasma technique not only allows precise control
over the sintering parameters but also opens the potential for conduct-
ing the sintering process in the presence of an external magnetic field.
This could further promote magnetocrystalline anisotropy, paving the
way for the efficient production of rare-earth free hard magnetic bulk
materials. These findings underscore the promise of arc-plasma sinter-
ing as a scalable and innovative approach for developing advanced
magnetic materials.
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