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Abstract. Manganese Bismuth (MnBi) - the ferromagnetic material attracting a great interest of
the world magnetic society last years. The absence of rare-earth elements in compositions, the
large magnetocrystalline anisotropy, the room-temperature moderate but high-temperature rea-
sonable magnetization plus the positive temperature coefficient of coercivity and the moderate
Curie temperature make MnBi bulk magnets very potential for high-temperature magnet applica-
tion. This bright future is a little gray because the research results in the past were not as expected.
The paper summarizes the results concerning the MnBi alloys, powders and bulk magnets investi-
gated during past 67 years. The look on the difficulties inhibiting the development of this material
is given and the proposals that might allow overcoming the difficulties and push again the efforts
of research towards the goal of 12 MGOe for the energy product (BH)ax of MnBi bulk magnets
are discussed.
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I. INTRODUCTION

The rare-earth-free low-cost MnBi magnets with the energy product (BH),,,, competitive
with NdFeB bonded magnets in room-temperature (RT) as well with NdFeB sintered magnets
in high-temperature (150 — 200°C) applications attract great attentions of scientific community.
However, despite the spent efforts, the current best (BH)max value of MnBi bulk magnets is only
8.4 MGOe [1], a half of the theoretical limit of 18.5 MGOe.

This paper presents a short survey concerning the status of MnBi hard magnetic material
and bulk magnets prepared thereof. The reasons, including the principle and technical ones re-
stricting the performance of magnets are discussed in detail. The actual results concerning the
efforts of finding novel techniques to overcome the restrictions are also discussed.

The review consists of four parts. Beside the introduction part I, part II gives a brief look
of the magnetism of MnBi system, concerning its crystal structure, magnetic configuration, its
magnetization and coercivity as well their temperature dependences. Part III presents the status of
preparation of MnBi bulk magnets. The used methods of preparation, the magnetic properties of
obtained bulk magnets are summarized and the way to get high-performance MnBi bulk magnets
is discussed. Part IV lists the conclusions on the future development of the MnBi materials and
bulk magnets prepared thereof. A unique problem which must be solved in order to have a bright
future of this rare-earth-free MnBi magnets is highlighted.

II. MAGNETISM OF MnBi MATERIAL

II.1. Magnetization

The MnBi hard magnetic material is prepared by alloying Mn and Bi substances. In the
periodic table, although Mn is located just before the ferromagnetic elements Fe, Co and Ni, but
is antiferromagnetic at RT. The substance Bi is known as non-magnetic material.

The combination of these two substances changes exchange coupling existed in the unit
cell of MnBi materials, which can lead to ferromagnetism depending on the coupling intensity.
Ordinary, the coupling strength depends on the ratio A between the interatomic distance and radius
of d-shell of Mn atoms in the unit cell, this dependence is described by the known Bethe-Slater
curve [2]. In the case of pure Mn, the A value is just below 1.5, which is slightly less than that of
its ferromagnetic neighbors Fe, Co and Ni. This implies that increasing the separation between Mn
atoms will favorably alter the ratio A and leading to ferromagnetism. In particular, this evidence
is realized by alloying Mn with Bi and the MnBi alloys become ferromagnetic. As discussed
in [3], the value of the critical Mn - Mn distance for the onset of ferromagnetism in NiAs type
compounds is equal to the critical distance derived by Forrer after examining a large number of
materials which own their ferromagnetism predominantly to the direct exchange interaction. For
Mn ions this distance equals 2.83 A.

The ferromagnetic phase (from here and after this phase is named as LTP — Low Tem-
perature Phase since it is formed only below 613 K) of MnBi is crystallized in the NiAs-type
structure [4] (see Fig. 1). The unit cell of LTP MnBi belongs to the hexagonal system with six-
and three-fold symmetry, is primitive with two mirror and one glide planes, so the space group
is P63/mmc. The standard powdered X-ray diffraction (XRD) pattern is PDF#03-065-8164, the
unit cell parameters are 4.28-4.28-6.11 A, < 90.0-90.0- 120.0°>, the Rontghen mass density
p = 9.042 g/cm?® and the unit cell volume is 96.93 A3. By using the X-ray radiation with K, line
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of wavelength 1.5406 A, the strongest peak (101) of LTP MnBi is located at the scattering angle
20 =28.14°.

The M, of MnBi compound comes from the magnetic moments of Mn atoms located in the
unit cell and affected by the all terms of exchange interactions J; figured in this cell built. The
complicated scenario of exchange interactions is considered in [5] with six terms of J; schemati-
cally marked in Fig. 1. In [5], the inelastic neutron scattering to investigate the magnetic structure
of MnBi through the spin wave measurements was applied. The results revealed that, the nearest-
neighbor term is antiferromagnetic, and the realization of a ferromagnetic ground state relies on the
more numerous ferromagnetic terms beyond nearest neighbor, suggesting that the ferromagnetic
ground state arises as a consequence of the long-ranged interactions in the system.

The experimental value of M, was reported in [1]. To evaluate M, of LTP MnBi compound,
the pure Mn and Bi were weighted in the atomic percent ratio 1 : 1 and arc-melted thrice. The
arc-melted alloy was, by hand, ground into powder and annealed at 563 K for 24 h. The final
powder was further ball-milled to reduce the particle size ~ 5 um, aligned in an 18 kG magnetic
field and hot-compacted at 530 K for 30 min. to achieve the magnet density p,, ~ 8.4 g/cm?.
The sample LTP content was determined by Rietveld refinement of the neutron diffraction pattern
of ground powders and equals 91.1 wt%. M, of LTP MnBi material was determined by using the
saturation magnetization of aligned magnet measured at 90 kOe field oriented parallel to the align-
ment direction. By this strong field, the measured saturation magnetization can be considered as
the spontaneous magnetization M. According to [1], the RT measured magnetization is 74 emu/g,
corresponding to the RT M = 81.3 emu/g and thus 3.84 uB per Mn atom at this temperature for
MnBi material with 100 wt% of LTP content.
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Fig. 1. Unit cell of LTP MnBi crystal (left picture) [4] and six terms of exchange inter-
action J; figured in this unit cell to establish the unit cell magnetic moment (right) [5].

This value of M; was supported by the M (H) curve measured at RT for a perfect melt-spun
ribbon sample presented in Fig. 2. The ribbon sample was prepared by rejecting the melt of highly
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LTP-content MnBi alloy on the cooper 100
wheel rotated with the tangent speed 18 801
m/s. It is worthy to note that, in the case ig: ﬁf’
study, the wheel was equipped with the per- .55 204 -
manent magnet system creating the surface E 0
magnetic field of 3 kOe perpendicular to the = 'ig: :
wheel surface. The magnetic field assisted oo i
melt-spinning technique enhanced the for- -804 ———/
mation of LTP MnBi ribbon as did for Nd- e R R R T R R
Fe-B one [6]. H (kOe)
The temperature dependences of ) o
crystal structure and related magnetic struc- Fig. 2. M(H) loop of a perfect LTP MnBi ribbon

ture was investigated in [7]. The samples sample with M = 81 emu/g at 13.5 kOe.

were melt-spun ribbons with RT LTP con-
tent of around 95 wt%. One observes that,
the parameter of basal plane a=b is weakly
temperature dependent, meanwhile the pa-
rameter ¢ is obviously changed with tem-
perature. The Rietveld refinement revealed
that Mn-Mn distance is increased mono-
tonically from 10 to 600 K. The magnetic g i
. 70 1 & Calculated [9]. :

moments of Mn atoms turn to align along 2 0l + Esverimentaldaca 151,
the c-axis around 90 K, which is attributed - Fedeoh Al
to the spin reorientation at this tempera- 65 = '

L 0 100 200 300 400
ture. So, the combination of these features Temperature (K)
leads to the moderate temperature depen-
dence M,(T) for LTP MnBi material mea- Fig. 3. M,(T) of LTP powder measured at 90
sured in [1]. The similar behavior of M(T) kG [1]. The inset shows experimental [8] and cal-
observed in [8,9] is plotted in the inset of culated data [9] of My(T'). The dashed line is the
Fig. 3. The theoretical curve is smooth and Ms abrupt at 7. = 633 K [19].
goes to zero at 711 K, however the exper-
imental curve has an abrupt drop of magnetization at 633 K corresponding to the real value
of T, = 633 K [10]. Before the abrupt drop at 7., M decreases linearly with the coefficient
B =—(0.06-+0.07) emu/gK.
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IL.2. Coercivity

As any hard magnetic materials, MnBi is available to work in an external magnetic field
without losing its magnetization. The coercivity depends on spin — orbital interactions and is
expressed through the magnetocrystalline anisotropy energy density E, (the energy per volume
unit). For MnBi belonging to the hexagonal crystal structure, in the second approximation E, =
Kicos? 0 + K>cos*0 with 6 an angle between the easy axis and the external magnetic field.
Roughly E, is understood as the energy consumed for rotating the magnetic moment being par-
allel to the easy axis to the basal plane. The magnetocrystalline energy coefficients are K; =
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0.89 MJ/m> and K, = 0.27 MJ/m? [11], so MnBi owns the uniaxial easy axis along the c-axis of
unit cell since these coefficients satisfy the condition: K; > 0 and K > —K;.

The magnetocrystalline anisotropy energy determines the upper limit of coercivity ;H. of
the pure LTP MnBi compound. This limit equals the ideal nucleation field Hy associated with

two intrinsic parameters of material K, and M, Hy = 2K,,/M; [12]. For MnBi, by using the

approximation K, ~ K; + 2K, [8], My = 81.3 emu/g and p = 9.042 g/cm3, this limit, at room

temperature is estimated approximately Hy = 39 kOe Depending on the methods of estimation
of K,,, Hy suffers a great fluctuation, up to 56 kOe as announcedin [13]. Particularly, this upper
limit of coercivity should be for a dense MnBi bulk magnet owning an ideal microstructure with
non-defected, non-interacted, single-domain-sized, and perfectly aligned grains assembly. Any
deviation from these evidences leads to the reduction of ;H, far from this theoretical limit. So, the
high value of ;H. =~ 30 kOe was observed for monocrystalline samples grown from the eutectic
melt of Bi-rich compositions [14]. The ratio between ;H,. of real magnets to Hy of materials used
for making magnets is around 50 — 60% as calculated in [15]. There is the linear dependence
between Hy and ;H. for MnBi alloys in the wide range of temperature as reported in Ref. [16].
Unlike My, although being associated with E,, which, in turn, depends on the electronic structure
of materials, the coercivity is not pure intrinsic property of magnets. A drop of coercivity from
the upper limit of Hy depends on the perfection of powders used for making magnets and on the

route of producing magnets.

Since, the MnBi bulk magnets are
prepared using the powder metallurgy
method, so the grinding process of MnBi HeA
alloys is compulsory. The nature of ;H,
versus grain sizes D dependence is the H
change of domain microstructure from a g
normally distributed assembly of multi- ;5
domains grains of as-cast and as-annealed o : ;
MnBi alloys (see region 1V, Fig. 4 [13]) “ isingle o ?a _—
to the multi-domain but ordered assembly : ;s %o
of micrometer-sized grains of ground MnBi D D D D
powders, where the curling and buckling
modes of magnetization reversal can hap- Fig. 4. The scheme of variation of coercivity H,
pen (region IIT). By further reduction of D, versus reduction of grain size D for ferromagnetic
iHc stays on a plateau of maximum for the solids [13].

assembly of ordered single-domain-sized
(~ 0.25 um) non-interacted grains (region II) followed by and abrupt drop (region I) for very

fine (< 0.25 um) grains assembly. This region appears because the averaged (over small grain
volumes) magnetocrystalline anisoptropy energy is significantly decreased leading to the super-

homogeneous rotation

I3 l 7l curling and
L /7 “\ buckling modes

” I” IV log-normal distribution
: o grain size

multidomain particles

paramagnetism.
The dependence ;H.(D) was studied experimentally in [17-20], the results affirmed the

above said tendency. By increasing the ball-milling times f,,, the ;H. of milled powders first
increases, reaching a plateau and slightly drops when the grain size becomes smaller the domain
size of ~ 0.25 um (see the inset of Fig. 5). The direct dependence between ;H, and the grain sizes

D was reported in [19] and is reloaded in Fig. 5
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It is very important to note that, the
iHc(D) dependence of non-compacted pow-
ders is far from the ;H.(D) of compacted,
aligned grains and sintered bulk magnets.
Depending on the alignment technique, on
the compaction and the sintering condi-
tions, the coercivity ;H. of bulk sintered
magnets is less than that of the green pow-
ders. This loss of ;H, is caused by the
energy minimizing of the system of com-
pacted and sintered magnets. This effect
leads to the complicated process for opti-
mizing the relationship between the grain
size distribution of green powders, the pres-
sure of compaction and the mass density p
of final sintered bulk magnets. The very
dense magnet with over-larged value of p
increases the density of magnetic moment
in the given volume of magnets but de-
creases the coercivity and hence the square-
ness of magnets. The porous magnet with
low p serves a high ;H, but low remanence
M,, These evidences create an unbalance
between M, and remanence coercivity ,H,
thus leads to the reduction of magnet en-
ergy product (BH ) nax

Within the fixed grain size distribu-
tion, the grain microstructure features such
as phase distribution, morphology, and de-
fects affect significantly on the coercivity
mechanism and the coercivity values of
magnets. The phase composition and dis-
tribution are crucial problems in establish-
ing coercivity of MnBi bulk magnets. The

multi-phase morphology of MnBi alloys as well the ground powders is closely connected with the
peritectic nature of solidification of Mn-Bi system, which is clarified on the system phase diagram

shown in Fig. 6.

The LTP MnBi is solidified from the melt of Mns(Bisg along the vertical arrow. Depending
on the cooling rate, the MnBi alloy is solidified with the inclusions of Mn and Bi, the concen-
trations of which are varied by the ratio between the arms oa and ob, respectively. Besides, the
ferromagnetic phase MnBi LTP forms only when the temperature is below 613 K, otherwise the
phase should be paramagnetic with the composition Mn; gsBi. The compositions left from the
point ¢ (see Fig. 6) solidify Mn-Bi alloys containing only LTP and Bi, so the eutectic composition
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adopted from [19] and ball-milling times (see the

inset [20]).
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Fig. 6. The binary phase diagram of Mn-Bi sys-

tem adopted from Ref. [21].

at the point d was used for crystalizing monocrystalline sample of LTP in the melt of Bi.



NGUYEN VAN VUONG 447

The mentioned feature of the phase diagram prevents alloying the pure LTP composition.
The MnBi alloys contain LTP regions surrounded by Bi and Mn inclusions as observed in all sam-
ples prepared by different methods and by different investigators working in different laboratories.
A typical picture of this multi-phase microstructure of arc-melted alloy samples can be seen on
the SEM-micrographs taken by the table scanning electron microscope TM3000 of Fig. 7 adopted
from Ref. [22]. The authors of this work demonstrates that different cooling rates regulated by the
self-mass of batches (1g, 3g and 8g for a, b and c pictures, respectively) create different sizes of
MnBi (grey color), Bi (white) and Mn (black) phase regions. The lower cooling rate the bigger
region sizes.

:
TM3000_LAB

Fig. 7. The SEM-microstructures of as-cast arc-melted MnBi alloys. The pictures are
adopted from Ref. [22].

Since in as-cast arc-melted alloys the

LTP content is low, less than 30 wt%, to in- 80 b
crease the magnetization the annealing process 70 - 0.5h Mn_Bi
is completely required. Parallel to the men- 60] =——2h

tioned multi-phase feature, there is the effect
of separation and accumulation of low melting
Bi (at 544 K) into clusters. These clusters, one
side, hamper the LTP content enhancement to
keep M; on the low level and other side, re-
duce the isolation layers between LTP regions
and thus effect on the coercivity.

In principle, the mixed microstructure
of non-magnetic Bi and antiferromagnetic Mn
inclusions should enhance the coercivity since
this mu}ti—phase microstructure can sw?tch the Fig. 8. The virgin M(H) curves of MnssBias
nucleation process of reverse domains into the alloys ball-milled for 0= 6 h [20]. The black
domain wall pinning. This switching can be points remark the pinning fields.
followed by observing the initial magnetiza-
tion curve measured for MnBi alloy samples ball-milled for different times (see Fig. 8). As dis-
cussed below, during the ball-milling process the LTP MnBi decomposes into Bi and Mn and thus
increases pinning centers, so the virgin magnetization curves switch from the behavior of coher-
ent rotation to the pinning one leaving the kinks on this curves for the ball-milled samples. It is
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[
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worthy to note that the coercivity switching mechanism is dimed by the Bi accumulation, so the
mentioned behavior of virgin magnetization curves is not standard for MnBi system and depends
on the individual samples.

The temperature dependence of ;H, is specific for MnBi system, it is featured by the pos-
itive thermal coefficient d(;H.)/dT > 0. This valuable specification extends the application of
MnBi bulk magnets until ~ 473 K, at which the (BH )max is kept on the level 6 MGOe [23] com-
petitive with that of NdFeB magnets. The ;H.(T) is firstly discussed for MnBi ribbons samples
in [8], where ;H, continuously increases by increasing T from 98 to 553 K (see Fig. 9a). The main
reason supporting this useful dependence is the temperature dependent of the magnetocrystalline
anisotropy energy coefficient K = Kj + K, as shown by the inset of Fig. 9a. This temperature
dependence is conservative for other samples as bulk magnets prepared by the Spark Plasma Sin-
tering at 533 K, 120 MPa for 30 s (sample SPS 1) and 120 s (SPS 2) and Hot Compaction at
200 MPa for 5 min. at 473 K (HC 1) and 573 K (HC 2) (see Fig. 9b).

2.0 ——— 30— . —~
iaf ] —+—SPS2 J/ b)
st * SPS1 V4
Sl | e ‘X
el -8 E 2|« Hc2 rI »
g: 1.2 o4t ‘? _', / ‘_-’
s el >
:‘:‘; . U100 200 % .’_,-
3 0.8 8 14 //_1
0.6 ‘S
0.4 x . 3
e o
0.2 04 oo 9o o
0.0 '60- - 3(1)3 . 560 o 0 100 200 300 400 500 600
T (K) Temperature (K)

Fig. 9. The temperature dependent ;H. of MnBi ribbon (a) [8] and bulk magnets (b) [13].

III. MnBi BULK MAGNETS
III.1. Bulk magnets

The goal of developing hard magnetic materials is closely related with their applications.
Owning interesting application for magneto-optics [24] and thermo-magnetics [25], the applica-
tion as high-temperature bulk magnets alternative to the high-cost NdFeB ones is expected as a
great potential for low-cost MnBi magnets.

Despite numerous efforts spent, the past development of performance of MnBi bulk mag-
nets is sluggish [26-38]. This history of development of (BH )max is summarized in Fig. 10. The
starting value of 4.3 MGOe was obtained in 1952 year. The drop of (BH),,,, down to 2.3 MGOe
was caused by using a binder (8 wt%) to compact powders into magnets. After 1960 year, the
applications of MnBi based materials were focused for the magneto-optics and the storm develop-
ment of rare-earth containing magnets annulled any attempts of MnBi bulk magnet development.
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From 2010 year, where the world stood against the crisis of rare earth element prices, the study
of MnBi magnets hase been renewed. The numerous efforts of scientists created a fast growth of
(BH )max during past 9 years and attend towards 12 MGOe for 2020 year.

124

(MGOe)

max
(=]
PR

(BH)

1960 1980 2000 2020
Years

Fig. 10. The history of (BH )max values of prepared MnBi bulk magnets.
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Fig. 11. The schematical M(H) and B(H) loops of an ideal magnet (left picture) and 2nd
quadrand of B(H) loop of a MnBi magnet (right picture).

To discuss what is the near future of development of MnBi bulk magnets, one plots in
Fig. 11 the M(H) and B(H) full quadrant loops of an ideal magnet. This type of loops can be
observed, for example, for high-performance NdFeB dense magnets [39]. MnBi belongs to the
type of materials of high magnetocrystalline anisotropy energy, so 2"¢ quadrand B(H) curve is
linear and (BH )max can reach (,H, - B,)/4 if ,H, > B,. Therefore, in order to maximize (BH )max
one has maximize B, (or M,) and ,H..

To maximize M,, one has to own high M; and large ratio M,/M;. The value of M; depends
on the LTP content, the alignment degree of green powders and the sintering conditions. To
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maximize ,H,, the magnet coercivity ;H, and the squareness y must be kept high. The problems
concerning the coercivity ;H. of magnets were considered above. The value of ¥y depends on the
alignment degree, the value of ;H, and coercivity mechanism functioned in magnets. The status
of physics and techniques to solve these problems is discussed in the next section.

II1.2. Towards making high-performance bulk magnets

The theoretical value of (BH),,, of MnBi bulk magnets can be estimated by the above
formula (BH),,,x = (,H.-Br)/4 with the balance between ,H. in kOe and B, in kG. By using M
in the range of 74 < 81.3 emu/g and p in the range 8.6 + 9.042 g/cm?, the averaged value of the
upper limit (BH),;,,, is 18.5 MGOe. The current value of (BH),,,, is 8.4 MGOe [1] and is taken
under a great focus for finding novel approaches to increase towards the upper limit value. It is
worthy to note that the efforts spent in past time for searching novel approaches seem inefficient
since the difficulties one faced with are fastened with the fundamental problems of MnBi system
which will be considered below.

1.2.1. MnBi alloy LTP content improvement

Because of the peritectic nature of solidification, independing on the alloying methods used,
the LTP content of Mn-Bi alloys is less than 30 wt%. The LTP content improvement, therefore, is
necessary and up to now is made by using the isothermal annealing process. Since the annealing
temperature 7, is restricted below 613 K, the annealing duration must be extended for a long time,
from several tens of hours to several weeks. The mechanism of LTP enhancement during the
isothermal annealing has been proved to be diffusive [40]. Because of the accumulation effect of
Bi announced above, with the time the diffusion coefficient is decreased and annulled, so the full
content 100 wt% of LTP should never reached.

To produce high LTP content MnBi alloys in massive scale, some non-traditional methods
are tested, such as the temperature gradient assisted zonetravelling for LTP ~ 85 wt% and the
multi-time annealing with LTP up to 96 wt% [41]. The kilograms scale production has been
also claimed in [42], where the vacuum heat treatment, milling and sieving steps are performed
iteratively to achieve a fraction of LTP-MnBi in the high-purity alloy product greater than 95 wt%.

II1.2.2. MnBi powder LTP content improvement

The high LTP-content MnBi alloys are the starting materials utilized in making green MnBi
powders. The high LTP content creates the high value of M;. Ordinarily, the coercivity ;H. of
MnBi alloys is less than 1 kOe, so the green MnBi powders must be manufactured by grinding
alloys for a long time to get the grain size preferred in the range 0.25 to 1 ym, in order to increase
;H¢ (in kOe) more than the starting value M; (in kG).

There is a bad effect occurred during the milling process which is featured specially for
MnBi material. This effect is the LTP decomposition into Mn and Bi that occurs under collision
force of milling. This effect depreciates the grinding process, since the coercivity enhancement
becomes worthless once the LTP content and thus My is depressed. The decomposition effect
was observed in all investigation works done for MnBi systems, that means the effect is closely
connected with the thermodynamics of systems rather than with technical problems. The effect
firstly was discussed in [43] but was skipped for a long time and is emphasized in [44], where the
effect was depressed partly by using the dopants of Cu, Al. This decomposition effect is the main
culprit of preventing the performance of MnBi bulk magnets and needs to be deeply explored and
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solved in the near future in order to keep constant or to improve LTP content of MnBi ground
powders.

M1.2.3. Balances required for compacting and sintering MnBi bulk magnets

Once we have a high-;H, and large-M; green powders, the high-performance bulk magnets
cannot be produced automatically. The high performance of MnBi bulk magnets requires to keep
following conditions: i) A high alignment degree of the in-mold aligned particles; ii) To opti-
mize the pressure value applied for compacting the aligned particles into a green magnet; iii) To
optimize the hot compaction sintering conditions.

The high alignment degree is the first requirement one has to warrantee in order to get
anisotropic magnets. The alignment degree { depends on the mutual directions of pressure and
alignment field as well the strength of a magnetic field existed in the gap of an electric magnet. {
can be estimated by using the ratio between the intensity peaks MnBi ;) and MnBi ;) appeared
on the XRD pattern taken from the magnet surface with normal vector parallel to the alignment
field (parallel surface) related to the theoretical value 0.102 of this ratio. The coefficient § is 1 for
non-aligned magnets and reaches infinity for ideal textured magnets.

For example, the XRD pattern of parallel surface of MnBi in-epoxy aligned magnet under
18 kOe field is presented in Fig. 12a. Because of the high alignment degree, the peaks (002) and
(004) appear strongly and the rest of peaks is disappeared. The coefficient { of this in-epoxy
bonded magnet is 258.

a\ MnBi (002)
|
< =
N .
> = :
k= & /1 to aligned field
4 =
g MnBi (004) g
— o
=
MnBi (101) & i ‘l | L to aligned field
\\ An N J OO S T S
20 30 40 50 60 70 80 90 25 30 35 40 45 50 55 60 65
20 (deg.) 2 theta (degree)

Fig. 12. (a) The XRD pattern of parallel surface of in-epoxy highly aligned MnBi par-
ticles [33], (b) The XRD pattern of parallel and perpendicular surfaces of a MnBi bulk
magnet [34].

In practice, because the bulk magnet is aligned in a mold, so the rotation of particles is not
free, so the coefficient { of real bulk magnets is less than that of the in-epoxy bonded magnet.
Fig. 12b plots the typical XRD pattern of in-mold aligned, compacted and sintered MnBi bulk
magnet. In comparison with Fig. 12a, the XRD patterns of parallel and perpendicular surfaces of
the magnet contain all peaks of MnBi phase. However, the texture of peaks of these two surfaces
is different. On the XRD pattern of perpendicular surface the peak (002) disappears, the ratio
Ivingi(002)Imnsi(io1) 18 zero. In contrary, on the XRD pattern of parallel surface the peak (002) is
enhanced, the ratio Iy,p;(002)/Imnsi(101) = 4.8, thus the alignment degree of this magnet (is47.4.
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After aligning in a field, the assembly of aligned and magnetized particles must be com-
pacted into a green compact used for sintering magnets. By applying a compact pressure P, the
distances between particles decrease, the mass density of the green compact increases. However,
this increase of density should affect the magnetostatic field of the compacted system and can
decreases the coercivity ;H.of the green compact in order to minimize the energy of the compact
system. These both contrary processes lead to an optimal value of P,,, which creates a good bal-
ance between the mass density and ;H. of magnets. The practical value of P,,, depends on the
mold construction and was announced, for example, equal 1800 — 2000 psi in Refs. [23,33, 34].

It is clear that, the sintering conditions affect directly the magnetic properties of final mag-
net products. For MnBi system, the following attentions must be paid: i) the sintering temperature
T, must be lower than 613 K and higher 544°C. The first value corresponds to the upper limit,
over which the LTP can be destroyed. The second value is the melting temperature of Bi, over
which the sintering process occurs intensively; ii) the sintering time f,,, must be short, around
some tens minutes to avoid any destroys of LTP content; iii) the sintering must be conducted un-
der pressure P,,, by other word the hot compaction procedure must be dealt with. The practical
values are T, ~ 573 K, t,4 ~ 10 — 30 min., P,, ~ 2000 psi [23,33,34].

The current best MnBi bulk magnet was prepared almost by using the above mentioned
procedures. The (BH),,,,, is 8.4 MGOe, The M(H) loops are shown in Fig. 13 [34].
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Fig. 13. (a) M(H) loops of MnBi magnet measured at 9 Tesla field parallel (//) and
perpendicular (L) fields, (b) M, B(H) curves of the magnet measured at RT parallel field
and (¢) M(H) of the magnet measured at 300, 350 and 400K parallel to alignment field
direction [34].

IV. CONCLUSIONS

The paper gives a critical review on the magnetism of rare-earth-free hard magnetic MnBi
material. The crystal structure, the phase microstructure and the related spontaneous magnetiza-
tion and coercivity are presented and discussed in detail. The actual problems to be solved in order
to enhance further the performance of MnBi bulk magnets are discussed critically.

The paper emphasizes, that the destiny of further development of MnBi magnets is closely
connected with the ferromagnetic phase (LTP) decomposition effect which occurs intensively
under impact forces. This effect prevents any efforts to produce high-performance MnBi green
powders used for making high-performance MnBi bulk magnets. This effect is fundamental, the
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mechanism of which is not clear and the numerous approaches tested until today are not suffi-
cient to depress or cancel it. So, the first priority must be seriously paid for studying and solv-
ing this effect. Once this decomposition is restricted or cancelled, low-cost bulk magnets with
(BH ) ax ~ 10-12 MGOe at RT and 6 — 8 MGOe at 423 — 473 K (150 — 200°C) will be produced
in a large scale and will join the world magnet market.
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