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Abstract MnBi-based alloys represent an interesting
choice for developing rare earth-free permanent magnets
due to the high magnetocrystalline anisotropy of their char-
acteristic low-temperature intermetallic phase (LTIP) with
hexagonal structure. In this work, we discuss the switching
of coercivity mechanism in MnBi alloys by modulation of
their phase distribution and microstructure. As-cast MnBi
alloys obtained by suction-casting technique exhibited LTTP
interspersed within Bi- and Mn-rich areas. A noticeable
coercivity field of 282 kA/m was observed. The coerciv-
ity mechanism for this alloy was explained in terms of the
nucleation of reverse domains after saturation, by means of
the Kronmiiller equation, which incorporates the detrimen-
tal effect of microstructure defects through fitting param-
eters associated to reduced intrinsic magnetic properties at
grain size boundaries, interfaces, and local demagnetizing
fields. Subsequent annealing at 583 K for 24 h produced a
marked reduction of coercivity (down to 16 kA/m), reflect-
ing a switching of coercivity process from nucleation to
pinning of domain walls. The key microstructural feature
determining this variation is the formation/suppression of
Bi-rich areas, which promotes the nucleation and growth of
the initial MnBi intermetallic phase.
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1 Introduction

The search for new permanent magnets with rare earth-free
compositions has elicited a renewed interest due to the pos-
sibility for obtaining high-performance magnets at compet-
itive cost relative to the well-known neodymium-iron-boron
supermagnets. In particular, MnBi-based alloys represent an
interesting option for developing permanent magnets due
to their characteristic low-temperature intermetallic phase
(LTIP) possessing ferromagnetic ordering with Curie tem-
perature around 620 K and an NiAs-type hexagonal struc-
ture with spatial group P63/mmc. LTIP presents an attractive
uniaxial magnetocrystalline anisotropy characterized by an
anisotropy constant (K1) of 0.90 x 10° J/m? and a satura-
tion magnetization (upMs) of 0.73 T, which compares very
well with other types of hard magnetic materials, such
as hard ferrites and rare earth-iron-boron alloys with off-
stoichiometric compositions [1, 2]. In addition, MnBi alloys
have positive temperature coefficient of coercivity [3-6],
which renders these alloys as suitable magnetic materials
to obtain permanent magnets able to operate at high tem-
peratures, and hence, with great potential for a variety of
applications including wind turbine, electric vehicle, mag-
netic transmission machines, and microelectro-mechanical
systems [7]. Unfortunately, obtaining a single-phase LTIP-
MnBi alloy is difficult, because its formation occurs through
a peritectic reaction, and thus, the formation of secondary
phases is not easy to avoid, according to the phase diagram
shown in Fig. 1 [8].

Thermodynamically, at the peritectic point, the trans-
forming phases, i.e., liquid and Mn, will form the Mn-Bi
phase. As the diffusion process for this alloy is extremely
slow (at low temperatures) [9], the full formation of such
intermetallic phase is normally not achieved, that is why the
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Mn or Bi phases are normally observed within the structure.
Nevertheless, it has been reported that the formation of the
LTIP is feasible by rapid cooling from liquid temperature
to below 628 K [10]. Above this temperature, a structural
transition occurs from NiAs type to a distorted hexago-
nal Ni,In type, changing the magnetic phase transition to a
high paramagnetic temperature phase (HTP) [10, 11]. How-
ever, the first peritectic decomposition is located at 628 K,
MnBi — Mn; ggBi + Bi-rich liquid and a subsequent phase
decomposition takes place at 719 K, according to the fol-
lowing reaction: Mnj pgBi — Mn + Bi-rich liquid [I1,
12]. Additionally, there is a eutectic reaction at 535 K,
L — Bi + oMnBi, which causes a decrease in the operating
temperature. When the HTP is rapidly cooled, a metastable
state identified as ferromagnetic high-temperature phase
(QHTP) with a Curie temperature of 440 K is obtained [12].
Several methods have been reported for obtaining the LTIP,
such as arc melting, powder metallurgy, melt spinning, and
induction furnace [10, 13-20], for which coercivity val-
ues within the range 4.0-955 kA/m were attained, together
with saturation magnetization variation between 0.1 and
0.7 T. For these methods, a subsequent heat treatment is
required to achieve a complete phase formation [1]. On the
other hand, in ref. [21], it is reported a different preparation
approach based on metal-redox method to synthesize single-
domain MnBi nanoparticles stable in air, with average size
below 300 nm, for which remarkable coercive fields as
high as 1193 kA/m were achieved, together with saturation
magnetization of 0.48 T.
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An important aspect for developing high-performance
permanent magnets is the proper understanding of the coer-
civity mechanism governing the magnetic hardening of the
material. In this sense, the main approaches for describing
the coercivity (H,) of magnetic materials are the nucleation-
controlled process and pinning of magnetic domain walls.
For the first case, the development of high H. values
relies on the nucleation field Hy necessary for the onset
of magnetization reversal, which occurs at the interface of
non-magnetic grains, defects, or significant misalignment
between magnetic grains [22]. On the other hand, pinning of
magnetic domain walls depends on the size and morphology
of the phases present within the material’s microstructure.
The critical length Ly for the formation of magnetic
domains is given by [22] the following:

72 AK;

pmoM?

where A corresponds to the exchange constant of the
material. If the magnetic phase has a characteristic length
L > L., magnetic domains will appear as part of the mag-
netic structure in order to decrease the overall magnetostatic
energy of the material. The concomitant formation of mag-
netic domain walls will promote a coercivity mechanism
by means of their pinning at the defects of the materials’
microstructure, such as inclusions, secondary non-magnetic
phases, vacancies, grain boundaries or interfaces, for which
the intrinsic magnetic properties (such as K1, A, or M) are
usually reduced or even vanished.
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In this work, we report and discuss the phase constitu-
tion and its influence on the coercivity mechanism of MnBi
alloys obtained by a suction casting technique, a preparation
route not reported yet for this type of alloys.

2 Experimental Techniques

Initial ingots of Bi—-Mn master alloy were obtained by
means of arc melting of elemental constituents in a titanium-
gettered inert atmosphere. The samples were remelted at
least five times to ensure chemical uniformity. From the
master ingots, cylindrical rods were prepared by the suction
casting technique with the following dimensions: 3-mm dia-
meter and a length of 30 mm. After that, the cylindrical rods
were annealed at 583 K for 24 h in argon-filled sealed quartz
tubes and subsequently quenched in water. Phase distribu-
tion was determined by x-ray diffraction (XRD) using a
Siemens D5000 diffractometer with Co—Ka radiation (A =
1.7903). Microstructural analysis was performed by a field-
emission scanning electron microscopy (SEM) in a JEOL
7600F equipment. Magnetic measurements were carried out
by using a vibrating sample magnetometer (VSM) LDJ
9600 with a maximum applied field of 1193 kA/m. Curie
temperature was determined by using magnetic thermo-
gravimetric analysis (MTGA) in a TA Q500 thermobalance
with a heating rate of 10 K/min, coupled with a permanent
magnet.

3 Results
3.1 Phase Distribution Analysis and Microstructure

Figure 2a shows the XRD pattern corresponding to the
as-cast alloy obtained by suction casting. The diffrac-
togram revealed the presence of elementary Bi, Mn, and
the LTIP-MnBi, according to the ICDD files [00-044-1246],
[01-089-2412], and [03-065-8733], respectively. From the
main peaks, the experimental unit cell parameters for the
LTIP-MnBi were determined as a = 4.305 A and ¢ =
6.128 A, yielding a unit cell volume V = 98.37 A3. These
results are consistent with those reported in the ICDD
PDF #03-065-8733 (a = 4.305 A, ¢ = 6.118 A, and V
= 98.19 A%). The precipitation of the secondary phases
can be attributed to the fact that, during the cooling pro-
cess, Bi tends to nucleate from sub-cooled liquid before
the formation of the peritectic phase LTIP-MnBi [16, 17],
whereas the segregation of Mn is favored by the pres-
ence of Mn—Bi + liquid area during the peritectic reaction.
The presence of secondary phases such as elemental Bi
and Mn has been also reported in others works such as in
[17, 23, 24].
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Fig. 2 XRD pattern for a as-cast MnBi alloy and b MnBi alloy
annealed at 583 K for 24 h

Figure 2b shows the XRD pattern of the alloy after the
heat treatment at 583 K for 24 h. This figure clearly shows
that all the diffraction peaks of segregated Bi disappeared
and that LTTP-MnBi phase remains as the main structural
component of the heat-treated alloy. Minor secondary (Bi,
Mn)-oxide phase was also identified, which reflects the
susceptibility of the LTIP-MnBi to oxygen presence. After
heat treatment, the amount of the intermetallic MnBi phase
increased due to the mixing of the remaining Bi atoms with
Mn to form LTIP. Nevertheless, once the Bi was depleted,
the remaining portion of pure Mn was heterogeneously
segregated in the form of o-Mn.

Figure 3 exhibits an SEM micrograph for the MnBi as-
cast alloy. Within this figure, three regions are clearly visible
(Fig. 3a): black zones dispersed over a dominant light gray
region, together with dark gray areas. Energy-dispersive
spectroscopy (EDS) composition analysis showed that such
regions corresponded to pure Mn, pure Bi, and to the
LTIP-MnBi, respectively (Fig. 3b). This MnBi phase is
observed throughout the sample with undissolved Mn par-
ticles embedded in a diamagnetic Bi-rich matrix. Clearly,
the cooling rate of the suction-casting process is not fast
enough to prevent Mn from precipitating as segregated
phase. The MnBi areas showed variable sizes, i.e., with
lengths between 2.0 and 6.0 um, whereas the Mn and Bi
zones displayed lengths between 5.0 and 3.0 pum, respec-
tively. Few inclusions with darkest contrast within Mn zones
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Fig. 3 a SEM micrographs for the as-cast MnBi alloy obtained by
suction-casting technique showing LTIP-MnBi zones together with the
segregated Mn and Bi phases. b Amplified image from the highlighted
white square

(Fig. 3b) correspond to the (Mn, Bi)-oxide. According to the
phase diagram (Fig. 1), the Mn is in a liquid phase for tem-
peratures above 1373 K and, for cooling below the eutectic
temperature 565 K, the alloy will contain a minor amount
of segregated Bi promoting the formation of LTIP-MnBi.
However, as the MnBi melt begins to cool down from the
liquid to the peritectic temperature 628 K, the segregation
of Mn occurs concomitantly, which in turn favors its pre-
cipitation together with Bi and MnBi intermetallic phases.
Once the peritectic temperature is reached, the MnBi phase
begins to solidify surrounded by the Bi-rich phase.

In contrast, the microstructure of the annealed sample
(Fig. 4) indicated that pure Bi zones were suppressed,
whereas numerous round-like grains of manganese are still
present, having an average length of 1.41 £ 0.6 um, embed-
ded within a majority LTIP-MnBi areas. Annealing temper-
ature below 613 K promotes the diffusion of more Mn atoms
into bismuth lattice sites and hence, facilitating the precip-
itation of MnBi phase [25]. Such MnBi areas exhibited a
noticeable growth, with uniformly distributed lengths rang-
ing from 30 to 50 um, as observed in Fig. 4. Some few (Bi,
Mn)-oxide areas were also identified, which are also consis-
tent with the XRD analysis. The formation of oxide phases
can be attributed to a small amount of remaining oxygen
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Fig. 4 SEM micrograph for the MnBi alloy annealed alloy at 583 K

for 24 h. LTIP is the predominant phase. A reduced amount of round-

like grains of Mn phase (with an average grain size of 1.41 &+ 0.6 um)
is observed embedded within MnBi matrix

within the casting chamber, which can react with the Mn
and Bi atoms during annealing.

3.2 Magnetic Properties

Second quadrant of the hysteresis curve (demagnetizing
section) measured at room temperature for the MnBi as-
cast alloy is shown in Fig 5a. This sample exhibited hard
magnetic behavior characterized by a noticeable coercive
field (H.) of 282 kA/m and a remanence magnetization of
0.01 T. Saturation magnetization (o M) was of 0.03 T. The
coercive field, being an extrinsic magnetic property, depends
markedly on microstructural features (grain size, point
defects, grain boundaries, inclusions, internal stresses, non-
magnetic phases) as well as intrinsic properties such as
magnetocrystalline anisotropy [22]. The presence of non-
magnetic Bi-rich zones interspersed between the magnetic
MnBi phase causes a dilution effect on the magnetic
moment of the alloy sample, leading to the rather low poM;
observed. Figure 5b exhibits the coercivity H. as a function
of temperature 7" within the interval 200-360 K, for which
the characteristic increasing behavior (magnetic hardening)
with increasing temperature of the LTIP is manifested.
Figure 5c displays the thermogravimetric (MTGA) curve
showing the weight variation AW as a function of tem-
perature for same alloy. The step-like form of the plot is
indicative of the magnetic order-disorder transition at the
Curie temperature, T;, which was located at 617 K. This T¢
value is consistent with the reported transition of the LTIP
[2,7].

Within the frame of the nucleation-controlled mechanism
for coercivity, it is possible to explain the development of
high H, values in terms of the nucleation field Hy neces-
sary for the onset of magnetization reversal, which occurs at
the interface of non-magnetic grains, defects, or significant
misalignment between magnetic grains. For our as-cast MnBi
alloys, the onset of magnetization occurs at the interface
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Fig. 5 Magnetic properties for the as-cast MnBi alloy obtained by
suction-casting: a demagnetizing M—H curve, b Coercivity field H. as

a function of temperature, ¢ MTGA curve showing Curie transition at
617K

between magnetic LTIP phase and non-magnetic Bi sur-
rounding areas since, at such interfaces, the reduction of
the magnetocrystalline constant K facilitates the nucleation
of reversed domains. According to Kronmiiller and Féahnle
[22], in order to incorporate the detrimental influence of
microstructural defects in real materials (point defects, grain
boundaries, non-magnetic phases) the proper equation for
H_ is given by

H, = Hy"ak — Negr(noMs) )

where H ]'\T,‘in represents the minimum nucleation field (H I‘J;i“
= K1/M;), ak is a microstructural parameter representing

the reduction of K; at the surface interfaces with non-
magnetic regions, and Nggr is an average effective demag-
netization factor describing the internal stray fields acting
on the grains. This equation for coercivity has been proved
successfully in sintered Nd—-Fe—B-based magnets [26, 27],
whose microstructural characteristics are equivalent to our
as-cast MnBi alloys. Since both ax and N parameters
are non-temperature-dependent, it is feasible to use them as
fitting factors in (2). Taking into account that the reported
variation of ax and N parameters for hard magnetic
alloys with equivalent microstructure is between 0.89-0.93
and 1.0-5.0, respectively [27], we use g = 0.91 and Negr
= 1.45 to obtain H, = 279 kA/m, which is very close to the
experimental result for our as-cast MnBi alloy. Kronmiiller
equation also sheds light on the increasing behavior of H,,
since K rapidly increases with increasing temperature [2,
28], which in turn determines a growing Hg,ni“(T) response
and hence, an augmenting H, with rising temperature.

Subsequent annealing of the as-cast alloy produced a
marked decrease for H; (down to 16 kA/m), alongside a
noticeable enhancement of pgMs (up to 0.47 T), as illus-
trated in Fig. 6 by the corresponding M—H curve. The
increment of My can be ascribed to the significant rise of the
volume fraction of ferromagnetic LTIP.

This adjustment of magnetic properties is indicative of a
significant change of coercivity mechanism causing a mag-
netic softening of the alloy. Specifically, the reduction of
H. can be attributed to the formation of extensive ferro-
magnetic LTIP areas (with typical lengths varying between
30 and 50 pum, see Fig. 4), favoring the formation of mag-
netic domain walls, which in turn, switches the coercivity
mechanism from nucleation to pinning process, and hence,
to lower H, values. The formation of magnetic domains for
MnBi structures with lengths ZM"Bi > 30 um is feasible
since its critical length (given by (1)) is Lgfi‘:Bi = 0.864 um
(considering the exchange constant of MnBi alloys as A =
2.86 x 107" J/m [22]), which clearly implies LM"Bi >
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Fig. 6 M-H curve for the annealed MnBi alloy at 583 K for 24 h
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Llc\firt‘Bi. Upon the formation of magnetic domains, the

remaining Mn grains act as inclusions promoting the pin-
ning of the domain walls. For pinning mechanism, the
propagation field H, associated to the coercivity of the
material can be calculated as follows [29]:

Yw

Hy=—"2— 3)
P oM Ry

where y,, stands for the energy of the domain wall and Ry
corresponds to the radius of the inclusion. By using y,, = 4
VAK|=2.03 x 1072 J/m? and Ry = 1.41 um (corresponding
to the average value of the Mn grains of 1.41 um %+ 0.6), we
obtain H, = H, = 19.7 kA/m, which is very close to the
experimental coercivity observed for our annealed MnBi
alloy.

4 Conclusions

The coercivity mechanism of MnBi alloys can be modulated
by phase constitution and microstructural features, in par-
ticular, through the formation/suppression of Bi-rich zones
surrounding the ferromagnetic LTIP, which in turn deter-
mines the alloy coercivity variation from 282 to 16 kA/m.
The coercivity mechanism switched from nucleation con-
trolled magnetization reversal mode for the as-cast alloy,
to pinning process promoted by the formation Mn-based
inclusions embedded within extensive LTIP areas.
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