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Bulk composites using powder blends of Mn and Bi with equal atomic ratios are consolidated and severely
deformed by high-pressure torsion (HPT). Subsequent annealing treatments lead to the formation of the ferro-
magnetic and rare-earth free hard magnetic a-MnBi phase. The initial phase formation is studied by in-situ high-
energy XRD annealing experiments showing a beneficial influence of HPT-deformation on the amount of a-MnBi.
The nucleation sites are strongly increased, thus the volumetric a-MnBi phase content exceeds 50 vol%. A lower
HPT-pressure of 2 GPa is found to be preferred over 5 GPa to obtain high a-MnBi contents. Annealing is done

with or without applying an external magnetic field. Additionally, influences of the HPT-induced shear defor-
mation are discussed and correlated with preferred diffusion path ways fostering the formation of anisotropic

a-MnBi phase.

1. Introduction

For several decades, the MnBi system has attracted attention of re-
searches. Already since the 1950's, the magnetic properties of this ma-
terial system have been studied, fostering the possible application as
permanent magnet material [1,2], and the equilibrium phase diagram
has been constantly improved [1-5]. Nowadays, phase transitions and
their crystal structures are widely understood [6,7]. The recent research
interest focuses on the intermetallic and ferromagnetic low temperature
phase of equiatomic composition, herein denoted as 'o-MnBi phase’, as
it exhibits exceptional hard magnetic properties. A rare and very inter-
esting phenomenon is the positive temperature coefficient of intrinsic
coercivity for temperatures T < 500 K [8,9], originating in a large and
peaking magnetocrystalline anisotropy of about 2.2 MJ/m? above 400 K
[6,10,11]. Thus, this material is particularly interesting as permanent
magnet for high-temperature applications. However, two drawbacks are
known: First, the low saturation magnetization (M) of hard magnetic
materials, which is about 79 emu/g for a-MnBi [12]. This could be
circumvented if exchange coupling between the hard magnetic a-MnBi
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phase and a soft magnetic material is induced. Second, processing of the
a-MnBi phase in sufficient quantities is a challenging task. Thus, the
main goal of this work is to show that a comparatively easy process of
severe plastic deformation by high-pressure torsion (HPT), in concate-
nation with an adequate, subsequent annealing step, can be used to
process large quantities of a-MnBi.

The current roadmap of fabricating MnBi based permanent magnets
starts with the formation of a high purity «-MnBi phase in the form of an
alloy or powder, which than has to be reprocessed to form bulk materials
usually referred to a top-down approach. A very effective way is to
utilize rapid cooling processes and subsequent annealing procedures.
Several studies show the presence of a-MnBi phase in materials after arc-
melting [8,13,14] or melt spinning [15-17], which then are grinded,
milled, magnetically separated and compacted. Maintaining good
magnetic properties during such consolidation processes is challenging
and a task on its own [18]. Sometimes this includes alignment of the
powders in a magnetic field or the alloying of additional elements, to
obtain a dense (anisotropic) green body [19,20]. At this stage of pro-
cessing, materials possess strongly refined particle sizes within the range
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down to the single domain size (about 250 nm [21]). A subsequent
proper annealing treatment allows the formation of the high tempera-
ture p-MnBi phase, which is transferred upon slow cooling and a peri-
tectic transition, to the a-MnBi phase [4,11,15,22,23]. Such procedure
significantly increases the amount of the desired phase, already showing
incredible results up to 98 wt% a-MnBi content. However, for industrial
utilization a high demand for a simplified processing route exists.

For this, a bottom-up technique is implemented, where the starting
materials can be powders and one directly obtains a bulk material. To
generate the desired a-MnBi phase, HPT, a severe plastic deformation
method is introduced herein. HPT-deformation allows to obtain large
sample sizes with dimension of several millimeters up to centimeters,
whereas the microstructure simultaneously features particle and grain
sizes in the range between micrometers to tens of nanometers [24]. As
starting materials, bulk materials or any powder blends, which can be
also consolidated in inert gas atmosphere, are convenient. To compare
this technique with other deformation processes, the applied shear
strain y is often converted to the von Mises equivalent strain ¢, which is
based on the equivalence of deformation energy and described by [25]
e L 2mr

N

where r is the radial distance of the analyzed part of the sample to the
HPT rotation axis, t the thickness of the cylindrical specimen in axial
direction and n the number of applied revolutions. Very large amounts
of deformation can easily be applied, as the shear strain is directly
proportional to the number of revolutions. HPT usually leads to a shear
texture and a pronounced grain refinement, yet in principle, a broad
variety of microstructural morphologies can be obtained [26]. The
possibility to combine completely different processing steps, inter alia,
powder compaction (equivalent to sintering), grain refinement and
texturing is notable and will open new opportunities in the production of
MnBi permanent magnets. The main drawback of HPT is the limited
sample size although an upscaling is possible [27]. However, HPT is the
easiest way to study the influence of high applied strains, and the results
can be adapted for more continuous and industrial relevant
manufacturing designs [28].

In this study, we first discuss the influence of HPT-processing pa-
rameters (e.g., applied pressure, amount of applied strain) on the for-
mation of the a-MnBi phase during subsequent annealing. The a-MnBi
phase formation is monitored by scanning electron microscopy (SEM) as
well as by high energy X-ray diffraction (HEXRD) in-situ annealing ex-
periments using synchrotron-radiation. In the second part, the annealing
procedure is further improved applying a vacuum and magnetic field
environment while annealing. The influence of the direction of applied
magnetic field with respect to the HPT-induced microstructural texture,
is extensively studied by SQUID magnetometry. The thorough investi-
gation of the large parameter space provides a sound knowledge on
influences of processing steps on the a-MnBi phase formation which
further allows to set the magnetic properties by tuning the process
accordingly.

2. Experimental
2.1. Sample preparation

Binary powder blends with an equal atomic ratio are mixed using
conventional high purity powders (Mn: Alfa Aesar 99.95%—325 mesh;
Bi: Alfa Aesar 99.999% — 200 mesh). Ball milling of the powder blends is
done by using an air-cooled planetary ball mill (Retsch PM400), with a
1:20 powder-to-ball ratio at 300 rpm and a total milling time up to 4 h.
To prevent heat development inside the jar, the milling process is
interrupted every 60 min for at least 30 min. To prevent oxidation, the
powder handling, ball-milling as well as the consolidation process is
carried out in an Ar-atmosphere. The powder blends are hydrostatically
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consolidated in the HPT device; these samples will herein be denoted as
HPT-compacted. Further samples are subsequently HPT-deformed at a
nominal pressure of 2 or 5 GPa for 30 revolutions and at room tem-
perature (RT) using a rotation speed of ~0.6 rpm supported by a high-
pressure air cooling to avoid a temperature increase through inner
friction. In the second part of this study, the development of an even
simpler process is intended, utilizing powder blends without previous
ball-milling. The powders are HPT-compacted and deformed by
applying 10 revolutions at a nominal pressure of 2 GPa at RT by 0.6 rpm
and high-pressure air cooling. To study the a-MnBi phase formation with
respect to the HPT-induced textured microstructure of Bi, an additional
Bi sample is processed from Bi-granules (HMW Hauner 99.99% < 5 mm)
and deformed by 25 revolutions at a nominal pressure of 2 GPa.

2.2. Annealing treatments

Quarters or eighths of HPT-deformed samples are conventionally
annealed (CA) under ambient conditions at 230 °C with dwell times
between 4 h and 120 h. The specimens are wrapped in a protective foil
before the isothermal treatment. After the annealing process, they are
quenched in ethanol.

For in-situ HEXRD experiments, quarters of HPT samples are inves-
tigated by heating them with an in-situ heating stage (THMS600
Linkam, Tadworth, United Kingdom), entailing a custom-made sample
holder to mount the samples inside an Ar-flushed chamber, suppressing
the formation of oxides. The specimens are heated with a heating rate of
2°Cs~}, isothermally held at 240 °C for 3 h followed by furnace cooling
down below 40 °C. The lattice parameter change of a reference Cu
specimen upon the same annealing treatment settings is used to calibrate
the recorded temperature measured by a thermocouple mounted in the
heating plate underneath the sample.

The Magnetic field assisted Vacuum Annealing (MVA) procedure is
realized by a custom-made vacuum chamber fitting into the homoge-
neous field region provided by the conical pole pieces (diameter of 176
mm) of an electromagnet (Type B-E 30, Bruker), operated at a constant
magnetic field of 2 T. Within the vacuum chamber, two copper blocks,
each containing a cartridge heating element (Keller, Ihne & Tesch Ges.
m.b.H.; HHP, #10 x L50 mm, 100 W) are positioned. These blocks
embrace an especially designed copper specimen holder. Fig. 1a) shows
a photograph of parts of the specimen holder on the upper left and a
schematic representation of the described vacuum set-up. The specimen
holder hosts up to eight halved HPT discs (drawn in green), which are
heated by the direct heat transfer through the copper stock. A thermo-
couple is mounted next to the specimens allowing to monitor the con-
stancy of the temperature, which is set to 240 °C for all MVA
experiments. The applied external magnetic field is recorded using a
Hall-probe (Model 475 DSP, Lakeshore), placed next to the vacuum
chamber.

The applied shear strain during HPT-deformation is known to induce
a crystallographic alignment (texture), which accordingly influences the
magnetic properties [29]. Therefore, the applied field direction during
MVA with respect to the HPT-disc orientations is expected to have an
impact on the a-MnBi formation. For this reason, the sample holder al-
lows a perpendicular and parallel mount of the sample axis in regard of
the applied magnetic field. As depicted in the schematics (Fig. 1b)), the
applied external field (H-field) penetrates the HPT-disc, allowing to
extract pieces, which are field annealed parallel to their axial, tangential
or radial HPT-disc direction. In the following, these samples are denoted
as Buy, Btan and Biaq, respectively.

2.3. Microstructural characterization

The microstructure is investigated using a SEM (LEO 1525, Carl Zeiss
Microscopy GmbH), where images are recorded in backscattered elec-
tron (BSE) mode in tangential HPT-disc orientation. Electron backscatter
diffraction (EBSD) examination is performed with a Bruker e -Flash™
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Fig. 1. a) schematic representation of the vacuum annealing construction. two heating elements are embedded in copper blocks, heating the sample holder
(photograph on upper left) by direct contact. the samples (illustrated in green) can be mounted in two different orientations (parallel and perpendicular to the applied
external field). b) the external applied field penetrates the sample in three different directions with respect to the hpt-disc orientation (radial, tangential, axial).
within one sample, three pieces for squid measurements with different field annealing directions are obtained.

detector and for chemical analysis, energy dispersive X-ray spectroscopy
(EDX; XFlash 6|60 device, Bruker) is applied. X-ray diffraction mea-
surements (XRD; Bruker Phaser D2, Co-K,-radiation) are applied to the
plane surface with the diffraction vector in the axial direction of the
HPT-disc. References for expected peak positions are taken from the
Crystallography Open Database (Mn: COD 9011108, Bi: COD 9008576,
a-MnBi: COD 9008899) [30]. Hardness measurements (Micromet 5104,
Buehler) are performed in tangential HPT-disc direction on the polished
sample with an indention load of 50-100 g. The sample’s density is
determined by a balance (Sartorius Secura225D-1S) and a density
determination kit (Sartorius YDKO03), applying the principle of Archi-
medes. The density of the reference medium (soapy water, p =
0.997105 g/cm3) is measured using a reference volume (10 cm?).
Magnetic results are obtained by a SQUID-magnetometer (Quantum
Design MPMS-XL-7, Quantum Design, Inc., San Diego, CA, USA) oper-
ated with the manufacturer’s software MPMSMultiVu Application
(version 1.54). All hysteresis loops are measured between + 65 kOe.
Synchrotron high-energy X-ray diffraction (HEXRD) experiments are
performed in transmission mode, parallel to the axial HPT-disc direc-
tion, at the beamline P21.2 at PETRA III (DESY, Hamburg, Germany)
[31]. The spot size is set to 200 x 200 pm? and a photon energy of 60
keV is used. Wide-angle X-ray scattering (WAXS) diffraction patterns are
recorded by two Varex XRD 4343 CT flat panel detectors at 0.2 Hz
during the in-situ annealing treatment. The experimental setup is cali-
brated using LaBg and 2D patterns are azimuthally integrated using
PyFAI [32].

3. Results
3.1. Influence of pressure and HPT-deformation on a-MnBi formation

A highly uniform Mn and Bi phase distribution is required to focus on
the characteristics of the a-MnBi phase formation, which is realized by
ball milling of the powder blends. To monitor the ball milling process,
the milling process is interrupted every 60 min and measured by XRD.
The XRD pattern are shown in Fig. 2 wherein the position for theoretical
reference peaks of Mn, Bi and the a-MnBi phases are indicated by ver-
tical lines. The diffraction patterns reveal peak broadening within the
first two hours but no further significant changes regarding phase evo-
lution, peak intensity changes or peak broadening up to 4 h milling time
are visible. Thus, after 4 h a steady state seems to be well established and
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Fig. 2. XRD measurements of a MnBi powder blend after ball milling for
different times. Peak broadening stagnates after 2 h of milling time. No a-MnBi
phase formation is detected.

this powder is used for further experiments.

To separate the influence of HPT-consolidation and HPT-
deformation on the a-MnBi phase formation, further experiments are
performed on compacted powder blends, whereby one sample is com-
pacted at 2 GPa and another one at 5 GPa. The compacted samples are
cut and suspended to annealing treatments at 230 °C in ambient con-
ditions for different times. BSE images recorded in tangential HPT-disc
direction are presented in Fig. 3. The samples compacted at 2 GPa and
5 GPa are shown in the first and second column respectively, while the
annealing time increases from top to bottom. In the as-compacted state
(labelled with 0 h) a microstructure with homogeneously dispersed Mn
particles, is found. After 4 h annealing, a contrast change of the 2 GPa
compacted sample indicates the formation of a new phase (marked by
arrows).

When annealing for 24 h, this phase appears as cigar-shaped sil-
houettes for both samples. However, larger, but less “cigar-regions” are
found for the 2 GPa sample compared to the 5 GPa sample. EDX mapping
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Fig. 3. BSE images of HPT- compacted MnBi powder blends, compacted at 2
GPa or 5 GPa (left and right column) and annealed under ambient conditions
for different times at 230 °C. The last row shows a magnified region of the 2
GPa and 48 h annealed state (white-rimed rectangle), where the distribution of
Mn and Bi is visualized by the EDX signal. The cross-sections are recorded in
tangential HPT-disc direction, with the axial direction pointing vertically.

of a part of one of these “cigar-regions” (shown in the last row of Fig. 3)
reveal an equally strong and coeval appearance of Mn (orange) and Bi
(green). Quantitative analysis gives an indication for the presence of the
a-MnBi phase, but small Mn particles being present within the analyzed
volume impede accurate quantification. The uniform distribution of Mn
and Bi does not prevail outside these “cigar-regions”, where a strict
distinction between the two phases is present. In addition, indentation

Journal of Magnetism and Magnetic Materials 584 (2023) 171082

hardness also revealed differences between the new forming phase (66
+ 3 HV) and the surrounding matrix (40 + 2 HV).

Unexpectedly, the a-MnBi phase starts to vanish after annealing for
48 h. This behavior is stronger pronounced for the 2 GPa sample and in
addition, the morphology of the sample surface changes, as an oxide
layer is formed. Confirmed by EDX measurements (see
Figure Supplementary 1), mainly Mn-oxide formation occurs and the
development of this layer inversely scales with the visible amount of
a-MnBi phase.

To investigate the a-MnBi phase formation in more detail, in-situ
annealing HEXRD experiments are conducted for samples processed
with different applied pressure (2 GPa and 5 GPa) and strain (HPT-
compacted and HPT-deformed to 30 turns). Integrated intensity plots of
every measurement during the complete annealing experiment for all
four samples are shown in Fig. 4.

The {220} Mn peak is found in all recorded spectra and the a-MnBi
phase forms in each performed experiment. For all samples, the {101}
a-MnBi peak is visible at the end of the annealing treatment but arises
after different times. After about 200 s, the {101} a-MnBi peak is visible
for both HPT-deformed samples. For the compacted samples, the same
peak requires more time to emerge and arises after roughly 2000 s and
5000 s for 2 GPa and 5 GPa, respectively. This is more difficult to
identify for the 5 GPa compacted sample, as an additional peak appears
at a slightly lower g-value, which is most likely dedicated to the for-
mation of an oxide which forms faster than the {101} a-MnBi peak. An
additional {002} a-MnBi peak is only visible for the 5 GPa compacted
sample.

To better understand the observed intensities, sections of the first
(initial state = as-processed sample; first row) as well as the last dif-
fractogram of the in-situ annealing experiment (annealed for 3 h; second
row) are shown in Fig. 5. Due to the chosen experimental setup, only a
section of the Debye-Scherrer rings is recorded. For the compacted
samples, bright spots (exemplarily marked by arrows) indicate the
oa-MnBi phase formation. For the deformed samples continuous lines
with lower intensities at the same diffraction angles confirm the exis-
tence of the o-MnBi phase. Diffraction images recorded after 24 h
annealing (last row in Fig. 5), which was performed ex-situ, again show
bright spots for compacted samples and continuous rings with low in-
tensity for deformed samples. These differences prove a larger number
of differently oriented a-MnBi crystallites in the HPT deformed samples.
Furthermore, crystallographic texture is present in the as-processed
samples (in particular after HPT-deformation has been applied) as can
be seen by the non-homogeneous intensity distribution along the Debye-
Scherrer rings.

3.2. Influence of magnetic field assisted annealing on the a-MnBi phase
formation

Processing of the a-MnBi phase is further improved by MVA, and
simplified by using powder blends without ball-milling and a maximum
HPT-pressure of 2 GPa. 2 GPa was chosen, as a-MnBi phase formation is
faster in this case according to the in-situ HEXRD annealing results.
Fig. 6 shows hysteresis loops of an HPT-compacted and HPT-deformed
sample after MVA at 2 T for 4 h, both annealed tangentially (B, c.f.
Fig. 1b)). The samples are measured between + 65 kOe at 300 K. Values
for M are acquired by linearly extrapolating the magnetization above 35
kOe against H'and determining the intercept at MHEHDH =0 [33,34]. For
the compacted and MVA-treated sample (triangle, brown curve), a M of
9.89 emu/g is found. The deformed sample shows a M; of 33.92 emu/g
at 300 K measurement temperature (cube, green curve) and a M; of
36.12 emu/g at 10 K (empty cube, blue curve). The coercivity H. slightly
increases from 1.38 kOe to 1.58 kOe for HPT-compacted and HPT-
deformed samples, respectively. The H of the latter one significantly
decreases by one order of magnitude to 0.16 kOe, if measured at 10 K.

BSE images with different magnifications of the HPT-compacted and
HPT-deformed samples after MVA are shown in Fig. 7. The images are
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Fig. 4. Intensity plots of in-situ HEXRD annealing experiments. Four samples, compacted and deformed by 30 revolutions at 2 and 5 GPa are depicted. On the right,
the corresponding temperature profile and an intensity scale bar are plotted. The peak intensities are normalized within the presented figures to the respective most
intense peak. The q range is limited to a small representative fraction of the measured q-range, which includes peaks from the relevant phases, to facilitate vi-

sual comparison.

2 GPa - deformed

5 GPa - compacted

5 GPa - deformed

2 GPa - compacted

as-processed

3h

= %\ :
S i \ /‘\ //\
g //\ / /\

Fig. 5. Selected area detector diffraction patterns of the HEXRD annealing experiments. Tiny spots with high intensities (arrows) are visible for the HPT-compacted
samples, while continuous lines with low intensities are found at the same diffraction angle for the HPT-deformed samples. Both of them correspond to the forming
a-MnBi phase. The color scheme referes to the normalized intensity of the diffraction pattern.

recorded in tangential viewing direction with respect to the HPT-disc. It
can be seen, that the a-MnBi phase (medium atomic number (Z), me-
dium grey regions) preferentially forms around existing Mn particles
(low Z, dark regions). Larger Mn particles and a lower a-MnBi phase
fraction is recognized for the HPT-compacted sample. The Bi phase (high
Z, bright regions) of the deformed sample still exhibits grain sizes below
1 um (see Fig. 7f)) although the composite material is annealed for 4 h at
a homologous temperature of Ty, g; = 0.89.

The increased occurrence of the a-MnBi phase formation after HPT-
deformation and subsequent MVA is further supported by XRD mea-
surements (Fig. 8). The halved HPT-discs are MVA-treated with a field
direction applied perpendicular (blue lines, B,x) and parallel (red lines,
Btan,rad) to the HPT-shear deformation. The curves are normalized with
respect to the most intense Bi peak at 20 = 31.65°. Dotted lines represent
the HPT-compacted and continuous lines the HPT-deformed sample. In
general, pronounced a-MnBi peaks are visible for HPT-deformed sample,
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Fig. 6. SQUID magnetometry hysteresis loops of magnetic field assisted vac-
uum annealed HPT-compacted and HPT-deformed samples. Comparing both
processing routes (compaction vs. deformation) M substantially rised for the
HPT-deformed sample. H, is reduced for the HPT-deformed sample if measured
at 10 K, verifying the existing a-MnBi phase.
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Fig. 7. BSE images with different magnifications of an HPT-compacted sample
after MVA a) — ¢) and an HPT-deformed (10 revolutions) sample after MVA d)
-f.

whereas the compacted sample exhibits weaker intensities.

These XRD measurements show a strong improvement of o-MnBi
phase formation after HPT-deformation and MVA. Thus, magnetic
measurements are conducted to an HPT-deformed sample (10 revolu-
tions, 2GPa) after MVA for 4 h. The induced texture, which is introduced
by HPT, and the direction of MVA are set in correlation with the mag-
netic properties. To do so, three samples (Bay, Braq and By, compare
Fig. 1b)) are measured by SQUID magnetometry. After measuring one

Journal of Magnetism and Magnetic Materials 584 (2023) 171082

T T T T T T
def' Btan,rad -
.......... Comp Btan,rad
z -
]
o
—
9,
~
>
‘@
C
2
i= 4
1 1 1 : 1 :
30 31 32 33 34 35

Coype 20 / [deg]

Fig. 8. X-ray diffraction patterns of HPT-compacted (dotted lines) and HPT-
deformed (continuous lines) after magnetic field assisted vacuum annealing.
The magnetic field is applied perpendicular (blue lines, B,x) and parallel (red
lines, Ban,rad) to the shear deformation. A tiny peak slightly lower to the Bi peak
is assigned to a forming oxide, but only for the compacted sample.

hysteresis loop, the sample is demagnetized thus, the remanence M, is
minimized before the applied measurement field direction is rotated for
the next measurement. All principal directions with respect to the HPT-
disc (axial, radial, tangential) were aligned with the magnetic field and
they are denoted as Max, Myaq and Miap. This is schematically indicated
in Fig. 9, where the MVA field direction is shown as a blue arrow and the
samples are highlighted (green cubes) within the HPT-disc. The result-
ing nine hysteresis loops are shown in detail as well as complete loops in
Fig. 9. The corresponding magnetic properties are summarized in
Table 1.

4. Discussion
4.1. Influence of pressure and HPT-deformation on a-MnBi formation

Similarities between HPT-deformation and ball milling are known. In
particular, if applied to a single-phase metallic material, the micro-
structure is generally refined. Although it is possible to induce very high
amounts of strain by extensive milling times or by HPT-deformation, the
refinement and resulting grain sizes are limited as a steady state regime
is reached [27,35-37]. By combining both techniques, it is possible to
add beneficial advantages, e.g., ball milling allows to form a homoge-
neously powder blend of refined Mn and Bi particles and subsequent
HPT-deformation leads to a completely dense bulk material. Therefore,
highly uniform samples are processed enabling to profoundly study in-
fluences of HPT processing on the a-MnBi formation.

The milling process is often performed with a surfactant meant to
further decrease the particle size. However, in a recent study milling of
arc melted ingots within an Ar-gas atmosphere was found to be bene-
ficial for the a-MnBi phase [13,38-40]. Therefore, the milling process
was executed in Ar-atmosphere. The obtained XRD spectra (Fig. 2) show
peak broadening at the beginning of the milling process but do not show
any significant changes after 2 h. This is explained by the difference in
volumetric content of Mn (17 vol%) and Bi (83 vol%), to obtain the
intended equal atomic ratio. The volumetric excess of the ductile Bi is
conceived to cover the Mn particles and hinders their further refinement
while the kinetic energy is absorbed by the higher plasticity of the Bi
phase. A similar behavior upon ball milling of ductile - brittle material
systems, is already reported [41-43]. BSE images (not shown) of the 4 h
milled powder blend reveal a homogeneous dispersion of Mn particles,
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Fig. 9. Hysteresis loops of an HPT-deformed sample after MVA treatment. Cut pieces (green cubes in scheme) undergo the MVA with field direction applied parallel
to the a) axial b) radial and c) tangential HPT-disc direction. Sections as well as the complete hysteresis loops are presented.

Table 1

Magnetic properties of hysteresis loops presented in Fig. 9. Samples with
different MVA directions are measured in three perpendicular measurement
field directions. The corresponding coercivity H, saturation magnetization M;,
remnant magnetization M, and the squareness ratio M,/M; are listed.

MVA SQUID H. M; [emu/ M, [emu/ M,/
direction direction [kOe] gl gl M

Bax Max 1.52 33.5 10.5 0.31
Bax Mrad 1.69 35.0 10.9 0.31
Bax Man 1.69 33.1 12.7 0.38
Brad Max 1.69 33.0 8.7 0.26
Brad Mrad 1.59 34.3 11.2 0.33
Brad Mian 1.37 33.4 15.1 0.45
Btan Max 1.96 35.2 9.1 0.26
Bian Mrad 1.84 35.1 11.1 0.32
Bian Man 1.52 33.9 18.1 0.53

which are reduced from 44 um to sizes below 1 um, enclosed by a Bi
matrix. The major part of Mn particle refinement is expected to occur
during the first 2 h of milling, yet a homogeneous distribution of Mn
particles and sizes within a Bi matrix is assured by all means after 4 h of
milling.

An influence of the applied pressure during HPT-compaction is found
for the a-MnBi phase formation. A faster phase formation is detected for
the 2 GPa sample, as already after 4 h annealing contrast changes in
cigar-shaped regions are found, see Fig. 3. After 24 h annealing time, for
both samples the a-MnBi phase evolved. This is confirmed by EDX
measurements (see Fig. 3) and hardness measurements. The measured
hardness values for the a-MnBi phase (66 + 3 HV) are lower as

previously reported 109 + 15 HV [44], however, the microstructure is
not comparable. A hardness value similar to the literature is expected
when the ratio of a-MnBi phase increases or nanoindentation would
have been performed directly at the existing a-MnBi phase. Interest-
ingly, the a-MnBi phase fraction is not increased with further increased
annealing times, rather it vanishes. Again, this process is faster for the 2
GPa sample but also the development of an oxide layer on its surface is
found (see Supplementary). The preferred formation of an oxide can be
explained by the enthalpy of formation, which shows a much lower
value for Mn-oxides (and therefore a more stable bond) compared to the
a-MnBi phase [45,46]. Furthermore, the dissolution of already existing
o-MnBi phases could be driven by an increased Mn diffusion to the
sample surface. At least for thin films, a high migration of Mn atoms in Bi
is already reported [47]. On the other hand, in case of O diffusion the
pronounced oxygen sensitivity of the a-MnBi phase is already described
by Cui et al. [48]. However, for the sample compacted at 5 GPa, a similar
but decelerated behavior is observed. When applying 5 GPa, the pres-
sure-temperature diagram for pure Bi shows at least two phase transi-
tions [49], which might also occur during the loading and unloading
pressure within the compaction process in the current study. As the only
difference between the samples is the compaction pressure, probably
these phase transitions influence the diffusion of Mn or O in the Bi
matrix, even though the pressure is not applied during annealing. A
profound understanding of the mentioned diffusion processes requires
further studies. In any case, an exposure to oxygen was avoided for all
further experiments in this work.

The HEXRD results (Fig. 4) confirm, that the a-MnBi phase (repre-
sented by the {101} a-MnBi peak, the most intensive peak for poly-
crystalline powder) is formed for all investigated samples but again at
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different formation velocities. Verifying the previous results from ex-situ
annealing treatments, an accelerated phase formation is found for the 2
GPa HPT-compacted sample compared to the 5 GPa one, requiring about
2000 s and 5000 s to form, respectively. This behavior is even improved
further, when HPT-deformed samples are annealed, requiring about 200
s for the {101} a-MnBi peak to form. This can be explained by enhanced
diffusion processes, as already known for materials obtained by severe
plastic deformation [50,51]. We will discuss this topic in more detail
later on. It is more difficult to understand the relative intensities within
the presented figures. Based on the crystal structure (COD: 9,011,108
[30]), the intensity of the {220} Mn-peak is about 2.4 % of the most
pronounced Mn-peak ({411} at q = 29.9 nm ™) in an isotropic poly-
crystalline sample. Although being present in all spectra, the {220}
signal is low. Yet due to the normalization to the maximum peak value
({002} a-MnBi for 5 GPa HPT-compacted and {101} a-MnBi else) of
every given image in Fig. 4, it appears with a different intensity. This is,
because the {101} a-MnBi peak grows to a different extend during
annealing and this also explains the seemingly increased background
signal for both HPT-deformed samples. However, at a first sight, an
analysis of the diffraction pattern did not show a clear correlation be-
tween peak intensities and processing routes.

It appears, that the integrated intensities and thus supposed amount
of a-MnBi phase strongly depends on the phase formation characteris-
tics. When we compare the 2D-detector recordings of the 3 h state with
the as-processed state in Fig. 5, bright spots evolve midst the beforehand
existing Mn and Bi rings for both compacted samples. At exactly the
same diffraction angles where bright spots are visible, continuous lines
are found for the HPT-deformed samples. Consequently, the a-MnBi
phase forms in larger crystallites within the HPT-compacted samples
(few, larger grains), whereas the HPT-deformed samples show a more
homogeneously distributed nucleation behavior, which seems to be in-
dependent of the pressure applied. When the samples are annealed for
24 h and measured ex-situ by HEXRD, as shown in the third row of
Fig. 5, no changes regarding the number of nucleation sites are detected
as indicated by a similar number of a-MnBi spots in the diffraction
patterns. Besides the conclusions on the differences in nucleation
behavior, the different appearance of a-MnBi in the diffraction patterns
of HPT-compacted and HPT-deformed samples also has consequences on
the interpretability of the peak intensities. Since the integrated in-
tensities for the HPT-compacted samples originate from very few high-
intensity spots of large a-MnBi crystallites and the presence or absence
of a single crystallite with measurable orientation has a huge effect,
these intensities are not used for conclusions about phase fractions due
to the enormous statistical error. This is also illustrated by the fact that
the {002} a-MnBi peak for the 5 GPa compacted sample is higher than
in any other measurement, but is based on a single crystallite with
accidentally beneficial orientation.

The statistics of these experiments is given by the diffraction volume
and the size of the crystallites. The samples are measured in, with a
minimum thickness of about 500 pm for HPT-deformed samples and
about 800 um for compacted samples, at a spot size of 200x200 pm?.
Comparing to the 4 h and 24 h images in Fig. 3, several a-MnBi phase
regions are expected to exist in this interaction volume. Moreover, when
the annealing times are increased, the number of detected a-MnBi phase
spots is barely increased, showing that grain growth is preferred over
nucleation at this stage. It is also possible to distinguish between the
different compaction pressures, as for the 5 GPa compacted sample a
higher number of a-MnBi phase spots is visible similar to the higher
number of “cigar-shaped” regions in SEM (compare to Fig. 3). HPT-
deformation seems to be beneficial as the continuous Debye-Scherrer
rings indicate a considerable higher density of a-MnBi phase nucle-
ation sites. Diffusion mechanism are the key aspect for the a-MnBi phase
to form. The annealing temperature in the experiments is constantly
kept below the eutectic temperature of 265 °C [52,53], which is rela-
tively low for diffusion processes. However, the high defect density
induced by plastic deformation could enhance the inter-diffusion
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process of Mn and Bi, as such behavior is already reported for Ni
[54-56]. Additionally, this phase forms almost directly after the heat
treatment starts further sustaining this argument.

Consequently, the most important findings from these measurements
are as follwed:

- A combination of ball milling, HPT and annealing leads to a-MnBi
phase formation.

- HPT-deformation prior annealing treatments drastically enhances

the number of a-MnBi phase nucleation sites.

Diffusion processes as most decisive phase formation parameter is

correlated to the defect density.

- Long time annealing at ambient conditions adversely affects the
a-MnBi phase formation.

- o-MnBi grain growth is preferred over nucleation, at least for HPT-

compacted samples.

HPT-processing at 2 GPa yields a higher a-MnBi phase fraction than

at 5 GPa.

4.2. Influence of magnetic field assisted annealing on the a-MnBi phase
formation

In the second part of this study, the a-MnBi phase formation is further
studied. In this part, the high defect density is solely applied by HPT
without ball milling and the heat treatment is combined with an addi-
tional magnetic field. As stated in the introduction, a commercial use of
MnBi based permanent magnets is mainly barred by the inability to
manufacture large quantities of bulk a-MnBi phase. In addition, porosity
often is a limiting factor for magnetic properties when starting with
powders. However, HPT-processing of metallic powders lead to
completely dense materials. The measured density for the HPT-
compacted (8.778 + 0.223 g/cm®) is lower compared to the HPT-
deformed (9.421 + 0.221 g/cm®) sample. The density value of the
compacted powder sample is in good agreement with the calculated
value of 8.625 g/cm® using theoretical values and a medium composi-
tion. The higher density for the HPT-deformed sample could indicate a
preferred Mn particle transport towards the HPT-disc edge during
deformation, thus leading to a higher Bi content. However, a significant
porosity of HPT treated samples is excluded. To increase the o-MnBi
volume fraction, it is necessary to rise the number of nucleation sites and
additionally accelerate phase growth. A beneficial influence of magnetic
field annealing on a-MnBi phase formation, was already mentioned in
1958 [57], although its origin is not fully understood until today. It is
stated that field annealing increases the Zeeman energy affecting the
critical radius of nuclei. Furthermore, a decrease of free energy for the
a-MnBi phase formation is reported to result in a negative formation
enthalpy and an enhanced nucleation rate [22,23]. The resulting
localized reaction heat is believed to be responsible that Mn and Bi
particles partially melt. Thus, a rotation of crystallites occurs leading to
a textured and anisotropic phase formation if a magnetic field is applied
[15,58,59]. Moreover, the huge magnetocrystalline anisotropy of about
2.2 MJ/m? at the annealing temperature (herein 240 °C) seems to affect
the recrystallisation process (including nucleation and grain growth)
[6,10] and analogies to strain-induced recrystallisation can be drawn
[59,60]. In general, magnetic field annealing of a Mn-Bi composite leads
to an enhanced o-MnBi phase volume fraction and grain alignment
(texture formation) [15,23,58,61], which is also supported by the results
of the current study.

The volume fraction of a-MnBi can be calculated with the measured
saturation magnetization M as it is proportional to the a-MnBi fraction,
considering the theoretical M of 79 emu/g [9,12]. Therefore, we can
estimate the volume content by using the calculated M; value of Fig. 6
and the theoretical value [12]. The amount of a-MnBi phase in the HPT-
compacted sample after MVA equals to a content of 12 %. Only by
deforming the sample prior to MVA, the volume fraction increases above
50 % (M = 33.92 emu/g) indicating a higher number of nucleation
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sites. Except for the applied strain, no differences between HPT-
compacted and HPT-deformed samples shown in Fig. 6 are present.
The higher strain leads to a higher number of small Mn particles,
increasing the size of Mn and Bi interfaces. Furthermore, the micro-
structural defect density p is increased, which is related to the critical
nucleation radiusr, = % y is the specific grain boundary energy and p is

the driving force, whereby p is directly proportional to p [62]. Therefore,
1. is lowered with increasing p. Consequently, a larger phase interface
and high p — both tunable by HPT - enhances the a-MnBi phase for-
mation. This is supported by the measured hysteresis loops and by BSE
images presented in Fig. 7.

The H, of the hysteresis loops (Fig. 6) is strongly decreased when
measured at lower temperatures, another strong indication for the
presence of the a-MnBi phase due to its positive temperature coefficient
of intrinsic coercivity [8,9]. The H, measured at 300 K of the HPT-
compacted and HPT-deformed sample are comparable: 1.38 kOe and
1.58 kOe, respectively. However, lower values can be found in the
literature after similar field annealing measurements. For example,
Gabay et al. [15] found a H. of 0.6 kOe. Compressed MnBi powder
blends in a study of Mitsui et al. [58] attain a H. of 0.8 kOe. Thus, HPT-
deformation has a beneficial effect on magnetic properties. Magnetic
hardening by grain refinement is well known and it is thought to mainly
contribute to a change of H,. of the a-MnBi phase particles [63-65]. This
is imposingly demonstrated by Mitsui et al. [22], where magnetic field
annealing leads not only to an enhanced volume of a-MnBi phase but
also to a decreased H, due to an increased grain size after annealing.
Based on the phenomenologically described expression He = H,(8)"
[65], the a-MnBi phase of the HPT-deformed samples show crystallite
sizes D of about 0.7 um, whereby & is the Bloch wall width (7 nm), H, the
theoretical limit of H, at D = § (40 kOe) and an exponent n (0.7) is used
[10,65]. For such crystallite sizes a large H. (>10 kOe) could be ex-
pected [48,66].

Based on the above introduced expression for H., two different
samples (HPT-compacted and HPT-deformed) only exhibit a similar H if
the crystallite size is similar. Combining this information with the higher
amount of a-MnBi phase fraction present for the HPT-deformed sample,
this further supports our results obtained from HEXRD, where HPT-
deformation increases the number of a-MnBi nucleation sites. Accord-
ingly, it is noted that magnetic properties are mainly influenced during
the initial annealing process (regarding magnetic field annealing pro-
cedures) and changes stagnate for increased annealing times
[15,22,60,67].

Concluding, primarily effects of a-MnBi phase formation are due to
the enhanced nucleation behavior after HPT-deformation and higher
amounts of defects. Additionally, the reduced grain size of the Mn-Bi
composite after HPT, thus enlarged grain boundary volume and defect
density favors grain boundary diffusion and facilitates phase formation
[54-56]. The resulting a-MnBi crystallite sizes seem to be small and
independent of previous HPT-deformation.

4.3. HPT-induced magnetic anisotropy

HPT-deformation often induces texture in metallic materials [68].
For hard magnetic SmCos composites, which were HPT-deformed, a
textured microstructure and as a result, anisotropic magnetic behavior is
reported [29,69]. Thus, an influence of differently aligned MVAs in
combination with the crystallographic texture of the HPT-deformed
MnBi sample is expected. However, the XRD measurements on the B,y
and Ban,raq annealed samples (Fig. 8) reveal similar texture for the Bi
phase after MVA for differently applied field directions, since the in-
tensities of all Bi peaks are similar in the two samples. Due to the low
peak intensities of Mn an analysis of this phase is omitted. However,
differences are found for the a-MnBi peaks of the HPT-deformed sample.
For the B, anneal the (002) and (004) planes and for the Biap rag anneal
the (110) plane are more pronounced, respectively. This fits to recently
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reported findings, where the c-axis of the a-MnBi phase tend to form
parallel to the applied magnetic field [59,61,70-72].

Based on SQUID measurements, a detailed investigation of magnetic
properties is presented in Fig. 9 and corresponding magnetic parameters
are summarized in Table 1. In general, a higher remnant magnetization
M; indicates an increased amount of crystallographically aligned grains
[59,61]. The M; value slightly differ between 33.0 emu/g and 35.2 emu/
g. Thus, the a-MnBi phase content varies between 41.8 % and 44.6 %.
Therefore, the amount of forming o-MnBi phase is not affected by
different MVA directions though, magnetic properties, e.g., H. and M,
are influenced. Further commenting on the differences of the a-MnBi
phase content, which can occur, if a-MnBi phase particles of sizes in the
range of a quasi-single domain regime, exhibiting a high H, are not
completely demagnetized between the presented My, My and M;aq
measurements. Therefore, the sample exhibits residual magnetic fields,
when it is rotated. This could be circumvented, if magnetic measure-
ment fields would be applied at higher magnetic fields, which is not
possible using the current device.

For the By sample (Fig. 9a)), the measured values for H. and M;
show an isotropic magnetic behavior of the a-MnBi phase. In contrast, Hc
and M, change for the B;,q sample (Fig. 9b)) as a function of the SQUID
measuring field direction. Similar behavior is observed for the B,
sample (Fig. 9¢)), which show the largest differences. If the a-MnBi
phase formation would be only dependent on the direction of the
applied magnetic field during MVA, one would expect hysteresis loops
where the easy and hard axis of the a-MnBi phase can be correlated to
the MVA field. This is already reported and explained due to a partially
melting of the surrounding Bi and an enabled rotation of the a-MnBi
grains [15,23,58,61]. However, this is clearly not the case for our
samples as the M; value does not follow the applied field directions.
Thus, a significant influence of the applied shear deformation during
HPT-deformation is presumed. The squareness ratio M;/M; (presented in
Table 1) is a frequently used measure for degree of texture, thus the
anisotropic magnetic behavior. It is highest when the measuring field
direction is applied in tangential HPT-disc direction (anisotropic) and
lowest for the axial direction (isotropic), a valid observation for all field
annealing directions. This observation is assumed to originate in the
shear deformed microstructure, entailing a preferred orientation for the
forming o-MnBi phase. For thin films, the a-MnBi grains are reported to
preferably align their c-axis parallel to the Bi c-axis [67,73]. As the Bi
phase is the one that is easily accessible by microstructural in-
vestigations and to check if the a-MnBi phase formation correlates with a
preexisting texture of the MnBi composite prior annealing, a pure Bi
sample is processed by HPT-deformation (RT, 25 rotations, 2 GPa). The
performed EBSD scans are recorded in tangential HPT-disc viewing di-
rection. Exemplarily an inverse pole figure map is presented in Fig. 10a)
and a pole figure obtained from several scans is shown in Fig. 10b). The
radial and tangential HPT-disc directions point in horizontal and vertical
direction, while the axial HPT-disc direction points perpendicular to the
paper plane. A largely identical orientation of the Bi grains is visible,
with the c-axis of the Bi crystals pointing parallel to the axial HPT-disc
direction. Assuming the same texture in the composite sample, the
a-MnBi grains should be perfectly aligned when the MVA field is applied
parallel to the crystallographic textured Bi, thus the axial HPT-disc di-
rection. Yet, such a behavior is not observed by our measurements for
the B,x sample.

This clearly shows the importance of diffusion processes on a-MnBi
formation enabled by HPT-deformation. The initial phase nucleation is
assumed to happen at Mn and Bi particle interfaces [23]. Diffusion
processes in solids prefer to occur along grain boundaries rather through
the interiors of crystals. An enhanced grain boundary diffusion is known
for HPT materials [54-56] and found for polycrystalline Bi [74], as well
as Mn diffusion in Bi thin films [47]. Moreover, in slightly different
experiments, we obtained similar results as Borsup et al. [66] where a
rapid and incredibly extensive diffusion of molten Bi in polycrystalline
Mn is found (see Figure Supplementary 2).
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Fig. 10. a) inverse pole figure map and b) corresponding pole figure for the
{001} plane obtained from EBSD scans on HPT-deformed pure Bi sample (RT,
25 rotations, 2 GPa). For the pole figure, the radial and tangential HPT-disc
directions point in horizontal and vertical direction. The axial direction
points perpendicular to the paper plane. The maximum intensity in the pole
figure correlates to the axial HPT-disc direction.

The highest magnetic anisotropy is found for Byay. If grain boundaries
are aligned parallel to the MVA field (compare to Fig. 10a)), the forming
phase could preferably grow along this direction (as mass transport is
relieved) and simultaneously form textured grains. Additionally, one
should think about the textured Bi-matrix. The surface normal of the
preferred (001) slip plane [75] is parallel to the c-axis, allowing dislo-
cation pathways within the shear-plane. Therefore, so called short-
circuit or pipe diffusion [76] is directed within the shear plane, addi-
tionally enhancing diffusion processes in the mentioned plane. The
formation of a textured a-MnBi phase upon MVA seems to be facilitated
by diffusion processes in the shear-plane, whereas o-MnBi crystallite
growth upon MVA in axial HPT-disc direction thus, normal to the
dislocation pathways and grain boundaries, is suppressed. Thereby, the
direction of applied MVA can be used to tune the grade of anisotropy of
hard magnetic properties within the HPT-processed sample.

5. Conclusion

In this work, we successfully produced the ferromagnetic o-MnBi
phase for the first time by applying severe plastic deformation using HPT
and a subsequent thermal processing step. The influence of applied
pressure by HPT changes the rate of the a-MnBi phase formation, as well
as its decomposition if annealed at atmosphere. The initial phase
nucleation and formation is studied by means of in-situ HEXRD
annealing and it is found that the a-MnBi phase forms shortly after
beginning of the heat treatment for HPT-deformed samples. This process
depends on the applied pressure and is slower for HPT-compacted
samples without severe deformation, thus lower microstructural de-
fects. Most importantly, a correlation between higher a-MnBi phase
nucleation sites and applied HPT-deformation is found, further
revealing that upon annealing a-MnBi phase growth is preferred over
nucleation at least for the HPT-compacted samples. By applying
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magnetic field assisted vacuum annealing (MVA) to HPT-processed
samples, the a-MnBi phase formation is enhanced. HPT-compacted
and HPT-deformed samples show similar coercivities, thus similar
a-MnBi grain sizes, but a differing saturation magnetization as the
a-MnBi phase reaches a higher volume fraction (>50 vol%) for the HPT-
deformed one. Our results point towards the importance of diffusion
processes for the a-MnBi phase formation. The diffusion is enhanced for
samples with higher defect densities (HPT-deformed compared to HPT-
compacted) and influenced by the shear deformation induced, refined
grain boundary structure. This further provides the possibility to form
anisotropic hard magnets. Summarized, the a-MnBi phase formation is
best for HPT-deformed and MVA samples, where the applied annealing
field is parallel to the HPT shear direction.
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