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ABSTRACT

Mn-AI-C is intended to be one of the “gap magnets” with magnetic perfor-
mance in-between ferrites and Nd-Fe-B. These magnets are based on the
metastable ferromagnetic t-phase with L1y structure, which requires well con-
trolled synthesis to prevent the formation of secondary phases, detrimental for
magnetic properties. Here, we investigate the formation of t-phase in Mn-Al-C
using Spark Plasma Sintering (SPS) and compare with conventional annealing.
The effect of SPS parameters (pressure and electric current) on the phase for-
mation is also studied. Single 7-phase is obtained for annealing 5 min at 500°C
with SPS. In addition, we show that the initial grain size of the e-phase is
influencing the t-phase transformation and fraction at a given annealing con-
dition, independently of the annealing method used. A faster transformation
was observed for smaller initial e-grains. The samples obtained by SPS showed
comparable magnetic properties with the conventional annealed ones, reaching
coercivity of 0.18 T and saturation magnetization of 114 Am?/kg in the opti-
mized samples. The similarity in coercivity is related to the microstructure, as
we reveal the presence of structure defects like twin boundaries and dislocations
in both materials.
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Introduction

Mn-Al alloys have been intensively studied since the
60’s as candidates for rare-earth free permanent
magnets (PM) applications [1-3]. The renewed
interest in this material system in the past years was
triggered by the abrupt increase in the rare earth
elements prices in 2010 and 2011 along with the ever
growing demand and applications of PM [4]. This
combination requires the development and
improvement of sustainable and abundant materials
for PMs. In this context, the Mn-Al alloy is charac-
terized by the utilization of non-critical elements, low
cost and reasonable magnetic properties. These
characteristics are pointed as crucial to use and
develop this material system as “gap magnets” with
performance in between hexaferrites and Nd-Fe-B
[5]. The magnetic properties of Mn-Al are related to
the tetragonal t-phase (L1, type structure), which is
the unique ferromagnetic phase of this material sys-
tem and yields in a theoretical maximum energy-
product of approximately 101 kJ/ m? [6-8]. This
phase was successfully produced in various form, e.g.
powder, bulk, ribbon, particulate, and thin-films [8].

However, the t-phase is metastable and it is easy to
form non-magnetic equilibrium phases like y, and -

Mn, which are detrimental for the magnetic proper-
ties [9, 10]. Thus, different processing strategies and
parameters have to be optimized to obtain a maxi-
mum fraction of this ferromagnetic phase and pre-
vent the stable ones. In the literature, two methods
are commonly reported: (i) slow cooling from the
high temperature e-phase or (ii) rapid cooling (i.e.
quenching) from the melt or from the e-phase fol-
lowed by an annealing process at moderate temper-
atures (450-600 °C) [11-13]. It is worth mentioning
that the cooling rate in (i) or a long time annealing in
(ii) can lead to the decomposition of the t-phase into
the stable phases. Two mechanisms have been pro-
posed to explain the e¢ — t transformation, one is
based on diffusional “massive” transformation,
whereas the other one is a plate-like modification
formed by a shear reaction, said “displacive”. Both
have been observed simultaneously, and the mecha-
nisms are known to depend on various aspect of the
process like microstructure, chemical composition or
annealing procedure [14-16]. In addition, carbon
interstitial doping improves the stability of the -
phase and also enhances the saturation magnetiza-
tion [17, 18].

Consequently, the necessity to optimize the pro-
cessing window (temperature and time) is imperative
to produce high purity t-phase with effective
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magnetic properties. For this purpose, techniques
that allow fast heating and cooling could be beneficial
to control the ¢ — 7 phase transition and prevent the
decomposition to the stable phases. In this context,
Spark Plasma Sintering (SPS) is an appealing
annealing method as it is commonly related to
decrease the process time and temperature for reac-
tive and/or non-reactive sintering [19, 20]. These
characteristics are due to the combination of pressure
and electric current flow, which induces Joule heating
during the SPS process, leading to the possibility of
fast heating/cooling rates. Moreover, other side
effects related to the presence of electric current were
reported, including hot spots formation and electro-
migration. These side effects might give an additional
degree of freedom to optimize the t-phase transition
temperature, phase stability and microstructure, as
reported for other material systems [20-22]. Previous
studies have focused on the reactive sintering by SPS
of the t-phase and, particularly, on the effect of the
high SPS pressure on the texture and anisotropy of
the sintered pellets [23, 24].

In this study, Mn-Al-C alloys were prepared by
melt spinning at different quenching rates (20 and
50 m/s). We investigate the ¢ — 7 transformation by
SPS and conventional annealing at different temper-
atures and dwelling times. The role of the pressure
and electric current during the SPS process in the
phase formation is disclosed. In addition, we reveal
the influence of the initial grain size of the e-phase on
the phase transition and t-phase fraction evolution
upon annealing. Analysis of the phase fractions,
microstructure, and magnetic properties for the SPS
processed samples are compared with conventional
annealed ones.

Experimental section

MnsyAlysC,  ingots were prepared by induction
melting using high purity elements (>99.9%) under
argon atmosphere. The C doping is used to enhance
the stability of the t-phase as well as to improve the
saturation magnetization. The resulting ingots were
subjected to melt spinning (Edmund Biihler Melt
Spinner-SC), by ejecting the molten alloy through an
orifice (1 mm) from the bottom of a quartz tube onto a
water-cooled copper wheel under argon atmosphere.
To evaluate the influence of the quenching rate, two
different tangential wheel velocities (v) were used: 20
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and 50 m/s. It is possible that some ribbons have a
mixed e and t-phase, so ribbons with single e-phase
were selected by applying a magnetic field and
selecting only the non-magnetic ones.

Spark Plasma Sintering (Dr. Sinter Lab - Fuji Elec-
tronic Industrial Co. Ltd.) experiments were carried
out at the following temperatures: 450, 500 and
550 °C, with dwelling time of 5 and 15 minutes and
heating rate of 100 °C/min. The temperature was
measured through K-type thermocouple placed in a
radial hole inside the die. Prior to the SPS, the melt
spun ribbons were manually ground and sieved to a
particle size distribution below 100 ym. A constant
uniaxial stress of 10 or 100 MPa was applied during
the SPS process. The SPS tools used for the experi-
ments were standard graphite punches and die with
10 mm diameter. Additionally, to investigate the
effect of electric current during the SPS process,
boron nitride (BN) spacers were used between the
powder and the graphite punches, while the other
parameters (pressure, time and temperature) were
kept fixed. By employing this methodology, it is
ensured that the electric current flows solely through
the graphite tools and not through the sample [25].
For the SPS process, the ribbons are crushed into
powder and since the temperature is not high enough
to promote sintering, only porous cylindrical samples
(around 70% relative density) were obtained. In
addition, reference samples were prepared by con-
ventional annealing the melt spun ribbons at 500-
550 °C for 5, 15 and 30 minutes using pre-heated
oven.

X-ray diffraction (XRD) measurements were per-
formed at room temperature using a Stoe Stadi P
diffractometer in transmission geometry equipped
with a Mo-K,; source and an acceleration voltage of
45 kV. The step size is 0.01°, and the acquisition time
per step is 180 seconds. The patterns were refined by
the Rietveld method using the FullProf software [26].
The morphology and microstructure of the ribbons
were studied using a Field Emission Gun-Scanning
Electron Microscope (FEG-SEM JEOL 7600F) equip-
ped with backscatter (BSE) and secondary electron
(SE) detector under accelaration voltage of 15 kV. To
evaluate the grain size distribution, electron
backscatter diffraction (EBSD) was used in a FEG-
SEM (Tescan Mira3) with additional four-quadrant
BSE (4Q-BSE) detector for enhanced microstructural
feature analysis through electron channeling contrast
imaging (ECCI). The EBSD analysis was taken with
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200 nm step size and 10 ms acquisition time per step.
The resistivity was measured using a TCR600 from
NAPSON corp. using the 4-points probe measure-
ments with finite size corrections. Magnetic mea-
surements were performed, at room temperature,
using a Quantum Design PPMS-VSM with a maxi-
mum field up to 14 T.

Results and discussion

The structural properties of the melt spun ribbons,
obtained for different wheel speeds (20 and 50 m/s),
were evaluated through XRD analysis as shown in
Fig. 1(a). Both materials consist of single e-phase
(space group P63/mmc). BSE-SEM images (see in
Fig. 1(b) and (c)) disclose the influence of the wheel
speed on the grain sizes of the as-spun samples.
Images are taken after etching the ribbons in the Kroll
reagent (a mix of nitric and hydrofluoric acid). The
average grain size estimated for the ribbons obtained
at 20 m/s and 50 m/s is 5 pm and 2.5 pm, respec-
tively. This confirms the ability of the melt spinning
technique to tune the grain size of the e-phase.
However, the difference in grain size is rather small
compared to the difference in the wheel speed, sug-
gesting that even faster wheel speeds are necessary to
reach submicrometer-sized grains.

The melt spun ribbons were then conventionally
annealed or SPS processed at different temperatures
and dwelling times. XRD patterns were recorded for
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all the samples after annealing. Using the Rietveld
refinement, we determined the phase fractions (in
wt.%) of e (space group P63/mmc), © (space group
P4/mmm) and f-Mn (space group P4;32) . The
cumulative phase fraction for the different annealed
samples is shown in Fig. 2. We distinguish the sam-
ples regarding their initial grain size, i.e. ribbons
obtained from melt spinning at 20 m/s (a,b) or 50 m/
s (c,d).

For ribbons melt spun at 20 m/s (see Fig. 2(a,b))
and after conventional annealing for 30 min at
500 °C, we obtain single z-phase. The transformation
is not completed when lower dwelling times are
used, consistent with the literature [18, 27-29]. By
increasing the temperature to 550 °C , one can obtain
single t-phase in 5 min with conventional annealing.
Regarding the SPS process, optimum conditions with
a single t-phase are achieved in 5 min at 500 °C. At
lower annealing temperatures, the transformation
€ — 7 is uncompleted, and the e-phase is still present,
independently of the dwell time. On the other hand,
at higher temperatures or dwell time longer than
5 min, we observe the decomposition of the 7—phase
into equilibrium f-Mn-phase. It seems that SPS has a
minor influence on the t—phase formation, as quasi-
similar thermal process in SPS (500 °C/5 min) and
conventional annealing (550 °C/5 min) provides
single phases.

The influence of SPS parameters (pressure and
current) on the phase transformation was studied. To

Figure 1 a XRD patterns (a)

obtained for melt spun ribbons
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Figure 2 Phase fractions (wt.%) estimated from the Rietveld
refinement of the XRD pattern after SPS and conventional
annealing of the ribbons obtained at (a,b) 20 m/s and (c,d) 50 m/
s. The yellow square (single t-phase) corresponds to a SPS
treatment of 475 °C/15 min.

assess the role of electric current, electrical resistivity
measurements were conducted on the graphite
punch and on a cold-compacted e—phase sample. The
resistivity is 1.3 mQ.cm and 5.7 mQ.cm for the gra-
phite and the e—phase, respectively. Thus, it is unli-
kely the current would flow in the Mn-Al-C sample
during the SPS process. To ensure that, a SPS exper-
iment has been conducted with BN-spacers in
between the graphite punch and the Mn-Al-C pow-
der. As BN is an electrical insulator, this configura-
tion ensures that the electric current does not flow
through the powder but only through the graphite
die and pistons [25]. Similar annealing conditions (i.e.
500 °C for 5 min) were used on the 20 m/s powder,
and the XRD pattern (see Fig. 3) reveals a quasi-sin-
gle t-phase (>98 wt%) with small formation of the -
phase. No traces of ¢ are observed, which indicates a
full € — 7 transformation and a small influence of the
current during the SPS process, in agreement with the
resistivity measurements. Regarding the influence of
pressure, an experiment using 10 MPa with graphite
tools (500 °C for 5 min) was done, and its XRD pat-
tern is shown Fig. 3. The ¢ — 1 is also complete but
with a slight formation of secondary f-phase. These
results show that the SPS parameters have influence
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Figure 3 XRD patterns obtained for melt spun ribbons at 20 m/s
SPS processed at 500 °C /Smin using a graphite die @QP = 100
MPa; b graphite die @QP = 10 MPa and ¢ graphite die plus BN-
spacers QP = 100 MPa.

on the formation of the secondary f-phase but not on
the e — 7 transformation as no traces of € is observed.
The phase fraction obtained for ribbons melt spun
at 50 m/s is shown in Fig. 2(c,d). Single 7-phase is
obtained at 500 °C/30min or 550 °C/5min for the
conventional annealed samples. Regarding the SPS
processed samples, the annealing at 450 °C for 15
min results in an incomplete transformation, whereas
the decomposition to the f—-Mn is observed for sam-
ples annealed at temperatures equal or above 500 °C.
The optimum process was found to be 475 °C/
15 min (see the yellow square in Fig. 2(c)). In addi-
tion, comparing the phase fractions for a given
annealing condition, higher amount of t-phase is
observed for the 50 m/s samples compared to the
20 m/s. This observation holds true for both
annealing methods. As shown previously, the main
difference between the ribbons melt spun at 20 and
50 m/s lies in the grain size, finer at higher wheel
speed. Thus, a finer microstructure of e-phase eases
the formation of the t-phase, where a reduced time
and temperature is necessary to complete the trans-
formation. As reported in previous studies
[8, 16, 30, 31], this result supports that the z-phase in
Mn-Al-C nucleation takes place at the grain bound-
aries, which are in higher density in finer
microstructures. The grain boundary regions show
higher energy when compared to the grain interior.
During the nucleation of t-phase, there is an energy



J Mater Sci (2022) 57:6056—6065

dissipation related to the removal of the parent e-
phase grain boundaries. This energy term enhances
the probability of creating stable nuclei of the t-phase
through heterogeneous nucleation process. Given the
higher grain boundary density, the samples with
finer e-phase microstructure (50 m/s) have more
nucleation sites for the t-phase formation, which is
reflected on the higher phase fraction when com-
pared to a e-phase coarser microstructure (20 m/s) at
a given annealing condition. The heterogeneous
nucleation at grain boundaries appears to be inde-
pendent from the mechanism involved in the e — 7
phase transformation (massive, displacive or a mix-
ture of these two), as reported by Wiezorek et al. and
Palanisamy et al. [16, 32]

It is of interest to understand how the e¢— 1
transformation acts on the microstructure and, par-
ticularly, on the grain size. For this, the surface frac-
ture of the 20 m/s ribbons in the as-spun and
conventionally annealed states (500 °C /30 min)
were evaluated. The secondary electrons SEM images
of both cases are shown in Fig. 4. The transgranular
surface fracture features observed in the as-spun e-
phase (Fig. 4(a)) show a faceted-like morphology
related to cleavage steps/bands with slip traces. As
for the case of the ribbons with t-phase (Fig. 4(b)), the
surface also shows characteristics of transgranular
fractures, however a change in morphology can be
observed. Similar features were observed for the
50 m/s ribbons. Even though a clear difference of the
surface fracture is observed after the e — 7 transfor-
mation, the grain size for the annealed ribbons cannot
be estimated based on these images. Thus, EBSD has
been performed to investigate the grain size of the

Figure 4 SE-SEM images of the surface fracture of the ribbons
obtained at 20 m/s after a melt spinning (single e-phase) and
b conventional annealing at 500 °C /30min (single t-phase).
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Mn-Al-C samples with the t-phase obtained from
the 20 and 50 m/s melt spun ribbons conventional
annealed, shown in Fig. 5. The EBSD analysis reveals
a reduction in the grain size after the ¢ — 7 transfor-
mation, achieving an average grain size of 2.4 and
1.7 pm (initial e-phase grain size is estimated to 5
and 2.5 pm) for the 20 and 50 m/s ribbons, respec-
tively. The microstructure is finer and quite similar,
independently of the initial wheel speed used for
quenching the material. Thus, the wheel speed seems
to play a minor role in the final microstructure of the
Mn-Al-C. This observation also holds true for the
samples annealed using SPS, in which the average
grain size is slightly smaller, around 1 pm, for both
wheel speeds.

The magnetic hysteresis loops were measured for
all annealed samples, using a magnetic field up to
14 T. From the hysteresis loops, the coercive field
(Ho) as well as the mass magnetization at 14 T is
retrieved and plotted in Fig. 6. One can note that the
mass magnetization values scales with the t-phase
fraction, reaching maximum values for the samples
without significant amount of secondary phases. For
the single phase samples, the magnetization is very
similar independently of the method wused for
annealing (SPS or conventional) and independently
of the wheel speed (i.e. 20 or 50 m/s) used to produce
the initial ribbons. The first quadrant of the M-H
loops for the single t-phase melt spun at 20 m/s is
shown in Fig. 7 as an example. The ferromagnetic
Mn-Al-C material is known to be difficult to saturate
[33], but our SPS and conventional annealed samples
show a quasi-saturated magnetization (114 and
112 Am?/kg at 14 T, respectively), as they are single
phase [3, 34]. These values are comparable with
previously reported saturation magnetization for
Mn-Al-C ribbons [8, 35, 36].

Regarding coercivity, Fig. 6 shows that the uyH.
does not depend on the phase fraction of the t-phase,
as all values lies between 0.15 and 0.18 T, which are
typical values for annealed ribbons [3, 34].The coer-
civity seems to be independent of the method used
for annealing. It is worth mentioning that no
improvement in coercivity is observed with the for-
mation of f-phase, contrary to previous report [37].

By comparing the 20 and 50 m/s samples, slightly
higher coercivity values are obtained for the sample
melt spun at 20 m/s (see the horizontal dotted lines
as guides to the eye). This result cannot be explained
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Figure 5 EBSD
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Figure 6 Mass magnetization at 14 T and coercive field values
obtained from M-H loop after SPS and conventional annealing of
the ribbons obtained at 20 m/s and 50 m/s. The horizontal dotted
lines at yyHc = 0.18 T are guides to the eye.

by the grain size, as a slightly finer microstructure
has been revealed by EBSD for the samples melt spun
at 50 m/s. Hence, the grain size of the ¢ and t-phase
does not seem to have a major influence on the
coercivity of the transformed t-phase sample in our
study due to the comparable grain size of both sam-
ples. However, it was shown by Jia et al. that when
the difference in grain size is large (from 3 mm to
2 pm), it influences greatly the coercivity [31]. It is
known that in the Mn-Al(C) system, the coercivity
mechanism is not only dependent on the grain size,
but also linked to the defects in the microstructure
(e.g. twin and anti-phase boundaries, stacking faults,
dislocations, etc.) [33, 34, 38, 39]. Recent studies have
shown that the presence of twin boundaries is detri-
mental to coercivity, since they can be nucleation
centres for reversal domains, while a high dislocation
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Figure 7 First quadrant of the hysteresis loop for the single t-
phase samples obtained after SPS and conventional annealing of
the 20 m/s melt spun ribbons.

density can hinder the domains wall motion by pin-
ning mechanism. This balance between the density
and the different types of defects appears to be the
key factor for the coercivity and the mechanism
behind it. To observe this two types of defects, elec-
tron channeling contrast imaging (ECCI) was used to
enhance the contrast between different grain orien-
tations (twin boundaries) and to probe defects (dis-
locations) near the sample surface [40, 41]. As can be
exemplified in Fig. 8, independently from the wheel
speed used to produce the parent e-phase sample,
twin boundaries are present in the t-phase sample.
Additionally, it can be seen regions with low density
dislocations close to grain boundaries in both sam-
ples, as highlighted in Fig. 8(c). This combination
leads to the coercivity values in the range of 0.15-
0.18 T, as shown previously.
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Figure 8 Electron channeling
contrast images (ECCI) of the
conventional annealed samples
of a 20 m/s and b 50 m/s,
highlighting the twin
boundaries (examples marked
with “TB” in red) and
dislocations (examples marked
with “d” in yellow). A higher
magnification micrograph of
the 50 m/s sample is displayed
in ¢ to show dislocations in
more detail.

Conclusion

We investigated the ¢ — t transformation by fast
annealing using the Spark Plasma Sintering (SPS)
technique. Single e-phase was successfully produced
by melt spinning at two different wheel speeds,
which allows to tune the grain size of the material.
We demonstrated that SPS yields single t-phase after
5 min at 500 °C. It is also pointed out that the 7-phase
fraction depends on the initial e-phase grain size at a
given annealing condition. The sample obtained by
SPS shows comparable magnetic properties (Mg and
H.) to the conventional annealing, which can be
directly related to the similarities in the microstruc-
ture and defects. We show that pure t-phase can be
obtained by fast annealing using SPS or conventional
annealing when appropriate annealing conditions are
used.
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