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The metastable 7-phase of MnAl equi-atomic compound belongs to a family of ferromagnetic alloys with L1
crystal structure. Stabilization of the phase by adding 2 at. % using manganese carbide (Mny3Cg) enhances
the magnetization in relation with the increase in lattice volume. It is thus a promising candidate for rare-

earth-free permanent magnets.

Coercivity of Mn-Al-C alloys being still weak, there is an interest to see

to which extend sintering/transformation of the e-phase by Spark Plasma Sintering (SPS) can increase the
coercivity and the anisotropy. The structural and the magnetic properties were studied for samples sintered at
550 °C under uniaxial pressure of 100, 200, 300 and 400 MPa. Coercivity, remanence and anistotropy appears
with the sintering pressure. The high pressure applied while sintering produces preferential orientation of the

flake-shaped grains which influences the remanence.

I. INTRODUCTION

In the field of rare-earth free magnets, MnAl alloys
are promising candidates with magnetic properties po-
tentially filling the gap between hard ferrites and Nd-Fe-
B3. These candidates are particularly interesting because
they are light, do not contain rare-earth or strategic ele-
ments, and are more resistant at high temperature than
Nd-Fe-B. It is then an innovative material for greener
electrical vehicles®%. MnAl alloys ferromagnetic tetrago-
nal 7-phase belongs to the L1y family of ordered crystal
structures. This 7-phase is metastable, it is obtained af-
ter annealing the quenched hexagonal e-phase existing at
high temperature with Mn in excess. Since e-phase and
T-phase are metastable, addition of 2 at. % of C is needed
to stabilize the 7-phase and to increase the coercivity?.
For these reasons, the composition Mns4Al44Cs is chosen
to obtain e-phase by melt-spinning” 1°.

In our previous studies, the C was added by several routes
to optimize the synthesis : (i) pieces of graphite, (ii)
graphite powder, and (iii) manganese carbide (Mng3Cg)*.
The use of Mny3Cg as a C source results in more homoge-
neous samples with better magnetic properties. Indeed,
the addition of C increases the lattice volume, and as la
and 1d Mn sites of the lattice are antiferromagnetically
coupled, the increase of lattice volume decrease the mag-
netic coupling between those sites, resulting in higher
magnetization.

Despite a high anisotropy field around 5T, the coercivity
of Mn-Al-C alloys remains weak. To improve the coerciv-
ity, as quenched Mn-Al-C alloys were mechanically milled
at low temperature (around 77K) in the e-phase®112.
Then, the obtained powder was sintered by Spark Plasma
Sintering (SPS) process in a tungsten carbide mold. The
transformation from e-phase to 7-phase is performed un-
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der a stress in order to influence the anisotropy of the
samples. Compared to a graphite mold, the tungsten
carbide mold is used to sinter at high pressure at lower
temperature. Thin powder of the alloys was sintered by
SPS at 400 MPa at temperatures from 500 to 600 °C* '3,
We showed in our results that the powder was mechani-
cally activated by the milling process, giving more equi-
librium B and 72 non-magnetic phases, but high densi-
ties of the samples. However, we noticed that 25% of
[S-phase in the sample increases the coercivity for about
40 % for an alloy sintered at 550 °C and 400 MPa. This
study compared the magnetic properties of the samples
as a function of 7, 8 and = phases proportions, for dif-
ferent sintering temperatures. A small anisotropy was
obtained, and the coercivity was higher in the sinter-
ing pressure direction with a lower magnetization in this
direction, compared to the magnetization measured per-
pendicularly to the direction of pressure.

From the previous results, the chosen sintering temper-
ature was 550 °C and in this paper, the crystallographic
and magnetic properties as a function of the sintering
pressure are presented.

Il. EXPERIMENTAL DETAILS

Mns4Aly4Co alloys were obtained by melting pure
manganese, aluminum and manganese carbide (Mnz3Cg)
in a cold crucible induction furnace. Ribbons of pure e-
phase were produced by melt-spinning. A powder was ob-
tained after cryogenic mechanical milling of the ribbons.
The powder was then sintered under argon by Spark
Plasma Sintering (the sample is heated by a pulsed elec-
tric current) in 8 mm tungsten carbide mold. Sintering is
then done at much higher pressure than with a graphite
mold? '3 and therefore at lower temperature to obtain
high densities of the pellets and to avoid precipitation
of B-phase (Mn-rich cubic phase) and 7s-phase (Al-rich
trigonal phase)!*. Structural properties of all samples
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(powder in the e-phase and all pellets) were determined
by X-ray diffraction (XRD) using a Bruker D2 Phaser
diffractometer equipped with a LinxEye Linear detector
in Co Ka radiation. The magnetic measurements were
performed at room temperature using a LakeShore 7400
vibrating sample magnetometer (VSM) in the three di-
rections of cubes of around 3 mm edge cut in the pellets
: one direction is parallel to the sintering pressure direc-
tion, and two directions are perpendicular to the sinter-
ing pressure direction. The measurements were limited
to 1.9 T by the VSM used here, but we checked that the
same coercive fields were obtained for a 9 T max field.

IIl. RESULTS AND DISCUSSION
A. Spark plasma sintering

The Table 1 present the preparation conditions of
the samples with the labels used in paper? (S for sin-
tered solid, F for fine milling). All samples were sin-
tered at 550 °C for pressure from 100 to 400 MPa. The
Archimedes’ principle was used to determine the density
of samples. Then, the relative density was calculated
from the XRD data. The results show that, as expected,
the density of all samples increases with sintering pres-

sure and temperature4.

TABLE I. Preparation conditions and relative density of sam-
ples.

Sample Treatment (MPa) Density (%)

SEF100 100 87
SF200 200 89
SF300 300 96
SF400 400 98

B. X-ray diffraction

The lattice parameters and the phase constitution were
determined by using the Rietveld refinement software
MAUD'. The phase diagram'* shows two equilibrium
phases depending on the proportions of Mn and Al atoms
: [-phase and v-phase. The € phase is stable at high
temperature but can be obtained in non-equilibrium con-
ditions. The 7 metastable phase is obtained after anneal-
ing the quenched e-phase.

From X-ray diffraction, the as prepared powder is a pure
e-phase. As shown in Fig.1 and Table II, the material
is almost fully in 7-phase, but the sintering process pro-
duces the precipitation of few % of S-phase. A higher
proportion of 7-phase for the same sintering tempera-
ture and pressure is obtained by decreasing the milling

velocity compared to ref.4. The crystallites size is around
60 nm.
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FIG. 1. XRD patterns of the samples sintered at 100, 200,
300 and 400 MPa.

TABLE II. Phase fraction determined by XRD.

Sample 7-phase (%) B-phase (%)
SF100 94 6
SF200 95 5
SF300 92 8
SF400 95 5

C. Magnetic properties

Measurements in both of the perpendicular give the

same magnetic properties, so only two directions of the
measurements are presented : parallel and perpendicular
to the pressure axis.
The results are presented in Fig. 2. The hysteresis
loops recorded in both direction overlaps for a pressure
of 100 MPa but the parallel loop is significantly below
the perpendicular one for higher pressures. The mag-
netic properties, i.e. coercivity pgH., remanence J, and
magnetization Jy 9 at 1.9T, are presented on Fig.3 and
Fig. 4 in both orientation, parallel and perpendicular.
The samples are not saturated under the field of 1.9T
(about 70% of the saturation after our previous work?)
but the aim of this study is only to compare the samples
processed in different conditions of pressure.

The increase of ugH, and J, with pressure, and the gap
between the two directions are presented on Fig.3 and
Fig.4. This gap is clearly increasing with pressure. The
fact that anisotropy appears with high sintering pressure,
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FIG. 2. Magnetization (A m?kg™") versus uoH. (T) of the samples sintered at 550 °C and 100, 200, 300 and 400 MPa, measured

parallel and perpendicular to the sintering pressure direction.

is in line with results from the extrusion method which is
performed directly in the 7-phase'®, and the anisotropy
result is in line too with the results from hot-deformed
method!”.

In Fig. 4, the gap between the measurements of pgH, in
both directions is similarly increasing with the pressure.
For comparison, the coercivity was measured for a sample
sintered from the same batch, but annealed in a classical
furnace. This reference sample was transformed without
stress and was single T7-phase. These results suggest that
woH. does not depend on the quantity of S-phase, but
only on the stress applied while sintering. Until a pres-
sure of 300 MPa, there is a linear relation between the
pressure and poH. (Fig. 4). To explain this result, we
propose the hypothesis that texturation appears, which
means that there is a development of variants with the
c-axis oriented perpendicularly to the stress direction.
However, the X-ray diffraction performed on 2 perpen-
dicular faces of the cubes doesn’t allow us to conclude on
the texture yet. Texture was neither observed by electron
backscatter diffraction (EBSD)%. However, M, is very
sensitive to texture, so a weak preferential orientation
may explains the increase in M, measured perpendicu-

larly to stress and the decrease when measured parallel
to stress.

To clarify this result, a Scanning Electron Microscopy
(SEM) image of the sample sintered at 550 °C under ver-
tical uniaxial pressure of 400 MPa is presented in Fig. 5.
The material is composed of flat flakes of around 100-
200 ym long and 20 ym wide. The flakes are composed
of crystallites of around 60nm (X-ray diffraction). At
400 MPa, preferential orientation in the horizontal plane
of the flakes is clearly observed. The pressure thus intro-
duces mesoscopic shape anisotropy with a higher demag-
netizing field parallel to pressure, in agreement with the
lower magnetization in this direction (Fig. 2).

IV. CONCLUSION

After quenching the e-phase by melt-spinning and af-
ter ball milling at low temperature of the ribbons, bulk
Mns4Al44Co permanent magnets were produced. Using
a tungsten carbide mold allows to decrease the tempera-
ture and to increase pressure while sintering, in order to
control the volume fraction of the ferromagnetic 7-phase.
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We have observed that the Mn-Al-C samples sintered at
550 °C under a uniaxial pressure of 100 to 400 MPa ex-
hibit a noticeable anisotropy of magnetic properties and
strong dependence of the coercivity on stress.

This effect should be explained rather by the shape
anisotropy related to the global in plane orientation of
flakes produced by the stress applied during sintering
than a texture effect since XRD patterns exhibit the fea-
tures of an isotropic material for all samples. However,
according to Stoner and Wohlfarth, H. and M, both in-
crease when measuring M (H) within the easy axis con-
trarily to the present results. So, if the mesoscopic per-
pendicular shape anisotropy is prevalent on the rema-
nence, it is not in principle affecting the coercivity be-
cause the crystallites are much smaller than the grains.
Consequently there may be another kind of microscopic
parallel anisotropy induced by stress, either due to small

FIG. 5. SEM image of the sample sintered at 550 °C under
vertical uniaxial pressure of 400 MPa.

texture or residual strain.
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