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ABSTRACT:
Cryogenic high energy ball milling and sintering were
used to make the compounds MnxAl1-x. Magnetic
properties of the fabricated compounds were measured
by a vibrating sample magnetometer (VSM) installed in a
physical property measuring system (PPMS). Mn7Al3 %
wt. compound was shown to have the highest coercive
value, .35 kOe among all the materials made. A Cross
Beam Scanning Electron Microscope show that the
materials have nanoparticles that may contribute to the
properties of the magnets.

Figure 1. Al-Mn phase diagram where Ʈ-phase is magnetic and has a tetragonal structure.
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INTRODUCTION:
The high cost of rare Earth metals for use of highperformance magnets has led to studies in non-rare earth
magnetic alloys. Although alloys such as Mn-Al have much
lower coercive forces than those found in rare Earth metals,
they do hold superior magnetic properties to those made
from conventional hard ferrites, Alnicos, Fe-Cr-Co alloys
which make it commercially practical. The Al-Mn alloy has
been shown to exhibit ferromagnetic properties when it is in
the metastable L10 structured Ʈ-phase which is face
centered tetragonal. The Ʈ-phase is formed in the twophase region γ-2 and β-Mn and is metastable.
Different post-processing techniques have been
introduced in Al-Mn studies in an attempt to increase
coercive forces. Cryogenic Mechanical Milling is
implemented in this study. Cryogenic Ball consists of cooling
the Al-Mn sample in liquid nitrogen after high energy ball
milling. This process further breaks down the Al-Mn
particles, has a potential to create nanostructure, and in turn
improves coercive forces.
METHODOLOGY:
Mn-Al powder samples were prepared from manganese
powder, -325 mesh, 99.3% (metals basis) and aluminum
powder, -325 mesh, 99.97% (metals basis). The designed
chemistry were Mn50Al50 % wt., Mn45Al55 % wt., and
Mn2Al3 % wt. The samples were placed in an argon
atmosphere for 24 hours before being milled. The samples
were subject to three hours of high energy ball milling on a
SPEX 8000M shaker at room temperature. The three total
hours of high energy ball milling were divided into smaller
subsequent milling times to allow for cryogenic cooling
between each trial. The high energy milling times were 5, 5,
10, 10, 15, 15, 15, 15, 15, 15, 20, 20, and 20 minutes. In
between each high energy milling trial the sample was left
to cool until equilibrium was reached. After cryogenic high
energy ball milling, the samples were pressed in a uniaxial
press at 55,000 psi. The magnetic properties were tested by
applying a magnetic field (4 tesla) to the pressed samples
using a vibrating sample magnetometer (VSM) in a physical
property measuring system (PPMS).
The nanostructure was observed using a Cross Bream
Scanning Electron Microscope. The exact percent
composition of the pressed samples was determined using
an Energy Dispersive X-ray.
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Figure 2. Intensity peaks for Mn45Al55 % wt. given by X-ray diffraction.
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Figure 3. Coercive, saturation, and energy product values for the cryogenic high energy ball milled samples. The ratio of Mn to Al is the
nominal chemistry for the samples.

RESULTS AND DISCUSSION:
Fig. 2 shows the XRD data, indicating the material
had x phase, y, phase and z phase.
SEM
examinations demonstrated that the materials had
nanoparticles.
EDX analysis indicated that the
fabrication process resulted in a depletion of Mn.
Therefore, more Mn was added to the powder in later
fabrication processes. The highest coercive force
value of .35 kOe was observed in samples with the
highest Mn content:
Mn70Al30 % wt. compound.
The saturation and energy product values however,
were not the highest. Instead, the Mn45Al55 % wt.
pressed powder exhibited both the highest saturation
and energy product value at .260 emu/g and 10.43
kOe, respectively. The Mn45Al55 % wt. pressed
powder annealed for 30 minutes contained the largest
fraction of manganese (23.53 at. %) among the
Mn2Al3 % wt., Mn50Al50 % wt., Mn45Al55 % wt.
pressed powders annealed for 10 and 30 minutes.
Although the exact composition for Mn70Al30 % wt.
was not determined due to time constraints, previous
results suggest that a higher fraction of manganese
will yield a higher coercive force value but not
necessarily a higher saturation value and energy
product. Thus further work on the optimal fraction of
manganese between the ratios of Mn45Al55 % wt.
and Mn70Al30 % wt. should be conducted.
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Figure 4. Hysteresis loop for Mn7Al3 % wt.

Figure 5. Images of the Mn45Al55 % wt. pressed powder annealed for 30 minutes produced from a
Cross Beam Scanning Electron Microscope. The average chemical composition was taken of the
general region.
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Figure 6. Percent composition for unpolished (left) and polished (right) MnAl pressed powders given by am
Energy Dispersive X-ray.
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