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Prealloyed powders of Mn54Al46 were mechanically milled, and the as-milled powders subsequently
annealed at temperatures from 350 to 600 °C to produce the ferromagnetic L10-structured � phase.
It was found that the magnetic properties are strongly dependent on both the fraction of � phase and
the grain size. Due to the nanostructure, a large coercivity, up to 4.8 kOe, was obtained for Mn54Al46

powders annealed at 400 °C for 10 min. Both remanence curves and �M plots showed no exchange
coupling between the �-phase nanograins. The mechanism for the magnetization process was
determined to be domain-wall pinning type. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2159187�

I. INTRODUCTION

The ferromagnetic � phase in the MnAl system, first re-
ported by Kono1 and Koch et al.,2 continues to attract atten-
tion as a potentially important material for a range of tech-
nological applications requiring properties superior to
conventional hard ferrites, Alnicos, and Fe–Cr–Co alloys but
not as good as the rare-earth magnets. The low costs and
availability of the Mn and Al, as well as the superior corro-
sion resistance, make these permanent magnets particularly
attractive. The � phase is metastable, and is usually produced
by a rapid quench of the high temperature � phase followed
by isothermal annealing from 400 to 700 °C. Prolonged an-
nealing results in decomposition of the � phase to the equi-
librium �2 and � phases.

Both mechanical alloying �MA� and mechanical milling
�MM� have been used to synthesize a number of rare-
earth permanent magnet alloys, including Nd2Fe14B,3

Nd�Fe,Mo�12Nx,
4 and SmCo5.5 These processing techniques

can be used to produce a nanocrystalline microstructure, and
they can have beneficial effects upon the magnetic proper-
ties. So far, only three studies have looked at the magnetic
behavior of MA MnAl.6–8 In one of these studies,6 the MA
powder was first consolidated, annealed at 1050 °C and then
quenched, after which the material was no longer nanocrys-
talline. In another study,7 a relatively high coercivity �HC� of
3.3 kOe was obtained, but the maximum saturation magneti-
zation �MS� was only 20 emu/g. In the third study,8 no hard
magnetic properties could be obtained. In this paper we re-
port that both a high HC and a high MS can be obtained by
MM of MnAl alloys.

II. EXPERIMENT

The Mn54Al46 alloy was prepared by arc melting under
an argon atmosphere. The ingots were subsequently heated to
and held at 1150 °C for 20 h followed by water quenching
to retain the � phase. The crushed ingots were milled for 8 h

in a hardened steel vial using a SPEX 8000 mill using hard-
ened steels balls with a ball-to-charge weight ratio of 10:1.
The vials were sealed under argon to limit oxidation. Both
the as-milled powders and the quenched bulk samples were
annealed at temperatures from 350 to 600 °C for 10 min to
produce the ferromagnetic L10 � phase.

The magnetic properties were measured at room tem-
perature using a LakeShore 7300 vibrating-sample magneto-
meter �VSM� under an external magnetic induction field of
15 kOe. Some samples were also measured with an Oxford
superconducting quantum interference device magnetometer
�SQUID� under a field of 50 kOe. Microstructural character-
ization was performed using a Siemens D5000 diffracto-
meter with a Cu x-ray tube and a KeVex solid-state detector
set to record only Cu K� x rays.

III. RESULTS AND DISCUSSION

X-ray-diffraction pattern for the as-milled alloy showed
peaks corresponding to hcp � phase of the MnAl system. As
shown in Fig. 1�a� the diffraction peaks were broad and of
low intensity, indicative of a nanocrystalline grain structure.
The grain size calculated from the �111� x-ray peak using the
Scherrer formula is 8 nm. Annealing the as-milled sample of
Mn54Al46 at 400 °C for 30 min caused the � phase to trans-
form to the fct � phase �Fig. 1�b��. The calculated �-phase
grain size was �27 nm, which is much smaller than that
produced by conventional casting, grinding, or extruding.9,10

This is a result of the � phase forming from the � phase with
a nanocrystalline grain structure. Increasing the annealing
temperatures causes decomposition of the � phase to the
equilibrium nonmagnetic phase�s� �Fig. 1�c��. Annealing at
600 °C for 30 min resulted in little of the � phase �Fig. 1�d��.

Measurements showed that all the materials produced in
this work were magnetically isotropic. Figure 2 shows the
dependence of MS and HC on annealing temperatures for
both MM and bulk Mn54Al46. The MS for MM Mn54Al46

increases from 350 to 400 °C, then decreases with increas-
ing annealing temperature from 400 to 600 °C. This is con-
sistent with the x-ray-diffraction �XRD� data that the volumea�Electronic mail: qi.zeng@dartmouth.edu
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fraction of the magnetic � phase decreases with annealing
temperatures above 400 °C. For bulk samples, the MS tends
to increase with increasing annealing temperature from
300 to 500 °C. The HC changes a little from 350 to 500 °C
for MM samples. The optimal magnetic properties for MM
samples, HC=4.8 kOe and MS=87 emu/g, were obtained for
Mn54Al46 powders annealed at 400 °C for 10 min. These
values are the highest reported for Mn–Al–C magnetically
isotropic powders. In general, the MS obtained in annealed
MM samples was lower than that obtained in bulk samples,
while the HC was higher, due to the small �-phase grain size.
Figure 3 shows the hysteresis loops for both MM and bulk
Mn54Al46 samples annealed at 400 °C for 10 min. For the
MM sample, the remanence ratio Mr /MS is 0.63 when the
applied field is 15 kOe, which seems to be the characteristic
of nanostructured exchange-coupled materials. However, the
loop is far away from saturation, Mr /MS tended towards 0.5
when the applied field increased to 50 kOe �see inset of Fig.
3�. It is worth noting that the samples were still unsaturated
under a field of 50 kOe. This is a characteristic of MnAl
ferromagnetic alloys.11

Remanence curves and �M plots12–14 were used to study
the interaction between the �-phase grains. The dc demagne-

tizing �DCD� curve charts the progress of the irreversible
changes in magnetization. The isothermal remanence �IRM�
curve contains contributions from both reversible and irre-
versible magnetization processes. �M is defined as Md�H�
− �Mr�Hsat�−2Mr�H��. A plot of �M against H therefore
gives a curve characteristic of the interactions present. Figure
4 shows the �M curves for both MM and bulk samples an-
nealed at 400 °C for 10 min. The overall negative and small
�M for MM sample indicate that most of the �-phase nan-
ograins are isolated with only a small amount of dipolar
interactions between them. No exchange coupling existed in
this nanostructured material which explains why the rema-
nence ratio is close to 0.5.

Figure 5 shows the dependence of the coercive force of
both the MM and bulk samples on the magnetic-field
strengths. It can be seen that the MM curve rises gradually at
low fields until the field strength approaches HC �5 kOe�,
when it rises quickly to saturation. This behavior indicates
that the applied field gradually removes the domain walls
from their pinning sites. This suggests that the mechanism
for the magnetization process of the MM material is con-
trolled by domain-wall pinning. The nonmagnetic phase�s�
present could act as the pinning sites.

FIG. 1. XRD patterns of Mn54Al46 for �a� as-milled and annealed for 30 min
at �b� 400 °C, �c� 500 °C, and �d� 600 °C

FIG. 2. Dependence of the MS and HC on the annealing temperatures for �a�
bulk, and �b� MM Mn54Al46 annealed for 30 min.

FIG. 3. Hysteresis loops for bulk and MM Mn54Al46 powders annealed at
400 °C for 10 min �inset contains the same loops measured at 50 kOe�.

FIG. 4. �M curve for both MM and bulk samples annealed at 400 °C for
10 min.
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IV. CONCLUSIONS

The L10-structured � phase in the Mn–Al system was
produced by mechanical milling and subsequent annealing.
The optimal magnetic properties, Hc=4.8 kOe and MS

=87 emu/g, were obtained for Mn54Al46 powders annealed
at 400 °C for 10 min. These values are the highest reported
for Mn–Al–C magnetically isotropic materials. The small
grain size resulted in very high coercivity. Remanence curves
and �M plots showed no exchange coupling in this nano-
structured material. Measurements of the dependence of the
coercivity on the magnetic-field strength suggested that mag-
netization reversal was domain nucleation controlled, and
that the nonmagnetic phase�s� present could act as the pin-
ning sites.

ACKNOWLEDGMENTS

This work was supported by NIST Grant No.
60NANB2D0120. The views and conclusions contained
herein are those of the authors and should not be interpreted
as necessarily representing official policies, either expressed
or implied, of the National Institute of Standards and Tech-
nologies, or the U.S. Government.

1K. J. Kono, J. Phys. Soc. Jpn. 13, 1444 �1958�.
2A. J. J. Koch, P. Hokkeling, M. G. Van der Steeg, and K. J. Devos, J. Appl.
Phys. 31, 75S �1960�.

3Q. Zeng, Y. F. Xiao, Y. B. Liu, S. Z. Dong, Y. S. Deng, Z. Y. Zhang, and
R. Wang, J. Mater. Eng. Perform. 8, 305 �1999�.

4Q. Zeng, Y. F. Xiao, S. Z. Dong, Y. B. Liu, B. Q. Qiu, Z. Y. Zhang, and R.
Wang, J. Magn. Magn. Mater. 192, 321 �1999�.

5Q. Zeng, Y. Zhang, and G. C. Hadjipanayis, Proceedings of the 17th In-
ternational Workshop on Rare Earth Magnets and Their Applications,
Delaware, 2002 �unpublished�, pp. 961–966.

6D. C. Crew, P. G. McCormick, and R. Street, Scr. Metall. Mater. 32, 315
�1995�.

7T. Saito, J. Appl. Phys. 93, 8686 �2003�.
8K. Kim, K. Sumiyama, and K. Suzuki, J. Alloys Compd. 217, 48 �1995�.
9Ch. Muller, H. H. Stadelmaier, B. Reinsh, and G. Petzow, Z. Metallkd.

87, 594 �1996�.
10T. Ohtani, N. Kato, S. Kojima, K. Kojima, Y. Sakamoto, I. Konno, M.

Tsukahara, and T. Kubo, IEEE Trans. Magn. 13, 1328 �1977�.
11N. I. Vlasova, G. S. Kandaurova, Y. S. Shur, and N. N. Bykhanova, Phys.

Met. Metallogr. 51, 1 �1981�.
12P. E. Kelly, K. O’Grady, P. I. Mayo, and R. W. Chantrell, IEEE Trans.

Magn. 25, 3881 �1989�.
13T. Min, J. G. Zhu, and J. Judy, IEEE Trans. Magn. 27, 5058 �1991�.
14J. G. Zhu and H. N. Bertram, J. Appl. Phys. 69, 4709 �1991�.

FIG. 5. The dependence of the HC on the magnetic-field strength.

08E902-3 Zeng, Baker, and Yan J. Appl. Phys. 99, 08E902 �2006�

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.170.69.33 On: Fri, 06 Feb 2015 13:40:20


