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Structural transition and atomic ordering of Ni49.8Mn28.5Ga21.7 ferromagnetic
shape memory alloy powders prepared by ball milling
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Abstract

The Ni49.8Mn28.5Ga21.7 powders of micro-scale irregular equiaxial particles are prepared by ball milling method, and characterized by XRD,
DSC and SEM techniques. The powders are found to contain disordered fct structure. Upon heating to high temperatures, the crystal structure of
the as-milled powder is found to evolve from disordered fct to disordered bcc and then to a Heusler-type structure sequentially. The critical
temperature for the transition from the bcc phase to the Heusler phase is 360 °C. This phase transition process is also a disorder–order transition.
An atomic ordering model similar to the grain nucleation and growth is established to explain the annealing temperature dependence of the phase
transformation temperature.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Among the ferromagnetic shape memory alloys (FSMA),
the most promising are the Ni2MnGa alloys, in which magnetic
field induced strain as large as several percent has been
recorded [1]. Unfortunately, Ni2MnGa alloys are very brittle,
which significantly hinders their practical applications. To
overcome this problem, FSMA/polymer composites, with
FSMA particles being embedded in a polymer matrix, had
been developed [2,3]. The polymer matrix provides structural
integrity and ductility whereas FSMA particles produce the
desired shape changes. Clearly the properties of FSMA
particles are critical for the performance of the composites.
Tang and Solomon et al. [4,5] investigated the microstructure,
magnetic properties andmagnetocaloric effect of fineNi–Mn–Ga
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particles fabricated by spark erosion. They found that the
powders as-sparked in nitrogen showed highly disordered
nanocrystalline grains whereas the powders sparked in liquid
argon displayed high crystallinity. In comparison with spark
erosion, ball milling is more cost-effective and is able to process
powders in quantity. Yet there is few report on the fabrication of
Ni–Mn–Ga particles by ball milling except Wang et al. [6]
reported the structural transition of ball milled Ni2MnGa
nanoparticles recently. The present study will investigate the
characterization of Ni49.8Mn28.5Ga21.7 alloy powders of micro-
particles prepared by means of ball milling.

2. Experimental

A polycrystalline ingot of Ni49.8Mn28.5Ga21.7 alloy was
prepared by arc-melting furnace under argon atmosphere using
high purity elements. The ingot was homogenized at 850 °C for
10 h (Sample A) and then crushed and milled in a planetary ball
mill for 4 h (Sample B). The rotational speed of 500 rpm and
ball to powder ratio of 10:1 were selected in the process. After
milling the powders were annealed at 280 °C (Sample C),
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Fig. 1. (a) SEM image of as-milled Ni49.8Mn28.5Ga21.7 powder; (b) Annealing
behaviour of ball milled Ni49.8Mn28.5Ga21.7 powder.

Fig. 2. (a) DSC curves of Samples A (bulk material), B (as-milled powder),
C (280 °C 2h annealed powder), D (380 °C 2h annealed powder), E (450 °C 2h
annealed powder), F (500 °C 2h annealed powder), G (600 °C 2h annealed
powder), H (800 °C 2h annealed powder); (b) Effect of annealing temperature on
martensitic transformation temperatures of ball milled Ni49.8Mn28.5Ga21.7
powders.
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380 °C (Sample D), 450 °C (Sample E), 500 °C (Sample F),
600 °C (Sample G) and 800 °C (Sample H) for 2 h. Heat
treatments were carried out with the powder samples sealed in
evacuated quartz ampoules. Phase transformation behaviour of
the powders was characterized using a Perkin-Elmer Diamond
differential calorimeter (DSC) with a cooling/heating rate of
10 °C/min. X-ray diffraction (XRD) was carried out for phase
identification using a Panalytical X-pert PRO diffractometer
with Cu Kα radiation. The morphology of the powders was
determined using a Cambridge-S240 scanning electron micro-
scope (SEM).

3. Results and discussion

Fig. 1(a) shows a SEM image of the Sample B, revealing irregular
equiaxial particles of sizes ranging from 5 μm to 50 μm. Fig. 1(b)
shows a DSC trace of the Sample B. Two broad exothermic peaks are
detected at 305 °C and 410 °C upon heating from room temperature.
On subsequent cooling and second heating, no thermal events were
detected, indicating that the two exothermic processes are irreversible.
The strain energy caused in the ball milling process makes the
formation of nonequilibrium phase, which will be released in heating
process. The strain energy release may make nonequilibrium phase
transform to equilibrium phase. Such a process may result in the two
exothermic events. This will be discussed hereinafter.

Fig. 2(a) shows the DSC measurements of the transformation
behaviour of the Samples A–H. The bulk sample exhibited one
endothermic peak upon heating and one exothermic peak upon cooling,
which are obviously associated with the forward and reverse
transformations between the Heusler austenite and a martensite. The
latent heat of the transformation was measured to be 5.24 J/g. In
contrast, the as-milled sample showed no transformation within the
same temperature range. Annealing at 280 °C did not make any change
to the transformation behaviour. Annealing at above 380 °C progres-
sively restored the transformation. The latent heat increased with
increasing annealing temperature. The latent heat of the sample
annealed at 800 °C was measured to be 5.52 J/g, similar to that of the
original bulk sample.

The dependence of transformation temperatures on annealing
temperature is shown in Fig. 2(b). It could be seen that both Ap and Mp

temperatures increased with the increase of the annealing temperature.
This observation is consistent with previous studies [7–9]. Albertini et al.
[7] and Heczko et al. [8] reported the transformation temperature shifts of
Ni–Mn–Ga ribbons prepared by rapid solidification after annealing and



Fig. 3. (a) XRD spectra of Samples A (bulk material), B (as-milled powder),
C (280 °C 2h annealed powder), D (380 °C 2h annealed powder), E (450 °C 2h
annealed powder), F (500 °C 2h annealed powder), G (600 °C 2h annealed
powder), H (800 °C 2h annealed powder). (b) XRD spectra for Sample B at
different temperatures.
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ascribed the resulted shifts to the microstructural changes, local
compositional changes and relaxation of internal stresses caused in the
rapid solidification process. Scheerbaum et al. [9] observed the increase
Fig. 4. Process of structural transition and atomic ordering of Ni49.8Mn28.5Ga21.7 powd
middle structure refers to disordered bcc; the right structure refers to Heusler structu
respectively. (For interpretation of the references to colour in this figure legend, the
of transformation temperatures of extracted Ni50.9Mn27.1Ga22.0 fibres
after annealing and attributed the effect to the increase of grain size.

Fig. 3(a) shows the XRD patterns of the Samples A–H at room
temperature. The original bulk Sample A consisted of 5M tetragonal
martensite and cubic austenite. The as-milled Sample B showed five
broad peaks at 2θ=43, 46.6, 68, 76 and 83.4°, which can be indexed as
a disordered face-centred-tetragonal structure (fct). Similar fct structure
was also reported by Wang et al. [6] for a Ni2MnGa powder prepared
by grinding, in which the fct structure corresponds to a nonmodulated
martensite with Ms (~70 °C) close to Curie temperature Tc (~102 °C).
However, no transformation was detected from −100 °C to 120 °C for
the Sample B. As know that, in Ni–Mn–Ga alloy, the martensitic
transformation is strictly related with the atomic configuration. So it is
assumed that the ball milling process led to the formation of a
disordered fct structure phase differing from the nonmodulated
martensite.

The Sample C annealed at 280 °C exhibited two peaks centred at
43.7° and 80.7°. Increasing the annealing temperature to 380 °C
intensified these peaks and at the same time brought a few other small
peaks. These peaks could be indexed to a disordered bcc structure. The
Sample D exhibited a very weak martensitic transformation, as shown
in Fig. 2(a). The occurrence of the transformation indicated that a small
amount of the Heusler structure had been formed in the sample. Further
increasing annealing temperature to above 450 °C resulted in the
appearance of the (111) superlattice peak of the Heusler austenite.
These samples contained a mixture of tetragonal martensite and
Heusler austenite at the room temperature, as typically shown by the
indexing of the Sample H annealed at 800 °C. The lattice constants of
the tetragonal martensite, as determined from the Sample H are
a=0.5948 nm and c=0.5600 nm.

The DSC and XRD results suggest that annealing at 280 °C and
380 °C gave rise to two different structures and hence different
transformation behaviour for the milled Ni49.8Mn28.5Ga21.7 powder.
These two temperatures were in the range of 260 °C–360 °C and
360 °C–460 °C, which corresponds to the two exothermic peaks shown
in Fig. 1(b). In this regard, the exothermic peaks upon heating to
elevated temperatures might be identified as the structural transition
from disordered fct to disordered bcc in the first event and the atomic
ordering from disordered bcc to Heusler structure in the second event.
The in situ structural characterization of as-milled powder heated to
different temperatures has also confirmed the two transition processes,
as shown in Fig. 3(b). However, It is strange that there were some
er during heating after ball milling. The left structure refers to disordered fct; the
re with Ni, Mn and Ga atoms at respective sites colored in black, pink and blue,
reader is referred to the web version of this article.)
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additional peaks located at 2θ=32.9, 50.4 and 74° in the diffraction
pattern except the Heusler structure diffraction peaks when the as-
milled powder is heated to 600 °C. These additional peaks indicate
some other phase may exist in the powder, which will be ascertained in
the further research. In any case, the present DSC and XRD results
show clearly that the transformation peaks intensified and the
diffraction peaks sharpened continuously with increasing annealing
temperature till 800 °C, implying that the atomic ordering process
continued to this temperature.

Fig. 4 shows a schematic illustration of the structural evolution
during heating. When a milled powder was heated to a temperature
slightly above 360 °C, small domains of the Heusler phase was formed
in the disordered bcc matrix randomly. At this stage, the martensitic
transformation was very difficult due to the constraint of the interfaces
between the bcc and Heusler phases, similar to the effect of grain size
on martensitic transformation [9], leading to low transformation
temperatures. As the volume fraction of the Heusler phase increases at
higher heating temperatures, the constraint effect of the bcc phase on
the Heusler phase for martensitic transformation was reduced, resulting
in increase of the phase transformation temperatures.
4. Conclusions

The structure of ball milled Ni49.8Mn28.5Ga21.7 powders
transforms from disordered fct to disordered bcc, then to
Heusler structure progressively with increasing annealing
temperature to 800 °C. The critical temperature for the transition
from the bcc phase to the Heusler phase was 360 °C. The
sample annealed at 800 °C had full Heusler structure.
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