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The transformation and magnetic properties of Ni49.8Mn28.5Ga21.7 powders produced by ball milling and
post-milling annealing were investigated in this study. It was found that ball milling suppresses both the
Curie transition and the Heusler 4 tetragonal martensitic phase transformation of the alloy. Ball milling
also severely weakens the magnetization of the alloy. Annealing at elevated temperatures is effective in
restoring the ferromagnetism and the martensitic transformation of the alloy. The suppression of the
Curie transition is attributed to atomic disordering caused by ball milling. The suppression of the
martensitic transformation is attributed to severe structural deformation as well as atomic disordering
induced by the ball milling.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Ni–Mn–Ga ferromagnetic shape memory alloys (FSMAs) have
attracted much interest in the past decade due to their unique
ability to produce large magnetic field-induced strains (MFIS) [1–
3]. Most studies on these alloys have been concerned with bulk
polycrystalline materials, melt-spun ribbons and single-crystal
specimens [1–6]. Recently, smart composites consisting of Ni–Mn–
Ga alloy powders in polymer matrix have raised some interests
because of their several advantages over bulk materials for practical
applications, such as low cost, good formability, and low AC eddy-
current losses. It has been found that FSMA/polymer composites
exhibit good shape recovery [7] and large mechanical energy
absorption [8,9].

Ni–Mn–Ga powders have been prepared by various methods,
including spark erosion, which is a process of rapidly solidifying
molten metal droplets in liquid nitrogen or argon [10–13], and
crushing and grinding bulk materials [14]. Ball milling is another
technique used to prepare Ni–Mn–Ga powders [15–17]. Wang et al.
[15] reported a structural change of a Ni2MnGa alloy from tetrag-
onal to disordered fcc due to a significant structural distortion in
aterials and Nanotechnology,
Yuan Road, Hai-Dian District,

All rights reserved.
nanophase materials generated by ball milling. The disordered fcc
structure transforms back to Heusler structure upon annealing. In
our previous study we prepared Ni49.8Mn28.5Ga21.7 micro-particles
by means of ball milling and found that the martensitic trans-
formation is suppressed by ball milling due to the structural
disordering induced by the milling process [16,17]. This paper
reports our further investigation on the effects of ball milling and
subsequent annealing on the magnetic transformations and
magnetic properties of Ni49.8Mn28.5Ga21.7 alloy powders.

2. Experimental procedures

A button-shaped polycrystalline Ni49.8Mn28.5Ga21.7 ingot with
the diameter around 40 mm was prepared using an arc-melting
furnace in argon atmosphere from high purity Ni (99.99%), Mn
(99.7%) and Ga (99.99%). The ingot was annealed at 1123 K for 10 h
in a vacuum quartz tube for homogenization, and quenched in
water. The annealed ingot was crushed to granules about 3 mm in
size and then milled in a planetary ball mill with hardened steel
balls in a ball-to-powder weight ratio of 10: 1. Acetone was added in
the vial as the milling medium and a milling speed of 500 rpm was
used. To avoid overheating, cycles of 1 h milling and 1 h rest were
performed. The as-milled powders were then annealed at different
temperatures for 2 h in sealed quartz ampoule in vacuum.

Temperature dependence of low-field ac magnetic susceptibility
was measured to determine the martensitic transformation and
magnetic transition. X-ray diffraction (XRD) was carried out for
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phase identification at room temperature using a Panalytical X-pert
PRO diffractometer with Cu Ka radiation. The optical microstruc-
tural observation for the annealed ingot sample was performed
using an Olympus-311U optical microscope. The morphology of the
powders was observed using a Cambridge-S240 scanning electron
microscope (SEM). Magnetic hysteresis loops were measured using
a Physics Property Measurement System (PPMS) manufactured by
Quantum Corporation.

3. Results and discussion

Fig. 1(a) is the SEM image showing the typical morphology of
Ni49.8Mn28.5Ga21.7 alloy powders after milling for 4.5 h. The powder
particles are irregular in shape and their average granularity is
generally smaller than 30 mm. The grain size of annealed
Ni49.8Mn28.5Ga21.7 alloy ingot observed by optical microscope is
about 200–500 mm, as illustrated in Fig. 1(b). It can be easily noted
that the size of as-milled particles is greatly smaller than the grain
size of the annealed ingot.

Fig. 2 shows the AC susceptibility of Ni49.8Mn28.5Ga21.7 with
temperature measured in a field of 50 Oe. Fig. 2(a) is for the
homogenized ingot sample and (b)–(d) is for three milled samples.
The homogenized ingot sample showed a sharp increase of ac
susceptibility (DAC) at 363 K on cooling, representing the Curie
transition (Tc) of the Heusler austenite. Immediately following the
Curie transition there is a drop of susceptibility (DP) within the
temperature range of 356–340 K. Continuing cooling to 298 K
induced another sudden drop of susceptibility (Dtr), indicating the
Heusler austenite (ferromagnetic) / tetragonal martensite (ferro-
magnetic) transformation. The increase of susceptibility at 308 K
upon heating indicates the reverse martensite / austenite trans-
formation. The transformation hysteresis was w13 K. The decrease
of susceptibility during austenite to martensite transition is due to
the increase of magnetocrystalline anisotropy of the martensite
[18].

The susceptibility drop after the Curie transition, DP, is attrib-
uted to the effect of stress anisotropy caused by high level of
quenched-in stresses and strong magneto-elastic coupling in
Ni–Mn–Ga alloys [19]. Similar behaviour has also been observed in
Ni49.7Mn28.7Ga21.6 ribbons [20]. Internal stresses may originate
from the thermal stress and structure stresses caused by the phase
transformation. Internal stress anisotropy induces magneto-
crystalline anisotropy [21]. Decreasing temperature after the Curie
transition increases magnetocrystalline anisotropy due to the
reduction in atomic thermal vibration, and an increase of magne-
tocrystalline anisotropy lowers magnetic susceptibility.

The sample milled for 0.5 h showed a similar Curie transition at
363 K. In comparison with the homogenized bulk sample, this
sample showed much reduced DAC of the Curie transition, from
Fig. 1. (a) SEM image of Ni49.8Mn28.5Ga21.7 alloy powders ball milled for 4.5 h
9246 for the homogenized sample to 1030. The martensitic trans-
formation had also become broadened in temperature and reduced
in the magnitude of Dtr. For the 1 h milled sample, DAC is further
reduced to 230. The martensitic transformation at 305 K was barely
detectable, as indicated by the arrow. With further increasing
milling time to 4.5 h, the sample exhibited a continuous slight
decrease in susceptibility with decreasing temperature, with no
sign of the martensitic transformation. A small variation may be
identified at 362 K, as indicated by the arrow, suggesting the Curie
transition. DAC of the Curie transition has become negligible.

It is seen that ball milling is effective in suppressing both the
martensitic transformation and the Curie transition. The disap-
pearance of the martensitic transformation after milling is attrib-
uted to the effect of severe deformation and atomic disordering
[17]. The slip system in Heusler structure is <111>/{110}, i.e. the
Burgers vector of a full dislocation is b

!
¼ a½111�. However, the

Heusler unit cell is a complex compound structure and vector b
!

is
large and difficult to occur. When subjected to deformation, the full
dislocation may dissociate into partial dislocations b

!
1 ¼ 1=2½111�

and b
!

2 ¼ 1=4½111�. Occurrence of partial dislocation b
!

1 alters the
normal (110) plane stacking order ABABA of the Heusler structure
to AAA, which defines a B2 structure between Ni and (Mn, Ga).
Occurrence of partial dislocation b

!
2 alters the ABABA stacking of

the (110) to A0B0A0B0A0 , which still defines the Heusler structure but
creates an anti-phase boundary (APB) at between the original
ABABA domain and the new A0B0A0B0A0 domain. It may be expected
that both partial dislocations be activated during milling, however
only the occurrence of b

!
1 can be detected by XRD measurement.

Similar analysis has also been reported on other alloy systems in
the literature [22]. The repeated impact of ball milling causes severe
mechanical deformation and introduces atomic disordering,
destroying the Heusler structure.

Fig. 3 shows the effect of ball milling time on the susceptibility of
the paramagnetic austenite (cp-A), ferromagnetic austenite (cf-A)
and ferromagnetic martensite (cf-M) phases of the alloy. It can be
seen that milling reduced the magnetic susceptibility of both the
ferromagnetic austenite and the ferromagnetic martensite with
little effect on the susceptibility of the paramagnetic austenite. It is
evident that both the disappearances of the Curie transition (DAC)
and the martensitic transformation (Dtr) are caused by the rapid
decrease of cf-A relative to cp-A and cf-M, respectively. It is also
interesting to note that after milling cf-A and cf-M of the ferro-
magnetic phases became lower than cp-A of the paramagnetic
phase.

The suppression of the Curie transition, or the lowering of the
susceptibility of the ferromagnetic austenite is ascribed to atomic
disordering, since the magnetic characteristic of Ni–Mn–Ga alloy is
strictly related to the arrangement of Ni, Mn and Ga atoms.
Magnetic moment of Ni2MnGa Heusler alloys originates from the
and (b) optical micrograph of Ni49.8Mn28.5Ga21.7 alloy bulk ingot sample.



Fig. 2. Low-field c–T curves for (a) Ni49.8Mn28.5Ga21.7 alloy bulk ingot sample and Ni49.8Mn28.5Ga21.7 alloy powders milled for (b) 0.5 h, (c) 1 h and (d) 4.5 h. The field was 50 Oe.

B. Tian et al. / Intermetallics 16 (2008) 1279–1284 1281
indirect exchange interaction between Mn atoms [23]. The type of
Mn–Mn interaction depends on Mn sites in the structure [24]. In
the Heusler structure, along the diagonal of the unit cell, Ni, Mn, Ni,
Ga atoms occupy (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and (3/4, 3/4,
3/4) sites, respectively. The coupling between adjacent (1/4, 1/4, 1/
4) Mn atoms is ferromagnetic. If one (1/4, 1/4, 1/4) Mn atom
exchanges its position with one (3/4, 3/4, 3/4) Ga atom, the (3/4, 3/
4, 3/4) Mn atom forms antiferromagnetic coupling with neigh-
bouring (1/4, 1/4, 1/4) Mn atoms. At the same time, the (1/4, 1/4, 1/
4) Ga atom also reduces its own ferromagnetic coupling. These
changes reduce the total magnetic moment of the alloy. The
repeated and severe deformation caused by the ball milling leads to
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Fig. 3. Effect of ball milling on the susceptibility of the paramagnetic austenite,
ferromagnetic austenite and ferromagnetic martensite phases of the experimental
samples.
the atomic disordering and upsets the atomic sites of Ni, Mn and Ga
in the Heusler structure, as reported previously [17]. This is
expected to alter the Mn–Mn coupling from ferromagnetic to
predominantly antiferromagnetic. As seen in Fig. 2, susceptibility of
the paramagnetic austenite is nearly the same for all the four
samples. It is obvious that the decrease of DAC mainly results from
the decrease of the susceptibility of the ferromagnetic austenite.
Therefore, the decrease of DAC associated with Curie transition is
attributed to the atomic disordering, which reduces the magnetic
moment of the ferromagnetic austenite phase.

Fig. 4 shows the room temperature XRD spectra of five experi-
mental samples. Sample (a) was crushed bulk alloy, whose
diffraction patterns can be indexed to the 5M tetragonal martensite
and cubic austenite, indicating the Heusler structure. The lattice
parameter of the cubic austenite is determined to be
a¼ 0.58388 nm. The lattice parameters of the 5M tetragonal
martensite are a¼ 0.5948 nm and c¼ 0.5600 nm. Samples (b) and
(c) were after milling for 0.5 h and 1 h, respectively. It can be seen
that some weak diffraction peaks in the bulk alloy have dis-
appeared. The intensity of the strongest diffraction peak (202) of
the martensite is reduced gradually with increasing ball milling
time. After milling for 4.5 h, as shown in sample (d), the charac-
teristic diffraction peaks in the bulk alloy have disappeared
completely and new diffraction peaks belonging to another phase
have appeared. The main peaks can be indexed to a disordered face
centered tetragonal (fct) structure. The lattice parameters are
a¼ 0.39060 nm and c¼ 0.65479 nm. It is seen that the ball milling
caused contraction of the a parameter and expansion of c. The
disordered fct phase forms in the structurally disordered phase
evolving from Heusler phase during ball milling process. The
approximate lattice correspondence between the fct phase and the
Heusler phase is a!fct ¼ 1=2aL21

½110�, b
!

fct ¼ 1=2aL21
½110� and

c!fct ¼ c!L21
. Sample (e) had been annealed at 873 K after milling

for 4.5 h. Its diffraction pattern is indexed to 5M tetragonal
martensite and Heusler cubic austenite, similar to the bulk alloy
sample. A superlattice peak is seen at 2q¼ 26.4�, which may be



20 30 40 50 60 70 80 90

M
00

4
A

40
0

M
40

0M
22

0

M
20

2

A
11

1

873K/2h

for (d)

X
-r

ay
 in

te
ns

it
y

2 theta (deg.)

A
40

0

M
22

4
M

42
2

M
40

0

M
00

4

A
22

0
M

22
0

M
20

2

bulk alloy

(a)

0.5h milled

(b)

1h milled

(c)

4.5h milled

(d)

(e)

M
22

4

M
42

2

11
2

20
0

00
4

22
0

20
4

31
2

Fig. 4. Room temperature XRD spectra of (a) Ni49.8Mn28.5Ga21.7 homogenized bulk
alloy, (b) 0.5 h milled, (c) 1 h milled, (d) 4.5 h milled Ni49.8Mn28.5Ga21.7 powders and (e)
annealed 4.5 h milled Ni49.8Mn28.5Ga21.7 powders at 873 K for 2 h.
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indexed to (111) of the Heusler austenite, demonstrating improved
atomic ordering after the annealed. It is evident that ball milling is
effective in destroying the atomic ordering of the Heusler structure
of the Ni49.8Mn28.5Ga21.7 alloy gradually and post-milling anneal is
effective in restoring its atomic ordering. The destruction of atomic
order is caused by the accumulation of high density of overlapping
and intersecting APB planes through the movement of imperfect
dislocations [22], as discussed in the above paragraph. Annealing at
873 K is expected to annihilate the vacancies, dislocations and APBs
via diffusion to restore the thermodynamic equilibrium of the
system, i.e. the Heusler atomic ordering for the alloy.

Fig. 5 displays the c–T measurements of nine samples, which
had been milled for 4.5 h and then annealed at different temper-
atures up to 1273 K for 2 h. The as-milled sample is the same as that
shown in Fig. 2(d). Annealing at 573 K caused little change to the
magnetic susceptibility. The Curie transition became obvious when
annealed at above 673 K. Annealing at above 723 K restored the
martensitic transformation. We have reported that the restoration
of the Heusler structure began at 633 K and intensified with
increasing annealing temperature [17]. Therefore, the restoration of
the Curie transition is obviously caused by the restoration of
ferromagnetic Heusler phase. The appearance of the martensitic
transformation after annealing at 723 K, but not at 673 K, implies
that the restoration of the Heusler-type atomic ordering is a gradual
process with annealing. The first-order martensitic transformation
requires a higher level of atomic ordering compared with the
second-order Curie transition. This is consistent with the obser-
vation of the effect of milling, as seen in Fig. 2, where the
martensitic transformation disappeared ((c)) prior to the disap-
pearance of the Curie transition ((d)). It is also noticed in the figure
that the critical temperatures of the Curie transition and the
martensitic transformation are not affected by annealing condition
once they have appeared.

Fig. 6 shows the evolution of DAC, DP and Dtr with annealing
temperature. It is seen that DAC increased with increasing annealing
temperature at between 573 K and 1073 K, reaching a maximum of
8223 and then decreased with further increasing the annealing
temperature. DP increased between 573 K and 723 K, decreased to
0 at 873 K, then increased again to a second maximum at 1073 K,
and finally decreased again at above 1173 K. The maxima of the two
curves coincide at 1073 K. Dtr reaches a maximum with increasing
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annealing temperature to 873 K, and then decreased with further
increasing annealing temperature.

Fig. 7 shows the effect of annealing temperature on the
susceptibilities of paramagnetic austenite, ferromagnetic austenite
and ferromagnetic martensite phases of the alloy after milling for
4.5 h, as measured at 373 K, 320 K and 280 K for the three phases,
respectively. It is clear that the susceptibilities of the ferromagnetic
martensite and the paramagnetic austenite remained practically
constant with annealing temperature, whereas that of the ferro-
magnetic austenite showed large changes. It increased initially,
reaching a maximum at 873 K, and then decreased with further
increasing temperature. Also shown in the figure is the peak
susceptibility (c*) measured at the Curie transition. It is seen that c*
showed a similar trend to cf-A but reached its maximum at a higher
annealing temperature (1073 K).

With these evidences it is clear that the variation of DAC is
largely dictated by the variation of c*. It has been reported that
annealing restores and improves the atomic ordering of ball milled
Ni49.8Mn28.5Ga21.7 powders [17], as also seen in Fig. 4. On the other
hand, it has also been reported that annealing at excessively high
temperatures causes thermally induced atomic disordering for Ni–
Mn–Ga. Sánchez-Alarcos et al. [25] reported that L21 4 B2
(order 4 disorder) transition occurs at 1053 K in a Ni49.5Mn28.5Ga22

alloy. The increase of c* (and cf-A) with increasing annealing
temperature to 1073 K is apparently related to atomic ordering
process, during which the Mn–Mn ferromagnetic interaction
increases. The decrease of c* (and cf-A) at above 1073 K is attributed
to thermally induced atomic disordering of the Heusler structure.

It is also seen that Dtr is determined by the variation of cf-A.
Thus, it is easy to conclude that the initial increase of Dtr is caused
by the restoration of the ferromagnetism of the austenite due to
atomic ordering and the decrease at higher annealing temperatures
is due to the thermally induced atomic disordering.

DP is caused by the increase of magnetocrystalline anisotropy of
the austenite on cooling. Its magnitude is determined by the
difference between c* and cf-A. The increase of DP at below 723 K
annealing temperature is obviously related to the restoration of
the Curie transition, i.e. the increase of magnetization of the
ferromagnetic austenite. With further increasing annealing
temperature, internal stresses are annihilated progressively and
stress-induced magnetocrystalline anisotropy is reduced, leading
to the decrease of DP at between 723 K and 873 K. The increase of
DP at above 873 K is apparently related to the fact that cf-A
decreases earlier than c*. It is assumed that the enhancement of
stress-induced magnetocrystalline anisotropy due to the structure
stress caused by the structural transition from Heusler 4 B2, will
be responsible for the increase of DP at this annealing temperature
range.

Fig. 8 shows the effect of annealing temperature on the trans-
formation hysteresis and the temperature intervals (DM and DA) of
the forward and the reverse transformations. It is seen that DM and
DA decreased continuously with increasing annealing temperature.
Transformation hysteresis increased between 573 K and 1073 K,
then decreases at higher annealing temperatures.

Fig. 9 shows the magnetization behaviour at 273 K of three
samples, including the homogenized sample (curve (a)), the sample
milled for 4.5 h (curve (b)) and a sample annealed at 873 K for 2 h
after ball milling for 4.5 h (curve (c)). The magnetization of the
homogenized bulk sample and annealed powder sample is similar,
exhibiting typical soft ferromagnetic behaviour reaching saturation
magnetization at w10 kOe. The saturation magnetization reached
at 50 kOe was 53 emu/g for the bulk sample and 51 emu/g for the
annealed sample. The milled sample also exhibited typical ferro-
magnetic behaviour, but with much reduced saturation
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magnetization. The saturation magnetization of the milled sample
at 50 kOe is 14 emu/g, 26% of that of the homogenized sample. As
discussed above, this is apparently caused by the destruction of
Mn–Mn ferromagnetic exchange induced by ball milling. Annealing
at 873 K is effective in restoring the ferromagnetism of the material.

4. Conclusions

(1) Ball milling is found to alter the ordered Heusler/5M tetragonal
crystal structure of the Ni49.8Mn28.5Ga21.7 alloy into disordered
face centered tetragonal structure, apparently via atomic
displacement. Annealing at above 873 K is effective in restoring
the ordered structure.

(2) Ball milling suppresses the Curie transition of the alloy. Post-
milling anneal at above 673 K is effective in restoring the
transition. The suppression of the transformation is attributed
to atomic disordering induced by ball milling. Annealing
improves the degree of atomic ordering.

(3) Ball milling suppresses the Heusler–5M tetragonal martensitic
transformation. Post-milling anneal at above 723 K is effective
in restoring the transformation. The suppression of the trans-
formation is attributed to atomic disordering induced by ball
milling, which destroys the ordered Heusler structure.
Annealing improves the degree of atomic ordering.

(4) The critical temperatures of the Curie transition and the
Heusler–5M tetragonal martensitic transformation are not
affected by ball milling or the annealing temperature.
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[20] Heczko O, Švec P, Janičkovič D, Ullakko K. IEEE Trans Magn 2002;38:2841.
[21] Liu ZH, Chen JL, Hu HN, Zhang M, Dai XF, Zhu ZY, et al. Scr Mater

2004;51:1011.
[22] Morris DG, Amils X, Nogués J, Suriñach S, Baró MD, Muñoz-Morris MA. Int J
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