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The sintered Ni-Mn-Ga alloys with various grain sizes have been fabricated by using the spark plasma
sintering method. The effect of grain size on martensitic transformation, mechanical and magnetic prop-
erties of Ni-Mn-Ga alloys have been investigated for the first time. The results show that martensitic
transformation and transformation hysteresis are significantly affected by the grain size. All as-sintered
Ni-Mn-Ga alloys exhibit high saturation magnetization despite their different grain sizes. Moreover, it

is found that the grain size plays important roles on mechanical properties. The sintered specimen with
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appropriate grain size exhibits the highest fracture strain reported so far.
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1. Introduction

Ni-Mn-Ga ferromagnetic shape memory alloy has been widely
investigated due to its ability to exhibit large magnetic-field-
induced strain (MFIS) and high response frequency [1-4]. The MFIS
is based on the rearrangement of martensite twin variants by the
twin boundary motion under an applied magnetic field. A MFIS of
up to 10% has been reported in a single crystal Ni-Mn-Ga alloy
[5]. This makes it an ideal candidate for magnetically controlled
shape memory application. However, the extreme brittleness of
Ni-Mn-Ga alloys prepared by conventional melting technique
greatly limits their practical application. In order to improve the
brittleness of the bulk alloy, there has been growing interest in
the modification of Ni-Mn-Ga alloys by adding a fourth element.
Recently, several rare earth elements [6-8] and Fe have been added
to Ni-Mn-Ga alloys to improve the mechanical properties [9,10].
Moreover, several other forms based on the alloy have been devel-
oped, including ribbons and thin films [11-14]. However, although
the ductility is expected to be improved by these methods, the
shape of specimens is limited and the fabrication of bulk specimens
with a relatively large size is difficult.

On the other hand, it is worth investigating other fabrication
process to obtain this alloy. Powder metallurgy is one of the most
effective techniques for improving the ductility of bulk materi-
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als, which has been successfully utilized for a number of brittle
shape memory alloys [15,16]. In particular, the spark plasma sin-
tering (SPS) technique is designed to sinter metal powder in a short
time to achieve dense materials. High speed sintering is of partic-
ular advantage to achieve fine grains and dense structures, which
leads to high toughness and strength. So far, only few investiga-
tions on sintered Ni-Mn-Ga ferromagnetic shape memory alloys
fabricated by the SPS technique have been reported [17,18]. Very
recently, we have investigated the mechanical and magnetic prop-
erties of sintered Ni-Mn-Ga alloys fabricated by the SPS method
[19]. We reported that such sintered Ni-Mn-Ga alloys show a dras-
tic enhancement in ductility compared to the alloys obtained by
conventional melting technique. Moreover, the MFIS has also been
confirmed [19]. Furthermore, it is well known that the grain size is
closely related to the microstructure and martensitic transforma-
tion behaviors of shape memory alloy, and significantly influences
its mechanical and magnetic properties [20]. However, up to now,
the effect of grain size on the martensitic transformation, mechan-
ical and magnetic properties of sintered Ni-Mn-Ga alloys has not
been reported despite its practical importance. Therefore, the pur-
pose of this paper is to investigate the effect of grain size on
the martensitic transformation, mechanical and magnetic proper-
ties of sintered Ni-Mn-Ga alloys fabricated by the SPS technique.
The results show that the martensitic transformation and trans-
formation hysteresis are significantly affected by the grain size.
Furthermore, it is found that the sintered Ni-Mn-Ga alloy with
appropriate grain size exhibits the highest fracture strain reported
so far.
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2. Experimental

A NisoMny9Gay; (at.%) alloy was prepared with high-purity elements melted
four times in an arc-melting furnace under an argon atmosphere. The arc-melted
alloy was sealed in quartz tube under a vacuum, then annealed at 1073K for 24h
and quenched into iced water for homogeneity. The annealed arc-melted alloy was
mechanically crushed and followed by ball milling to achieve powder. In order
to produce microstructures with various grain sizes, three different ball milling
times were employed. Subsequently, the obtained powder was sintered by the
SPS technique, sintering being performed at 1073 K for 8 min in a vacuum of 6 Pa
under a pressure of 40 MPa in a graphite die. Three kinds of as-sintered specimens
obtained by varying ball milling time have average grain sizes of 15, 34 and 50 wm,
respectively. X-ray diffraction (XRD) measurements were performed to determine
the crystal structure using a Rigaku D/max-rB with Cu Ka radiation. Microstruc-
tures of the specimens were studied in a MX2600FE scanning electron microscopy
analysis system. The martensitic transformation temperatures were determined by
differential scanning calorimetry (DSC) with a heating and cooling rate of 20 K/min.
Compression testing was conducted at ambient temperature on an Instron-1186
machine at a strain rate of 0.05 mm min~! using the sintered specimens with a rect-
angular shape of about 3 mm x 3 mm x 5 mm. The magnetic property was measured
by the vibrating sample magnetometer.

3. Results and discussion

Fig. 1 illustrates the room temperature XRD patterns of the as-
sintered Ni-Mn-Ga alloys with grain sizes of 15, 34 and 50 .m,
respectively. The XRD patterns of all sintered specimens main-
tain the same crystal structure. The typical martensite peaks can
be obviously seen in studied alloys. This indicates that grain size
has little effect on the crystal structure. According to the XRD
results, the crystal structures can be indexed by the five-layer
tetragonal martensite with the lattice parameters a=b=0.596 nm
and c=0.557 nm. Previous studies [17] show that the as-sintered
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Fig. 1. XRD patterns of the as-sintered Ni-Mn-Ga alloys with grain sizes of 15, 34
and 50 pum, respectively.

Ni-Mn-Ga alloys exhibit the broadened XRD peaks. Such broad-
ening arises from the simultaneous variation of lattice strain and
grain size, which is due to the grinding-induced stress. Compared
to previous results, the narrower XRD peaks in our studied sintered
specimens show that lower lattice strain has been produced in the
SPS process.

Fig. 2 shows the microstructure of the sintered Ni-Mn-Ga alloys.
Itis apparent that all sintered specimens have a single-phase struc-
ture without any large second-phase regions. Moreover, it can
be seen that only a small amount of fine pores is observed in
the specimen sintered at 1073 K. This indicates that the sintering

Fig. 2. Microstructure of sintered Ni-Mn-Ga alloys with grain sizes of (a) 15 wm, (b) 34 wm and (c) 50 pm.
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Fig. 3. DSC curves of as-sintered Ni-Mn-Ga alloys.

temperature of 1073 K is sufficient to obtain a high density. The
average grain size of the sintered specimen is lower than 50 pm,
which is smaller than that of the conventional melted alloy [17].
This is understandable because the SPS technique achieves refined
grains.

Fig. 3 shows the DSC curves of the as-sintered Ni-Mn-Ga alloys
with various grain sizes during heating and cooling. It is found
that there are clear exothermic and endothermic peaks appear in
the cooling and heating curves, corresponding to the martensitic
transformation. This indicates that as-sintered specimens maintain
the characteristics of the typical one-step thermoelastic marten-
sitic transformation of the arc-melted Ni-Mn-Ga alloy. It is worthy
noting that in the case of ball milled Ni-Mn-Ga powder, previous
studies [21] show that the thermal peaks due to the martensitic
transformation became lower during the grinding process. When
the grain size of the powder is less than a certain value, the thermal
peaks disappear in the DSC curves. The martensitic transforma-
tion even does not occur after sintering, and recovers only after
annealing. The reason for these phenomena is the fact that the
stress-induced lattice distortion has lead to the inhibition of the
martensitic transformation. However, in this study, the marten-
sitic transformation could be observed in as-sintered state. This
indicates that the appropriate SPS process can eliminate the stress
effectin powder thoroughly, which benefit the practical application
of this material. Moreover, it can be seen that the martensitic trans-
formation temperatures of the sintered specimens decrease with
decreasing the grain size. This obviously shows that martensitic
transformation temperatures of sintered Ni-Mn-Ga alloys are sen-
sitive to the grain size. Small grain size would result in the decrease
of martensitic transformation temperature in ferromagnetic shape
memory alloys. In addition, it is found that the transformation
hysteresis increases with decreasing grain size. This is because
the specimen with smaller grain size contains more grain bound-
aries. The grain boundaries can act as barriers to the martensitic
reverse transformation as a result of extra energy required dur-
ing transformation. Thus, fine-grain specimens which have lots of
grain boundaries would be expected to have larger transformation
hysteresis, as shown in Fig. 3.

In order to investigate the effect of grain size on the mechan-
ical properties of the sintered specimens, compression tests were
carried out at room temperature. All specimens were compressed
to fracture. Fig. 4 shows the compressive stress-strain curves at
room temperature obtained from the sintered specimens with var-
ious grain sizes. It can be seen that both the compressive strength
and fracture strain of all sintered specimens are significantly higher
than those of the arc-melted specimen. This clearly demonstrates
that the ductility of Ni-Mn-Ga alloys is significantly enhanced by
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Fig.4. Compressive stress-strain curves of sintered Ni-Mn-Ga alloys at room tem-
perature with various grain sizes.

powder metallurgy using the SPS technique. The enhancement of
the ductility for the sintered specimen may be attributed to the
strengthening of grain boundaries and reduction of the grain size,
which has been reported in Cu-Al-Ni alloys [16]. Furthermore, it
is found that the grain size significantly affects the compressive
strength and fracture strain. The compressive strength increases
with decreasing grain size and stays almost constant of 1712 MPa
for grain size of 15 pm. In particular, for the sintered specimen with
grain size of 34 pm, the fracture occurred at a strain of about 29%.
This is higher than that of other sintered specimens with larger or
smaller grain sizes and is the highest fracture strain reported to
date in the Ni-Mn-Ga alloy system. Therefore, our results obvi-
ously indicate that the sintered Ni-Mn-Ga alloy with appropriate
grain size exhibits the best ductility. In these studies, the sintered
Ni-Mn-Ga with a grain size of about 34 um has the highest fracture
strain.

Fig. 5 illustrates the magnetization curves of sintered Ni-Mn-Ga
alloys with different grain sizes measured at room temperature. It
is found that all magnetization curves quickly increase until sat-
uration for an applied magnetic field close to 7 kOe. Moreover,
it can be seen that grain size has little effect on the satura-
tion magnetization. The saturation magnetization of the sintered
specimens is about 59emu/g, which is comparable to that of
the bulk alloy. It is expected that high saturation magnetiza-
tion is favorable to the MFIS. However, it has been reported that
in contrast to the sintered specimen, the ball milled Ni-Mn-Ga
powders exhibit ferromagnetic behavior with much reduced sat-
uration magnetization [22]. The saturation magnetization of the
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Fig. 5. Magnetization curves of sintered Ni-Mn-Ga alloys with different grain sizes
measured at room temperature.
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milled specimen at 50kOe is 14 emu/g, which is approximately
23% of our studied specimens. This is caused by the destruction
of Mn-Mn ferromagnetic exchange induced by ball milling. Based
on our results, it can be demonstrated that sintering at 1073 K is
effective in restoring the ferromagnetism of the material. More-
over, the magnetization curves also indicate that the martensitic
phase of sintered Ni-Mn-Ga alloy exhibits the typical ferromag-
netic behavior. In addition, it can be inferred that for the sintered
specimen, the Curie temperature is higher than the martensitic
transformation temperature. This implies that MFIS is expected to
be observed in sintered Ni-Mn-Ga ferromagnetic shape memory
alloys.

4. Conclusions

In summary, for Ni-Mn-Ga alloys fabricated by the SPS method,
the effect of grain size on martensitic transformation, mechan-
ical and magnetic properties has been investigated for the first
time. The results show that all as-sintered specimens maintain
the characteristics of the typical one-step thermoelastic marten-
sitic transformation of the arc-melted Ni-Mn-Ga alloy, while their
martensitic transformation temperatures decrease with decreasing
grain size. In addition, the transformation hysteresis increases with
the reduction of grain size owing to increase of grain boundaries.
All as-sintered Ni-Mn-Ga alloys exhibit high saturation magneti-
zation regardless of different grain sizes. Moreover, it is found that
the grain size plays important roles on mechanical properties. The
sintered specimen with grain size of 34 wm exhibits the highest
fracture strain of 29% reported so far.
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