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Abstract Ni-Mn-Ga Heusler-type ferromagnetic shape
memory alloys are attractive materials for micro-actuator,
but the relatively poor ductility and low strength of
Ni—Mn-Ga alloys have triggered a great deal of interest. In
this study, we attempt to introduce some ductile second
phase in the alloy by partially substituting Ti for Ga and
constraint aging treatment. The results show that the mar-
tensitic transformation temperature first decreases and then
increases slightly with the increasing of constraint-aging
temperature, which can be attributed to the decrease of Ni
content in the matrix and strengthening effect of the second
particles. It is found that the amount of the Ni-rich pre-
cipitates by constraint-aged samples is more and the size of
the second phase particle is smaller than that of the free-
aged samples. The compressive stress and ductility can be
significantly improved by the constraint-aging treatment,
and the maximum compressive stress for constraint-aging
alloy is about 1400 MPa, which is the highest value up
to date compared with the 400 MPa in solution-treated
Ni—Mn-Ga-Ti alloy and about 900 MPa in Ni-Mn—-Ga-Ti
alloy free-aged at 1073 K for 3 h. Scanning electron
microscopy observations of fracture surfaces confirm that
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the Ni-rich second phase play a key role in improving the
compression stress and ductility of Ni-Mn—Ga-Ti alloy.

Introduction

Ni-Mn-Ga alloy has been regarded as one of the most
promising candidates to be actuator materials due to their
large magnetic-field-induced strain (MFIS) and high
response frequency, resulting from the magnetically con-
trolled twin boundary movement [1-4]. Up to date, the
large MFIS is observed in certain ferromagnetic martensite
of these alloys, for example, very large MFISs of 6% in
tetragonal 5 M martensite and about 10% in 7 M mar-
tensite [5, 6]. However, practical application of Ni-Mn—-Ga
alloys is limited to its extreme brittleness and low strength.
Improving mechanical property has become a priority in
the development of Ni-Mn—Ga alloys.

In order to improve the mechanical properties, there has
been growing interest in the modification of Ni-Mn—Ga
alloys by adding the fourth elements. Recently, several rare
earth elements [7-12], Fe [13], Cu [14], and Co [15, 16]
have been added to ternary Ni-Mn-Ga alloys. It was found
that the bending strength of Ni-Mn-Ga alloys was
increased by adding earth elements Gd, Tb, or Sm. Tsuchiya
et.al [9] also reported that the addition of Nd significantly
improved the compressive ductility of the alloy. Recently,
Titanium element has been added to ternary Ni-Mn—Ga
alloys to form a ductile Ni;Ti second phase, and a signifi-
cant improvement in the compressive strength and ductility
of the aged Ni-Mn-Ga-Ti alloys have been reported
[17-20]. It was found that the mechanical behavior of
Ni—Mn-Ga alloy could be remarkably increased by forming
small amounts of Ni3Ti second phase through Ti doping and
aging treatment, as occurs in Ni—-Co—Al and Ni-Al shape



J Mater Sci (2011) 46:4562-4567

4563

memory alloy. Also, the highest compressive strength of
1403 Mpa is obtained in alloy constant-strain aged at 873 K
for 3 h; this is about 500 MPa higher than that of the con-
ventional aging alloy [18]. In this study, we continue to
investigate the influence of the constraint aging under
constant strain on the phase transition and mechanical
properties of quaternary Nis3Mny; sGa;g 5Tis alloy and their
relation to microstructural changes.

Experimental

An ingot of NiszsMn,3 sGa;gsTis alloys was prepared from
high purity elements by melting four times in an arc-
melting furnace under an argon atmosphere to ensure the
homogenization, and then casted into a chilled copper mold
to obtain a rod with a dimension of 10 mm in diameter and
70 mm in length. The rod was sealed in a quartz tube with
a vacuum of 10™* Torr and annealed at 1273 K for 5 h
followed by quenching into ice-water to achieve the high
chemical order. Cylindrical samples with a dimension of
®3 x 5 mm for compression testing were cut from the
ingot, and were subjected to 2% compression deformation
for constraint aging at various temperatures for 3 h in an
argon atmosphere, followed by water quenching.

The phase transformation temperatures are measured by
a Perkin-Elmer diamond differential scanning calorimetry
(DSC) for a temperature range of 100-400 K with the
20 K/min heating and cooling rate. X-ray diffraction
(XRD) measurements were performed as a means of crystal
structure determination using a Rigaku D/max-rB with Cu
K, radiation. Microstructure observations were made with
a MX2600FE scanning electron microscopy (SEM)
equipped with an X-ray energy dispersive spectroscopy
(EDS) analysis system and a Philips CM-12 transmission
electron microscopy (TEM) operated at 120 kV. TEM
specimens were electrochemically polished using an elec-
trolyte of 10% perchloric acid and 90% ethanol at 253 K.
The compress tests were preformed at ambient temperature
on an Instron-5569 test system at a crosshead displacement
speed of 0.05 mm/min.

Results and discussion

Figure 1la illustrates the DSC curves of the solution-treated
and constraint-aged Nis3Mn,3 5Ga;gsTis alloy. It can be
seen that there is only one endothermic or one exothermic
peak in the heating or cooling curves, respectively, char-
acterizing the typical one-step thermoelastic martensitic
transformation. The martensitic transformation tempera-
tures determined by the tangle method from the DSC
curves, and the transformation temperatures as a function

of aging temperature is presented in the Fig. 1b. Signifi-
cantly, with increasing aging temperature, the transforma-
tion temperatures decrease first and then increase slightly.

The effect of the constraint-aging on the transformation
behavior can be explained in terms of two factors, the
composition of the matrix and the coherency of the second
particles. According to the previous investigations [21-23],
the martensitic transformation temperatures of Ni-Mn—Ga
alloys are strongly related to the electron concentration
(e/a). With increasing aging time, the amount and the size
of the Ni-rich second phases increase, so the content of Ni
in the matrix decreases, causing the decrease of electron
concentration. Therefore, the composition change of the
matrix cause the transformation temperature to decrease
until the composition of the matrix approaches the equi-
librium one after aging. Moreover, the transformation
temperatures are also affected by the microstructure as well
as the matrix composition. The fine precipitates strengthen
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Fig. 1 a DSC curves for the Nis3Mny35Ga;gsTis alloy constraint-
aged at different temperatures for 3 h; b the dependence of the
martensitic transformation temperature on the constraint-aging
temperature
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the matrix and thus suppress the shape changes associated
with the transformation, resulting in the decrease of
transformation temperatures. With the increasing aging
temperature, the particles become coarse and lose the
coherent interface with matrix, and the strengthening effect
is weaker than the fine particle, resulting the increasing of
the transformation temperature in the aging temperature
range between 973 and 1073 K.

In order to investigate the effect of constraint aging
on the mechanical property, compression tests are carried
out at room temperature. All the samples are compressed
to fracture. Figure 2 presents the compressive stress—
strain curves of solution-treated and aging-treated the
Nis3Mn,; 5Gagg sTis alloy at room temperature. It should
be noted that the deformation for aged samples was mainly
due to the dislocation mechanism. It can be also found that
good mechanical properties are exhibited in the aging-
treatment samples. It is inferred that this is due to the
presence of fine coherent second particles in the matrix.
Moreover, the constraint-aged alloys exhibit a higher
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Fig. 2 Strain-stress curves for Nis3Mny35Ga;gsTis alloys under
various heat-treatment conditions (Color figure online)

Fig. 3 Effect of aging-assist

strength over 1400 MPa combined with high ductility over
7.8%.

Figure 3 shows the dependence of compressive strength
and compression strain on the aging temperature for con-
straint-aged NiszMny3 sGa;gsTis samples. One can seen
that the compressive stress increases at first and subse-
quently decreases while the compressive strain increases
with increasing aging temperature. It is noted the maxi-
mum compressive strength for constraint-aged sample is
obtained in Nis3Mny35Ga;gsTis alloy constraint-aged at
873 K for 3 h, and at a nearly 1400 MPa is the highest
compressive stress up to date compared with the 400 MPa
in solution-treated Ni-Mn-Ga-Ti alloy and about 900 MPa
in Ni-Mn-Ga-Ti alloy free-aged at 1073 K for 3 h.
Moreover, the maximum compressive strain obtained in the
sample constraint-aged at 1173 K for 3 h is approximately
12%, which is just slightly lower than that of the solution-
treated alloy and the free-aged samples.

Figure 4 shows the SEM images of the Nis3Mnyss.
Ga, g 5Tis alloys after the conventional aging treatment and
constant-strain aging treatment, respectively. It can be seen
that the microstructure of the aged alloys is characterized
by the presence of dispersed particle with an average size
of several micrometer. The fine dispersed lenticular-shape
second particles are homogeneously precipitated inside the
grain while some water-vapor like bubbles can also be
observed in the boundary. It also should be noted that the
particle size of second phase gets smaller and its amount
increases in the constraint-aged sample in comparison with
the free-aged sample. Maybe, this offers a simple way of
controlling the crystallite size of second phase consistent
with the literature [24].

The TEM observations were performed to reveal the
evolution of the microstructure during constraint aging, and
the results are shown in Fig. 5. After solution treatment at
1273 K for 5 h, Nis3sMn,; sGa;g sTis shape memory alloy
did not show any precipitates [17]. Figure 5 shows the
bright-field images for the sample constraint aged at
823, 873, 973, and 1073 K for 3 h under constant 2%
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Fig. 4 SEM images of Nis3sMny3 sGa;gsTis alloys aged at 873 K for 3 h. a Without constraint strain, b with 2% compression constant strain

compression strain after the solution treatment, respec-
tively. It can be seen that the size of the precipitate
increases with the increasing aging temperature. The pre-
cipitates were confirmed to be a Ni;Ti phase by electron
diffraction and EDS [17, 18]. The bright-field image also
shows the characteristic morphology of the precipitates.
That is, the lenticular shape precipitates are observed along
two directions. It should also be noted that some disloca-
tions appear (indexed by arrows) when the aging time
exceeded 973 K, indicating that the precipitates lose the
coherent interface with the matrix.

Since the deformation of the specimens exhibits the
characteristics of the dislocation mechanism, the critical
stress needed to form a dislocation line through the second

particle can be expressed as: AT = ocf%r‘l, where AT is the
critical stress, fis the volume fraction of second particles, 7is
the average diameter of secondary particles, and o is a con-
stant value. Therefore, the mechanical properties are
strongly affected by the size and the amount of the second
particles. SEM revealed that the amount of second particles
is higher and the size of precipitates is smaller in constraint-
aged sample compare with the free-aged samples, which may
account for the improvement of the mechanical properties.
On the other hand, the water-vapor like bubbles distributing
along the grain boundary also play the important role in
affecting the compressive properties of constraint-aged
Ni-Mn-Ga-Ti alloy. The existence of the bubbles at the grains
boundaries effectively hinders the movement of dislocation
and the propagation of the crack, which is one of the reasons
for the enhancement of the strength. However, with the
increasing aging temperature, the benefits resulting from the
refinement effect are offset by the coarsened NizTi precipi-
tates, which results in the decrease in the compressive stress.

To clarify the fracture mechanism and investigate the
nucleation and propagation of cracks in constraint-aged
Ni-Mn-Ga-Ti alloy, the SEM observations of the fracture
surfaces were performed, as shown in Fig. 6. It can be seen
that the fracture surface of solution-treated Ni-Mn—Ga-Ti

alloys exhibit typical brittle characteristics with an inter-
granular pattern, and this intergranular pattern becomes
weaker after aging treatment, as shown in Fig. 6b and c. In
addition, some tearing edges have also been observed, as
indicted by the arrow in Fig. 6a. The fracture surfaces of
aged Nis3Mn,; 5Ga;gsTis alloy exhibits characteristics of
ductile fracture, as evidenced by the formation of some
small dimples consistent with the literature [25], indicated
by the arrows in Fig. 6b. The amount of these dimples
increases and the shape changes with the presence of the
second particles in the constraint-aged sample, which
provides the evidence that more courses needed to be
completed and more energy was consumed before fracture.
The mechanism of the ductility improvement in aged
Ni—-Mn-Ga-Ti is similar to the toughening mechanism of
the composite materials. The brittle matrix is connected by
the ductile second particles, and the improvement of the
ductility is partly provided by the plastic deformation of the
ductile second phase introduced by aging treatment. When
deformed, the microcracks generated and propagated along
the intergranular boundaries. When the original crack
meets the second particles, the particles can be plastically
deformed. Besides, the crack will stop propagating or
directly traverse the second particles while expanding to
the boundaries between the matrix and the second phase.
All these effects will certainly increase the energy for the
crack propagation, thus giving the increase of ductility.
The above results clearly demonstrate that the con-
straint-aging treatment remarkably affects the phase
transformation behavior and can greatly improve the
mechanical properties, which can be attributed to the for-
mation and growth of the second particle during aging.

Results and discussion

In this study, the mechanical properties of Ni-Mn—-Ga-Ti
polycrystalline alloys are improved by introducing a
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Fig. 5 TEM images of
microstructure in the
Ni53Mn23_5Galg_5Ti5 aged at
different temperature for 3 h
under 2% constant compression
strain. a T = 823 K;
bT=873K;cT=973K;
andd 7= 1073 K

Fig. 6 SEM observations of the fracture surface of Nis3sMny3sGa;gsTis alloys under various conditions after compression tests. a Solution
treated; b free aged at 873 K for 3 h; and ¢ constraint-aged at 873 K for 3 h
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second phase by constraint-aging treatment. On the basis of
the studies on martensitic transformation, mechanical
properties and microstructure as functions of constraint-
aging temperature, the following conclusions are obtained:

(1) The martensitic transformation temperatures first
decrease remarkably with the increase of aging
temperature, and then increase when the aging
temperature exceeds 973 K, which can be attributed
to the change of the Ni content in the matrix as well
as the strengthening effect by fine Ni3Ti precipitates.

(2) The constraint aging can promote the nucleation of
the second phase. For the constraint-aged Ni—-Mn—
Ga-Ti alloy, the amount of the Ni-rich precipitates is
more, and the size of the second phase particle is
smaller in comparison with the free-aged samples.
The size of the second particles increase with the
increasing constraint-aging temperature.

(3) The compressive stress and ductility can be signifi-
cantly improved by the constraint-aging treatment.
With increasing constraint-aging temperature, the
ductility increases while the compressive stress first
increases and then decreases, and the maximum
compressive stress is about 1400 MPa, which is the
highest compressive stress up to date compared with
the 400 MPa in solution-treated Ni-Mn—Ga-Ti alloy
and about 900 MPa in Ni-Mn—Ga-Ti alloy free-aged
at 1073 K for 3 h.

(4) The existence of the Ni-rich second particles plays a
key role in improving the compression stress and
ductility of Ni-Mn—Ga-Ti alloy.
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