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Abstract: Nis;Mn,sGa,, alloy was prepared to investigate the microstructure, martensitic transformation and high-temperature
shape-memory effect. NissMn,sGa,; alloy exhibits single phase of non-modulated martensite with tetragonal structure at room
temperature. Its martensitic start temperature A, martensitic finish temperature AM; on cooling, and austenitic start temperature A,

austenitic finish temperature 4y on heating are 260.2, 237.8, 262.5 and 287.8

, respectively. The compressive strength and strain of

NissMnysGay; single crystal were measured to be 845 MPa and 20.5%, respectively, with compressive axis along the growth direction
of the rods. An excellent shape-memory strain of 6.1%, which is the best performance among high-temperature shape-memory alloys

up to the present, is obtained when prestrained to 8%.
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1 Introduction

Shape memory alloys (SMAs) have developed
rapidly in the past few decades as new functional
materials, with commercial applications in pipe
couplings, medical implants, electrical connectors and
various actuators etc[1—3]. But the highest operation
temperature is limited to about 100 due to the low
martensitic transformation temperatures or the poor
thermal stability of TiNi, CuZnAl and CuAINi, which are
the three commercially important SMAs[1,2]. However,
many engineering cases need SMAs to function at high
temperatures (i.e. higher than 200 ), such as in
aerospace and automotive engines. There is a pressing
need to develop high-temperature shape-memory alloys
(HTSMAs), and several alloy systems have been
investigated, such as Cu-based alloys, NiAl, TiNi(Hf, Zr)
and TiNiPd[4—10], but till now some problems still
remain unsolved in these alloys. For instance, Cu-based
and NiAl HTSMAs are considered unstable because
equilibrium phases, which are detrimental to the
shape-memory effect (SME), precipitate at high

temperatures[4—6]. NiTiZr and NiTiHf HTSMAs are too
brittle for practical use[7]. As regards the NiTiPd alloy,
although its full recovery strain has been increased to
5.5% by proper thermomechanical treatment[8], the high
cost of precious metal Pd hinders its potential application.
The studies to explore low-cost HTSMAs keep active.

Recently, Ni,MnGa Heusler alloys, which possess a
bce L2, structure at high temperature and undergo a
martensitic transformation to a complex tetragonal
structure upon cooling, have been extensively explored
as ferromagnetic SMAs[11-13]. Several papers reported
that high martensitic transformation temperatures (up to
350 ) exist in NiMnGa alloys with Ni or Mn content
higher than the stoichiometric Ni;MnGa, showing their
potentials as HTSMA[14—-17]. In this study, the
microstructure, martensitic transformation behaviors as
well as high-temperature SMEs of Nis;Mn,sGa,; alloy
were studied, which will be beneficial for the
development of the alloys as HTSMA.

2 Experimental

Polycrystalline ingots of Nis;Mn,sGa,; alloy were
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remelted four times by the arc melter with high purity
element (99.9%) under argon atmosphere. The mass loss
was found to be less than 0.2%. Homogenization was
performed by sealing the ingots under vacuum in quartz
ampoules and annealing at 900 for 72 h, followed by
the water quench.

The X-ray diffraction analysis was performed by a
Regaku D/Max 2200 PC diffractometer equipped with a
heating stage. A CuK, radiation was used in the experi-
ments. The microstructure was observed by optical
microscope and TEM (Hitachi H-800 operating at 200
kV). Specimens for optical observation were
mechanically polished and etched in a solution of 99 mL
methanol+2 mL nitric acid+5 g ferric chloride. Thin foils
for TEM observation were got from specimens by
sparking method. They were first mechanically ground to
about 80 um thick, and then electropolished using
twin-jet method in an electrolyte of 10% perchloric acid
+ 90% acetic acid. The forward and reverse martensitic
transformation temperatures were determined by
differential ~ scanning  calorimetry(DSC)  modeled
NETZSCH STA449 with the cooling and heating rate of
10 /min.

The SMEs of Nis;MnysGa,; alloys were performed
using single crystals, which were prepared by
zone-melting unidirectional solidification. Master rods
with the diameter of 7.2 mm and the length of 110 mm
were obtained by drop casting equipment attached to the
arc melter. Then master rods were used to prepare single
crystals by zone-melting unidirectional solidification in
XLL 500 furnace with the pulling rate of 10 mm/h. The
furnace chamber was first vacuumed to 2> 10 Pa,
followed by backfilling high purity argon gas to 0.5>< 10’
Pa.

Single crystal specimens of 3 mm><3 mm><5 mm
size for uniaxial compression were cut from the
as-grown rods with the long edge parallel to the pulling
direction. The uniaxial compression experiments were
carried out at room temperature on the MTS-880
materials testing system with the compression direction
parallel to the long edge of the specimens. The speed of
the crosshead was 0.05 mm/min, corresponding to an
initial strain rate of 1.6><10*s'. The heights of the
specimens were measured before loading (/), after
loading (/;) and after heating to 400 for 10 min (%)
by a micrometer with an accuracy of 0.01 mm. The
pre-strain during compression was defined as &,.. =Al/l;,
where A/ is the displacement of the crosshead. The
residual strain after unloading (e;), permanent strain (g,)
and strain which recovered due to the SME (egyg) were
obtained as: ([;—1y)/ly > 100%, (L—Il)/ly > 100% and
(I,—1)/1;><100%, respectively. The recovery rate(R) was
calculated as R = esmp/(esmetep) >< 100%.

3 Results and discussion

3.1 Microstructure and martensitic transformation

The powder X-ray diffraction pattern at room
temperature, which is shown in Fig.1, indicates that
NisyMnysGa,; alloy possesses pure martensitic structure.
All the reflections can be indexed by the complex
tetragonal structure with a=b=0.767 1 nm, ¢=0.668 9 nm
and ¢/a=0.872. The lattice parameters are different from
those of low-temperature martensite in stoichiometric
Ni,MnGa alloy[18]. The partial substitution of Ni for Ga
leads to the shrinkage of unit-cell volume and the
increase of electronic concentration, which are
considered to induce the distortion of the L2; cubic
structure, resulting in the increase of martensitic
transformation temperature and the appearance of the
martensitic structure at room temperature. This agrees
well with the previous results that NiMnGa alloys with
higher Ni content than stoichiometric Ni,MnGa exhibit
non-modulated martensite[13, 18].
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Fig.1 Powder XRD pattern of polycrystal Nis;Mn,sGa,; alloy at
room temperature

Fig.2 shows the morphology  of
NisyMn,sGay; alloy at room temperature. Lamellar twin
every grain, and exhibit the
configurations of typical self-accommodation arrange-
ment. The interfaces among twin variants are straight and
clear, exhibiting good characteristics of thermoelasticity.

optical

variants exist in

Fig.3 shows the TEM images and the selected area
electron diffraction(SAED) patterns of NisyMnysGay,
alloy. The typical bright field image exhibits a stripe-like
morphology with well-accommodated martensite plates
(Fig.3(a)). The martensite is confirmed to be a tetragonal
structure, which is identical with the X-ray diffraction
results. The SAED pattern shown in Fig.3(b) was taken
from the boundary of each big martensitic plate (area
marked with 4 in Fig.3(a)) and indexed to be the twins
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Fig.2 Optical observation of NisyMn,sGa,y; alloy at room

temperature

along (111) planes. The twin structure of each big
martensitic plate is also confirmed by Figs.3(c) and (d),
which are the central dark field images taken from the
reflection spots of 222,, and 222; indicated in
Fig.3(b), respectively. Micrographs of smaller stripes

arranged in regular direction exist inside each big
martensitic plate, as shown in area B marked in Fig.3(a).
The SAED pattern taken from this area also exhibits (111)
twins, which is shown in Fig.3(e) when the incident
electron beam is tilted to [011]. In general, the
microstructure of NissMn,sGa,; alloy consists of coarse
twins on the order of 1 um to 5 um in width with an
internal structure of fine twins about 0.05 pm to 0.1 pm
in width, which are both twinned along the {111} plane.
The strict twin structure of the microstructure is
beneficial to the thermoelasticity of its martensitic
transformation.

The DSC measurements were performed for the
NissMn,sGa,, alloy, and the results are shown in Fig.4. It
can be seen that there is only one endothermic or
exothermic peak in the heating or cooling DSC curves,
respectively, indicating that one phase transformation
appear in each run. The martensitic transformation
temperatures were determined by the tangent method

Fig.3 Typical microstructures of NissMn,sGay;
alloy observed by TEM: (a) TEM bright-field
image; (b) SAED pattern in [TIO] taken from
area A in Fig.3(a); (c) Central dark-field image
taken from reflection 22§M indicated in
Fig.3(b); (d) Central dark-field image taken
from reflection EEZT indicated in Fig.3(b);
(e) SAED pattern in [OIT] taken from area B
in Fig.3(a)
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Fig.4 DSC curves of NisyMnysGa,; alloy showing forward (on
cooling) and reverse (on heating) martensitic transformations

from the DSC curves. The martensitic start temperature
M;, martensitic finish temperature M; on cooling, and the
austenitic start temperature A, austenitic finish
temperature Ay on heating are 260.2, 237.8, 262.5 and
287.8 , respectively.

3.2. High-temperature shape-memory effect

Fig.5 shows the compression curve of NissMn,sGay;
single crystal at room temperature. The symbol (x)
represents the fracture point. The compressive strength
and the strain were measured to be 845 MPa and 20.5%,
respectively. Its compression curve consists of three
obvious stages: 1) at the beginning of the deformation, a
monotonic increase in the stress with increasing strain, 2)
a stress-plateau with increasing strain, and 3) a further
increase in the stress with increasing deformation leading
to break. The three stages are associated with the elastic
deformation of the multi-variants, reorientation of
martensitic variants and/or detwinning, and the elastic
and plastic deformation of fully reoriented martensites,
respectively[19,20]. The stress—strain curve of Nisg-
Mn,sGa,; exhibits a stress-plateau, resulted from the
reorientation of martensitic variants, which is different
from other HTSMAs such as TiNiHf[21], and TiNiPd[8],
where the stress-plateau completely disappears and high
work harding is constantly observed, due to the
dislocation slip during the reorientation of martensitic
variants. It is well known that the strain recovering due
to SME occurs solely through the motion of the
intervariant boundaries, without any contribution from
normal slip. From this point, Nis;MnysGa,; will exhibit
better SME than TiNiHf or TiNiPd alloys.

Table 1 summarizes the shape-memory behaviors of
NisyMn,sGay; at different pre-strains. It can be seen that
the complete recovery is obtained for not more than 6%
prestrains, the maximum SME of 6.1% is obtained for
8% prestrain, and the SME degrade for further
prestrained to 10%. This maximum SME of 6.1% is the

highest one among present HTSMAs, compared with 3%
for TiNiHf[21] and 5.5% for TiNiPd[8]. The high critical
stress for reorientation of martensitic variants and high
work hardening are thought to be responsible for their
inferior SME to NisysMn,sGa,;.
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Fig.5 Compression curve along growth direction of

NisyMnysGa,y; single crystal at room temperature

Table 1 Shape-memory behavior of NissMnysGay; at different

pre-strains

Pre-strain, Strain qfter Stram‘ after SME strain, Recoyery
o /% unloading, heating, cur/Y% ratio,
pre & /% &, /% SME R/%
4 34 0 34 100
6 5.2 0 52 100
8 6.5 0.4 6.1 93.8
10 7.7 1.7 6.0 77.9

4 Conclusions

1) NisyMnysGay; alloy exhibits single phase of
non-modulated martensite with tetragonal structure of
a=b=0.767 1 nm, ¢=0.668 9 nm and ¢/a=0.872.

2) The microstructure analysis indicates that
NisyMn,sGay; alloy exhibits good self-accommodation
configuration with the characteristic of coarse twins
width of 1-5 um, and these coarse twins consist of inner
fine micro-twins with the width of 0.05—0.1 um, which
are both twinned along the {111} plane. The strictly
twinned microstructure is beneficial to the thermo-
elasticity of its martensitic transformation.

3) The martensitic start temperature M, martensitic
finish temperature M; on cooling, and the austenitic start
temperature A, austenitic finish temperature Ay on
heating of NisyMnysGay; alloy are 260.2, 237.8, 262.5
and 287.8 , respectively.

4) The compressive strength and strain of
NisyMn,sGay; single crystal were measured to be 845
MPa and 20.5%, respectively, with compressive axis
along the growth direction of the rods at room
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temperature. An excellent SME of 6.1%, which is the
best performance among HTSMAs up to the present, is
obtained when prestrained to 8%.
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