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Abstract: The two way shape memory effect(TWSME) in a Tis Nisw Hfis high temperature shape memory alloy
(SMA) was systematically studied by bending tests. In the TiNiHf alloy, the martensite deformation is an effective

method to get two-way shape memory effect even with a small deformation strain. The results indicate that the in-

ternal stress field formed by the bending deformation is in the direction of the preferentially oriented martensite vari-

ants formed during the bending deformation. Upon cooling the preferentially oriented martensite variants form under

such an oriented stress field, which should be responsible for the generation of the two-way shape memory effect.

Proper training process benefits the formation of the oriented stress field, resulting in the improvement of the two-

way shape memory effect. A maximum TWSME of 0. 88% is obtained in the present alloy.
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1 INTRODUCTION

The ternary TiNiHf alloy has been considered
the most prospective candidate with Hf replacing
Ni in the TiNi alloy for applications at high tem-
perature compared with the other high temperature
SMAs due to the low cost and excellent workabili
gy!17
its constitutional phase, microstructure and sub-
transformation behavior, mechanical

. A lot of investigations have been focused on

structure,
property and shape memory effect, and precipitati-
on behavior during aging'"'". TixsNiwHfis alloy
shows a oneway shape memory effect with about
3% completely reversible strain when it is de

M Yet up to now,

formed at ambient temperature
except our previous works''”, seldom results a-
bout the two-way shape memory effect in the TiN
Hf alloys were reported. Dissimilar to TiNi alloys,
a small two-way shape memory effect in the aged
TiNiHf alloys can be obtained directly by the de-
formation of the martensite without training''?.
And the corresponding mechanism is not clear so
far. However, it is no doubt that the obtained
TWSME in TiNiHf alloys would be beneficial to
the applications of the TiNiHf alloy on the micro-
actuators, micro-switches and so on. In this pa-
per, the effect of martensite deformation and train-
ing process on the TWSME in TiNiHf alloys and
the stability of TWSME during thermal cycling

were investigated.
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2 EXPERIMENTAL

The preparation of the TixNiwH{is alloy used
in the experiment has been described in the previ-
ous papers' " . After homogenized at 1223 K for
1.5 h, the ingot was hot rolled into a plate of 2. 1
mm in thickness. The specimens were cut in the
rolling direction with the size of 1 mm X 0.5 mm X
50 mm, mechanically polished and solution-treated
at 1 273 K for 1 h in vacuum. The schematic illus-
tration for shape memory effect measurement is
shown in Fig. 1. The specimens were bent against the
cylindrical rod to the deformation position at different
temperatures, and then heated up to 600 K.
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Fig. 1 Schematic illustration for
TWSME measurement in bending test

The training procedure involves the repeated
cycles as follows: 1) bend the specimen to the de
formation position; 2) unload and the specimen
spring back to the spring-back position; 3) heat
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the specimen up to 600 K; 4) quench the specimen
to the water. The bending deformation strain is es-
timated by &= d/(D+ d). The bending deforma-
tion strains in the present experiment are 2%,
3.3%, 4.5%, 5.7% and 7. 1%, respectively. The
shape recovery strain is calculated by €.= (180-
&) x &/180°. The TWSME is measured by the
value of &= (.- 6) x &/ 180°.

3 RESULTS AND DISCUSSION

Fig. 2 shows the variation of the strain with
the temperature for the TisNiwHfis specimens
deformed to the different strains. It can be seen
that the recovery of the deformation starts at the
beginning of the heating process with increasing
temperature. When the specimens are heated to a
certain temperature above A, the shape recovery
finishs. Moreover, the shape recovery finish
temperature increases with the increasing deforma-
tion strain, indicating that deformation leads to the
increase of the reverse martensitic transformation
temperatures of the present alloy. From the curves
shown in Fig. 2, it can be seen that the shape re-
covery finish temperature of the specimen deformed
to 7. 1% is higher than that of the specimen de-
formed to 2% for about 12 K. This suggests that
the deformation induces the stabilization of mar-

tensite.
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Fig.2 TWSME of TisxNiwHfis alloy with

various deformation strains

Fig. 3 depicts the effect of deformation strain
on the TWSME in the Tix Niw Hfis alloy. The
TWSME almost increases linearly with the in-
crease of the bending deformation strain. When the
specimen is deformed to 7. 1% at martensite state
directly, the obtained maximum TWSME is
0.45% . Training procedure increases the TWSME
of the Tis Nisw Hfis alloy obviously. After 30 cy-
cles, the maximum TWSME of 0. 88% in the T iz-

Niw Hfis alloy is obtained when the deformation
strain is 7. 1% . Dissimilar to that in the TiNi al-
loy, it is not found that the TWSME decreases
with the increasing deformation strain when the
deformation strain exceeds a certain value. This is
because that the elongation of the experimental al-

loy at room temperature is only about 10%'" ' so
that it cannot be trained with a larger strain.
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Fig. 3 Effect of deformation on TWSME in
TixNiwHfis alloy

Fig. 4 shows the effect of number of training
cycles on the TWSME in the TissNiswHfis alloy. It
can be seen that the TWSME increases rapidly in
the beginning several cycles and then does not
change with the further increasing number of train-
ing cycles. This result indicates that at the onset of
training procedure the dislocations are introduced
continuously to create an oriented stress field,
which is gradually strengthened. Further increas-
ing the number of training cycles, the stress field
created by the beginning several cycles would sup-
press the introduction of more dislocations during
the subsequent training process. Thus, the two-
way shape memory strain becomes stable rapidly
after the beginning several training cycles.

Fig. 5 shows the effect of deformation temper-
ature on the TWSME in the TixNiwH{is alloy with
the deformation strain of 7. 1% . For the specimens
deformed at martensite state directly, the TWSME
almost does not change with the increasing deform-
ation temperature when the deformation tempera-
ture is below 457 K. Further increasing the de
formation temperature, the TWSME decreases
rapidly and reaches zero at about 600 K. For the
specimens after 30 training cycles, the TWSME
decreases continuously with the increasing deform-
ation temperature. When the deformation tempera-
ture is over 600K, the TWSME reaches zero. This

indicates that during the training process, the a
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Fig.4 Effect of number of training cycles on

TWSME in TisNiwHfis alloy
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Fig. 5 Effect of deformation temperature on
TWSME for TissNiswHfis alloy with

deformation strain of 7. 1%

mount of the irreversible defects increases with the
increasing deformation temperature.

Fig. 6 shows the stability of TWSME obtained
by martensite deformation and training in the
TissNiswHfis alloy with the deformation strain of
7.1%. The TWSME decreases and becomes stable
with the increasing number of thermal cycles, sim-

ilar to the degradation of the TWSME during the

'l For the speci-

thermal cycles in the TiNi alloy
mens deformed to 7. 1% at martensite state direct-
ly and after training, after 30 thermal cycles the
TWSME decreases to 0. 29% and 0. 39% respec
tively, corresponding to more than 50% of initial

value of TWSME before thermal cycling.
The TWSME of the Tisx Niw Hfis alloy arises

Fig. 6 Effect of thermal cycling on
TWSME for TisNiwHfis alloy with

deformation strain of 7. 1%

from the oriented stress field created bv the train-
ing process. The dislocations introduced by the
training create an oriented stress field. Upon cool-
ing, the preferentially oriented martensite would
form under such an oriented stress field to induce
the TWSME. But compared with the TWSME of
the TiNi alloy obtained by the traditional training
methods, the TWSME of the TixNiwHfis alloy is
small. This is because that the deformation mecha-
nisms of the two alloys are different from each oth-
er. In the solution-treated TiNi alloy, when it is
deformed at full martensite state, its stress-strain
curve exhibits a stress plateau corresponding to the
reorientation of the martensite variants. In the
present alloy, when it is deformed at full martens-
ite state, no obvious stress plateau is observed in
the stress-strain curve indicating that the corre
sponding deformation mechanism is the martensite
reorientation accompanied by the slip of disloca
tions. Moreover, for the TixNiwHfis alloy, its
strength of the matrix of the martensite is
low[ll, 14, 15] .

the training process the dislocation slip is easy to

So it is understandable that during

be introduced. On the one hand, the easy introduc
tion of the dislocation leads to that the oriented
stress field is created easily to induce a TWSME in
the Tisx Niw Hfis alloy even with a small deforma-
tion strain. On the other hand, the serious disloca
tion slip would prohibit the movement of the
boundaries between the parent phase and the mar-
tensite to some extent. Thus the TWSME obtained
in the Tis Niw Hfis alloy is small. Increasing the
deformation temperature up to near M., the critical
stress for dislocation slip is almost equal to that for
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the martensite reorientation. So the serious dislo-
cation slip is introduced when the deformation tem-
perature is high, resulting in the deterioration of

the TWSME.
4 CONCLUSIONS

1) The TWSME almost increases with the in-
crease of the deformation strain. Training im-
proves the TWSME of the TisNiswHfis alloy high
temperature SMA. The TWSME increases and
then keeps constant with the increasing training
cycles.

2) The TWSME of the TisNiwHfis alloy de-
creases rapidly at the beginning of the thermal cyc
ling and then does not change with the further in-
creasing number of thermal cycles. Compared with
the TiNi alloy, the Tis NiwHfis alloy shows poor
stability of the TWSME.

3) The stress field formed by martensite de-
formation or training should be responsible for the

TWSME in the TissNiwHfis alloy.
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