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Effect of thermo-mechanical process on structure and high
temperature shape memory properties of Ti–15Ta–15Zr alloy∗
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The effect of thermo-mechanical treatment on microstructure evolution, martensite transformation, and shape memory
behavior of Ti–15Ta–15Zr high temperature shape memory alloy were investigated. Different martensite morphologies
were found with different annealing temperatures. The Ti–15Ta–15Zr alloy exhibits almost perfect shape memory recovery
strain of 6% after annealing at 973 K for 0.5 h.
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1. Introduction
In recent years, high temperature shape memory alloys

have attracted a great deal of attention due to their potential
application in high temperature circumstances such as power
generation and heating systems.[1–4] The high temperature
shape memory alloys, including TiNi–X(Pd,Pt,Hf,Zr), NiM-
nGa, and β -Ti, Cu–Al–Ni, Zr–Cu based alloys, have been
investigated.[2,3,5–8] They all have their advantages, for exam-
ple, TiNiHf alloys have good shape memory effect, Ni–Mn–
Ga alloys show good thermal stability, and Cu–Al–Ni and Zr–
Cu alloys are economical for application. However, these al-
loys still have a number of problems which limit their practical
application, for example, Ni–Ti–Pd/Pt has an ultrahigh cost
due to the use of Pd/Pt, whereas Cu–Al–Ni, Ti–Ni–Hf, and
Ni–Mn–Ga alloys are not sufficiently workable. Among these
alloys, Ti-based alloys, including Ti–Nb, Ti–Mo, and Ti–Ta
alloys, show excellent cold workability (thickness reduction is
up to 90% by cold rolling), which makes them easy to be fabri-
cated into various shapes for actual application.[7–10] However,
for the above mentioned alloys, ω phase precipitation is easily
formed during thermal cycles, leading to the brittleness, in-
stability of martensitic transformation temperature and shape
memory effect. The quantity of ω phase precipitation in Ti–
Ta alloys is less than that in the other Ti-based alloys during
thermal cycles with similar transformation temperature.[2,11]

Hence, Ti–Ta alloy is thought to be a potential candidate for
HTSMEs application. Our previous results show that with the
addition of 10 at.% Zr as a substitute of Ta into Ti–Ta al-
loy, the martensite reverse transformation peak temperature
Ap increases from 483 K to 750 K and the maximum shape
memory recovery strain increases from 2.5% to 4.6% with 8%

deformation.[12] The above results indicate that the addition of
a ternary element, especially Zr, into Ti–Ta alloy is an effec-
tive way to increase the shape memory properties. Besides the
addition of a ternary element, thermo-mechanical treatment is
another effective method to improve the shape memory effects
by grain refinement and a high density of thermally rearranged
dislocations.[5,13–16] Therefore, the improvement on the shape
memory effects of Ti–15Ta–15Zr alloy by thermo-mechanical
treatment is expected. It is necessary to investigate the struc-
ture evolution with different annealing temperatures.

The effects of annealing temperature on structure,
martensite transformation, and shape memory characteristics
are investigated in this paper. The results show that the perfect
shape memory recovery strain of 6% can be obtained at the
proper annealing condition after cold working.

2. Experiment
The Ti–15Ta–15Zr alloy was prepared on a non-

consumable arc-melting furnace under an Ar atmosphere
using a water-cooled copper crucible from elemental con-
stituents with purity of 99.9%. The arc-melting was repeated
eight times to ensure the uniformity of composition. After
melting, the ingots were homogenized at 1173 K for 6 h in
vacuum-sealed quartz tubes, and then quenched in ice water.
Cold rolling was performed up to 70% in thickness reduction.
The thickness reduction for every rolling was limited to 2%–
5%. The final thickness of the specimen after cold rolling was
about 2 mm. The specimens were sealed in a vacuum quartz
tube and annealed at different temperatures (673 K, 773 K,
873 K, 973 K, and 1073 K) for 0.5 h. The cold-rolled spec-
imens were cut into desired shapes for various characteriza-
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tions by a spark-erosion cutting machine.
The phase structure was identified by x-ray diffraction

(XRD) on a Riguku-D/max-cB x-ray diffractometer with Cu
Kα radiation at room temperature. The microstructure was ob-
served by transmission electron microscope (TEM, FEI TEC-
NAI G2 20 STWIN 200 kV). The samples for TEM character-
ization were prepared by mechanically polishing to 70 µm and
then twin-jet electro polishing in an electrolyte solution com-
posite of 2 vol.% HF, 5 vol.% H2SO4, and 93 vol.% MeOH.
The phase transformation temperature of the specimens was
determined by differential scanning calorimetry (DSC, Perkin
Elmer Diamond). The tensile stress–strain tests were per-
formed on the Instron-5569 machine with a strain rate of
10−2 min−1. The dimension length and the cross section of
the tensile samples were 40 mm and 3 mm×1 mm, respec-
tively.

3. Results and discussion
Figure 1 shows XRD profiles taken from the cold-rolled

direction of the Ti–15Ta–15Zr alloy after cold working and
annealing at different temperatures. The identical phase is α ′′

martensite with an orthorhombic structure without any impu-
rity phase, which means that the Ms temperature is above room
temperature and Zr atoms are dissolved into the martensite lat-
tice. The XRD profile of the cold-rolled specimen shows the
broad peaks of (002)α ′′ , (022)α ′′ , and (113)α ′′ , indicating the
presence of a deformed martensite. The peaks become sharper
with the increase of the annealing temperature due to annihi-
lation of internal stress and crystallization process. The rel-
ative intensity of the (002)α ′′ and (111)α ′′ peaks dramatically
changes between the cold-rolled specimen and the specimen
annealed at 973 K. With the increase of the annealing tem-
perature, the positions of the peaks shift slightly to the left
side, indicating the increase of the interplanar distance and
the release of the internal stress. However, the (002)α ′′ and
(111)α ′′ peaks are mixed together in the plane parallel to the
cold-rolled direction. The cold-rolled plane is under tensile
stress while the plane perpendicular to the cold-rolled direc-
tion is under compress stress during cold rolling. The intensi-
ties of the peaks from the two directions are different because
of the severe deformation. In order to distinguish the (002)α ′′

and (111)α ′′ peaks, the XRD patterns taken from the direction
perpendicular to the cold-rolling direction are shown in Fig. 2.
The XRD profile of the solution-treated sample is also pro-
vided here for comparison. The patterns in the range from 35◦

to 45◦ are deconvoluted as shown in Fig. 2(b). The intensity ra-
tio of the (111)α ′′ and (002)α ′′ peaks has been calculated. The
I(111)/I(002) of the cold-rolled specimen is about 2, while that
of the specimen annealed at 973 K for 0.5 h is about 0.38. With
further increasing the annealing temperature to 1073 K, the
ratio is decreased to 0.23. The specimen annealed at 1073 K
has the similar I(111)/I(002) with the solution-treated one, in-

dicating that the recrystallization is almost completed when
annealed at 1073 K.
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Fig. 1. XRD patterns taken from cold rolling direction of Ti–15Ta–15Zr
alloy after cold deformation and annealing at different temperatures.

The TEM image of the cold-rolled Ti–15Ta–15Zr alloy
is shown in Fig. 3(a). It can be seen that there are thick de-
formation bands with a lot of irregular dark areas caused by
the stress contrast in the cold-rolled specimen. Also shown
are some thin martensite variants in the thick martensite plate.
Some of the martensite boundaries are either twisted or un-
clear because of the severe deformation. The annealing after
cold rolling partially recovers the structure through rearrange-
ment and annihilation of dislocations. Since the martensite re-
verse transformation start temperature As is higher than 673 K,
after annealing at 673 K for 0.5 h, recovery only happens in
the cold-rolled specimen, and the alloy retains the deformed
martensite structure (Fig. 3(b)). In Fig. 3(c), the microstruc-
ture of the specimen annealed at 773 K does not show any ob-
vious difference compared with that of the specimen annealed
at 673 K, indicating that the recrystallization process has not
taken place yet. With releasing of the internal stress, the in-
ternal annealing twin is observed in thick martensite plates.
The substructure of martensite is indexed to type I twinning
on (111)α ′′ where the beam direction is [11]α ′′ . When the
specimen is annealed at 873 K, which is above the martensite
reverse transformation finish temperature Af, the cold-rolled
martensite transforms into the parent phase during annealing
and transforms back into martensite on cooling. Thus, the
morphology of martensite changes remarkably to the V-shape
self-accommodation martenstie variants as shown in Fig. 3(c).
However, the boundaries of the deformation band are pre-
served after annealing at 873 K. It is probably because at the
primary recrystallization state, the release of the stored energy
during cold-rolling is not sufficient for the transformation of
the boundaries, so the boundaries disappear when the anneal-
ing temperature is increased to 973 K as shown in Fig. 3(e). It
has been reported that due to the smaller grain size and the ne-
cessity to accommodate the mismatch across the grain bound-
aries, the martensitic transformation is expected to be more
propagation controlled,[17] which will lead to a larger fraction
of self-accommodated martensite variants, and a finer variant
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structure as seen in Fig. 3(e). This microstructure will bene-
fit the shape memory effect. Figure 3(f) shows the TEM im-
age of Ti–15Ta–15Zr alloy annealed at 1073 K. Typical self-

accommodation α ′′ martensite structures are clearly observed,
indicating that the internal stress induced by cold rolling is
fully released and the recrystallization is completed.
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Fig. 2. (color online) XRD patterns taken from the direction perpendicular to the cold-rolling direction.
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Fig. 3. TEM images of Ti–15Ta–15Zr alloy after (a) cold rolling and
annealing at different temperatures: (b) 673 K, (c) 773 K, (d) 873 K, (e)
973 K, (f) 1073 K.
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Fig. 4. DSC curves after cold deformation and annealing at different
temperatures.

Figure 4 shows DSC curves of Ti–15Ta–15Zr with differ-
ent annealing temperatures. Neither the cold-rolled specimen
nor the specimen annealed at 673 K shows a martensite trans-
formation peak. This suppression of martensite transformation
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is due to the internal stresses induced by cold deformation.
The small and broad martensite transformation peaks are ob-
served in the curve of the specimen annealed at 773 K. The
peaks become sharper and the transformation temperatures in-
crease slightly with the increasing annealing temperature due
to the recovery and recrystallization processes.

Figure 5 shows the stress–strain curves of Ti–15Ta–15Zr
alloy with different annealing temperatures. According to the
XRD results, the specimens annealed at different temperatures
are in the martensite phase at room temperature. It can be ob-
served that the specimen annealed at 673 K is broken with-
out any yielding because of the high internal stress stored in
the sample on cold rolling. There is only one yield stage in
the specimen annealed at 773 K, which means that the plas-
tic deformation and martensite variants reorientation occur at
the same time. It can also be observed that the specimens an-
nealed at higher than 873 K exhibit two-stage yielding, and the
two stages correspond to the martensite variants reorientation
and the plastic deformation, respectively. The failure strain
increases and the ultimate tensile strength decreases with in-
creasing annealing temperature due to annihilation of internal
stress and recrystallization. The specimens annealed at lower
temperature exhibit higher yield stress because of grain refine-
ment.
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Fig. 5. Tensile stress–strain curves of Ti–15Ta–15Zr alloy annealed at
different temperatures.

The specimens annealed at 973 K and 1073 K possess
relative good ductility. Figures 6(a) and 6(b) show the stress–
strain curves upon loading-unloading with different deforma-
tions after being annealed at 973 K and 1073 K, respectively.
It can be seen that the specimen annealed at 973 K can ob-
tain almost 6% full recovery strain, which is 2% higher than
that of the specimen annealed at 1073 K. The maximum total
recovery strain of 6.7% is obtained by the deformation of 8%.

The structures of the cold-rolled specimen and those an-
nealing at different temperatures are proved to be orthorhom-
bic structure martensite by the TEM and XRD results. The
martensite is shown as a thick deformation band in the cold-
rolled specimen, there is only very limited restoration occur-
ring after annealing at 673 K for 0.5 h according to the TEM

and XRD results. The high internal stress maintained in the
specimen makes it brittle and impossible to have shape mem-
ory behavior. The crystal structure of the alloy is fully trans-
formed to the parent phase when annealed at above Af. With
further increasing the annealing temperature to above Af, the
V-shape martensite and thermal rearrangement dislocations
appear. On one hand, dislocations can enhance the critical
share stress that is proportional to the square root of the dis-
location density, which is beneficial to the shape memory ef-
fect. On the other hand, dislocations may block the reorienta-
tion of the martensite variants, resulting in the decrease of the
shape memory effect. Therefore, a suitable amount of disloca-
tion can increase the critical slip stress and improve the shape
memory effect. When the specimen is annealed at 1073 K, a
well-developed self-accommodation martensite is shown, in-
dicating the recrystallization finish, which is consistent with
the XRD results. The internal stress induced by cold-rolling
is fully released and the grain size increases, leading to the
decrease of the shape memory effects.
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Fig. 6. Tensile stress–strain curves upon loading–unloading with differ-
ent deformation after annealing at (a) 973 K and (b) 1073 K.

4. Conclusion

We investigated the effect of thermo-mechanical treat-
ment on the structure and martensitic and shape memory prop-
erties of Ti–15Ta–15Zr alloy. Annealing at 973 K effectively
increases the critical stress for plastic deformation and the
shape memory behavior. The alloy annealed at 973 K shows
almost perfect shape memory recovery strain of 6%.
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