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Thermal stability and high-temperature shape memory
characteristics of Ti—20Zr-10Ta alloy*
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The microstructure, martensite transformation behavior, thermal stability and shape memory behavior of Ti—20Zr—
10Ta high temperature shape memory alloy were investigated. The Ti—20Zr—10Ta alloy exhibited a reversible transforma-
tion with the high martensite transformation temperature of 500 °C and good thermal stability. The alloy displayed the
elongation of 15% and a maximum recovery stain of 5.5% with 8% pre-strain.
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1. Introduction

A few high temperature shape memory alloys (HTSMAs)
have been studied in recent years, such as Ti-Ni—-X (X =Hf,
Zr, Pt) alloys, Ni-Mn—-X (X =Ga, In)-based and Ni-free Ti-
based (Ti-Ta, Ti—-Nb, Ti-Mo) alloys.“’” However, those
HTSMASs mentioned above exhibit their best shape memory
properties with a martensite transformation start temperature
(Ms) of less than 400 °C.[8! In order to extend their applica-
tions in an engine’s systems, the HTSMAs with a Ms higher
than 400 °C must be explored. A few systems of HTSMAs
have been reported that have stable Ms over 400 °C, such as
Ti—X (X =Pd, Au, Zr) and Ru-X (X =Nb, Ta) alloys.”"'?! The
Ti—Pd and Ti—Au alloys have the complete shape memory re-
covery of 3% with a Ms about 500 °C.['%) The Ru-Ta and Ru—
Nb alloys possess a very high Ms over 900 °C. However, the
very high cost of the Ti-X (X =Pd, Au) and Ru—-X (X =Nb, Ta)
alloys is an important issue for practical application.!!314 Li
Yan et al. reported that the Ti—Zr alloys exhibit a shape mem-
ory effect with the Ms temperature over 400 °C.['>-16] Further-
more, the cost of Ti—Zr alloys is much less than that of Ti—Pd
and Ti—Au alloys; Ti—Zr alloys display a fracture strain of 8%
and maximum recovery strain of less than 3% with the 5%
pre-strain. The Ti—Zr brainy alloy shows o/ martensite with a
hexagonal structure, which causes a higher Young’s modulus
and lower shape memory effect than that of o’ martensite with
an orthorhombic structure. In order to improve the high- tem-
perature shape memory effect, 10-at% Nb has been added into
the Ti—Zr alloy. The Ti—20Zr—10Nb alloy has orthorhombic
o martensite, which exhibits an Ap of 565°C and a maximum

[16

recovery strain of 5% with 8% pre-strain.!'®) However, the ®

phase precipitation occurrs in Ti—20Zr—10ND alloy, leading to
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the instability. Therefore, it is necessary to find another alloy-
ing element to increase the tensile ductility and shape memory
properties of the Ti—Zr alloys without any @ phase precipita-
tion. It is generally accepted that Ta is a better S-phase sta-
bilizer element than Nb element.!!”! Therefore, an appropriate
amount of Ta addition as a substitute of Zr in the Ti—Zr al-
loy should be able to change the structure to orthorhombic and
maintain a high Ms temperature as well. It has been reported
that the structure is related to the valence electrons number per
atom (e/a). The critical composition of Ta for an o' /¢ tran-
sition in Ti—Ta brainy alloy is 8.7 at% with the corresponding
e/a of 4.09;[18] the e/a has been increased from 4 to 4.1 with
the addition of 10-at% Ta compared with the Ti—30Zr alloy,
so the Ti—20Zr—10Ta may exhibit an orthorhombic structure.
Therefore, the influence of Ta on the microstructure, thermal
stability, mechanical behavior and shape memory effect of the
Ti—Zr alloy are investigated in this article.

2. Experiment

The Ti-20Zr-10Ta alloy was prepared on a non-
consumable arc-melting furnace under an Ar atmosphere us-
ing a water-cooled copper crucible. The arc-melting was re-
peated eight times to ensure the uniformity of composition.
After melting, the ingots were homogenized at 850 °C for
6 h in vacuum-sealed quartz tubes, then quenched in iced wa-
ter. The specimens were cut into the desired shapes for vari-
ous characterizations by a spark-erosion cutting machine. The
phase structure was identified by X-ray diffraction (XRD) on
a Riguku-D/max-rB X-ray diffractometer with Cu K, radi-
ation at room temperature. The microstructure of the alloy
was investigated by a FEI TECNAI G2 20 STWIN 200 kV
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transmission electron microscope equipped with a double-tilt
cooling stage (TEM). The phase transformation temperature of
the specimen was determined by differential thermal analysis
(DTA) using Mettler—Toledo TGA1600. The DTA tests were
carried out by heating the specimens to 700 °C and then cooled
down to 300 °C with a heating/cooling rate of 20 K-min~!.
The tensile stress-strain tests were performed on the Instron-

1186 machine with a strain rate of 10~ s~ !,

3. Results and discussion

It has been reported that Ti-30Zr binary alloy is a hexag-
onal structure at room temperature. Figure 1 shows the XRD
profile for the Ti—20Zr-10Ta solution treated specimen at
room temperature. Diffraction peaks corresponding to the o
phase with an orthorhombic structure can be observed in Ti—
20Zr—10Ta alloy, indicating that the addition of 10-at% Ta
changes the phase structure of the alloy, which is the target
phase.
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Fig. 1. XRD profile taken at room temperature for Ti—20Zr—10Ta solu-
tion treated specimen.

Figure 2 shows the TEM observation of the microstruc-
ture of Ti-20Zr-10Ta alloy. TEM bright field image of Ti-
20Zr-10Ta reveals that there are fine internal twins in the o
martensite plates. The internal twins extend from one side
of the & plate to the other. The [110],~ selected area elec-
tron diffraction (SAED) pattern and its index shown in Fig. 2
demonstrate that the internal twins are (11) Type L.
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Fig. 2. (a) Bright field TEM image of solution treated Ti—20Zr—10Ta alloy

and (b) corresponding diffraction patterns.

For the high temperature application, it is an important
issue that the alloys have high and stable Ms after different
thermal cycles. Figure 3(a) shows the DTA curves of Ti-20Zr—
10Ta alloy as a function of the thermal cycle. The Ti—20Zr—
10Ta alloy has a Ms temperature of 500 °C in the first ther-
mal cycle. According to the previous report, the Ti—30Zr al-
loy has a Ms about 600 °C.I">! The decrease of the Ms could
be ascribed to the Ta addition since Ta is a (3-phase stabilizer
element.!"”! In order to investigate the thermal stability of Ti—
20Zr-10Ta alloy, the specimen is thermally cycled between
300 °C and 700 °C up to 50 cycles. The peak temperatures of
the matrensite transformation (Mp) and the matrensite reverse
transformation (Ap) used to evaluate the cycling stability are
shown in Fig. 3(b). In the first 30 cycles, the Mp temperature
decreases slightly with the increase of the number of thermal
cycles. After 30 thermal cycles, the Mp and Ap temperatures
only drop 15 °C and 10 °C, respectively. The decrease of trans-
formation temperature is due to the introduction of dislocation
during the thermal cycles. It should be noted that there is no
obvious change in the transformation temperature between 30
to 50 thermal cycles, indicating that Ti—20Zr-10Ta alloy has
excellent thermal cycling stability.
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Fig. 3. (color online) DTA curves of Ti—20Zr—10Ta alloy with different
thermal cycles (a) and the transformation temperature as a function of
thermal cycling number for Ti—-20Zr—10Ta alloy (b).

The Bo-Md diagram is useful to design 8-Ti-based al-
loys in the previous reports.[?%?!l Bo and Md are the average
bond orders between atoms and the average d-orbital energy
level of elements in the alloy, respectively. The alloy position
moves on the Bo-Md diagram with the change of the alloy
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composition. The Bo and Md can be given

B70:Zn:x,-(Bo),', (1
i=1

Md = ¥ x(Md),. @)
i=1

where the x; is the atomic percent of alloy element i.

The Bo and Md values of Ti—20Zr—10Ta alloy are 2.8846
and 2.5528, respectively. The position of Ti—20Zr—10Ta alloy
in the Bo-Md diagram is far from the 8/ + @ boundary and
below the boundary of Ms, leading to suppress the @ phase

precipitation and maintain a high Ms temperature as well.

Figure 4(a) shows the stress-strain curves at room tem-
perature for Ti—20Zr—10Ta alloy. It can be seen that Ti-20Zr—
10Ta alloy exhibits a better ductility than that of Ti—Zr alloy.
The Ti—20Zr-10Ta alloy displays a fracture strain of 15%,
while the Ti—Zr binary alloys only have a fracture strain of
less than 8%.!!°1 Figure 4(b) shows the loading and unload-
ing curves of Ti—20Zr-10Ta alloy obtained from cyclic tensile
testing; the dash line corresponds to the shape recovery strain
after heating. It can be seen that both the recovered strain and
the irrecoverable strain increase with the increase of the pre-
strain. The maximum recovery strain is 5.5% with the 8%
pre-strain. The Ti—-30Zr alloy only has the maximum shape
memory recovery strain less than 3% when it is deformed to a
total strain of 5%.!!5]
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Fig. 4. (color online) (a) Tensile stress—strain curve of solution treated
Ti—20Zr—10Ta alloy. (b) The cyclic loading and unloading curves of the
Ti—20Zr—10Ta solution-treated specimen.
As mention above, with the addition of 10-at% Ta into

the Ti—Zr alloy, the structure has been changed from hexag-

onal to orthorhombic and Young’s modulus is decreased. Li
Y et al. have reported that there is a relationship between
the Young’s modulus and the interatomic bonding force (f) in
the Ti—Zr based alloy.?”! By combining Coulomb’s law and d
electrons alloy theory, the f can be estimated according to the

equation!??!

Z.itB
oo S0 3)
Md

where Zeg is the compositional average value of effective nu-
clei charges (Z.¢). Considering the shielding effect by other
electrons in each atom, the Z.; can be calculated by Z-o,
where Z is the atomic number and ¢ is the Slater shielding
constant. The Z.s values of Ti-30Zr and Ti—20Zr—10Ta are 3.4
and 3.45, respectively. It has been reported that the same al-
loying element has different Bo values and the same Md value
for different alloy structures.!??! According to the Bo and Md
value list,[*?! the Bo value significantly decreases from 3.5679
to 2.8846 with the addition of 10-at% Ta. The results show
the bonding forces of Ti—30Zr and Ti—20Zr—10Ta are 1.593
and 1.527, respectively. The decrease of the interatomic bond-
ing force leads to a decrease of the detwinning critical stress.
Therefore, the martensite reorientation in Ti—20Zr—10Ta al-
loy may take place at lower stress without inducing plastic
deformation, compared with that in Ti-30Zr alloy at higher
stress. This may explain why the Ti—20Zr—10Ta alloy with
an orthorhombic structure exhibits a better shape memory ef-
fect than that of the Ti—30Zr alloy with a hexagonal structure.
In comparison with other HTSMAs in a similar transforma-
tion temperature range, the Ti—20Zr—10Ta alloy exhibits good
ductility and thermal stability and equivalent shape memory
properties with Ti—Au and Ti—Pd alloys. It is worth mention-
ing that the cost of the Ti—Zr—Ta alloy is much less than that
of the Ti—Au and Ti—Pd alloys, which is also important for ap-
plication. Therefore, the Ti—20Zr—10Ta alloy shows potential
applications in high temperature shape memory actuators.

4. Conclusions

In conclusion, the influence of Ta on the microstructure,
thermal stability and shape memory properties of Ti—30Zr
HTSMA have been studied. The results demonstrate that the
Ti—20Zr-10Ta alloy undergoes a reversible martensitic trans-
formation with a high Ms of 500 °C. The Ti-20Zr-10Ta al-
loy also displays excellent thermal stability and good plastic-
ity with a fracture strain of 15%. It has a maximum recovery
strain of 5.5% with 8% pre-strain. Therefore, the Ti—20Zr—
10Ta alloy is thought to be a good candidate in the field of

actuators.
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