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This paper describes thermomechanical behavior and electric characteristic of Ti-Ni-Cu shape 
memory alloy. The Materials used in this study are Ti-41.7Ni-8.5Cu (mol%) and 
Ti-42.6Ni-7Cu (mol%) alloys. Cold working ratio of the Ti-41.7Ni-8.5Cu (mol%) alloy wire 
was varied from 10% to 40%. Heating-cooling tests under the pre-strain was ranged from 1% 
to 3% were carried out using the T i-41.7Ni-8.5Cu (mol%) alloy wire at the isothermal 
temperature of 273K, for investigating the thermomechanical behavior of Ti-Ni-Cu alloy. 
Heating-cooling tests under the pre-strain was varied from 0% to 3% were also carried out using 
the Ti-41.7Ni-8.5Cu (mol%) alloy wire at room temperature, for examining electric 
characteristic of Ti-Ni-Cu alloy. The large pre-strain and high cold working ratio have efficacy 
for obtaining large recovery stress. An increase in the pre-strain has slightly increased the 
transformation temperature hysteresis (Ar' -Ms'). Also, the temperature responsive property has 
become lower with an increase in the pre-strain and cold working ratio. On the other hand, an 
increase in the pre-strain facilitates control of the SMA actuator because it decreases the electric 
resistivity hysteresis. 
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1. INRODUCTION 
Shape memory alloys (SMAs) have unique functions 

such as super-elasticity and shape memory effect. 
Therefore, various fields have a high degree of 
expectations for SMAs. In particular, SMAs have been 
put to practical use in the industry field, the medical 
field, and so on [ 1-4]. 

SMAs under applied stress generate a recovery stress 
and strain due to heating of them. Developments of 
SMA actuators using this property are being carried out. 
SMAs allow reduction in size and weight, and 
construction simplification of actuators because SMA 
actuators require no sensor. Also, SMA actuators have 
the advantage of being high power even if they are light 
[5, 6]. 

Ti-Ni-Cu alloys are being expected to be used in 
SMA actuators, because, with increasing copper content 
in the alloys, the recovery stress increases and the stress 
hysteresis and transformation temperature hysteresis 
decrease [7, 8]. However, it is reported that the 
recovery stress and transformation temperature of SMAs 
are influenced by manufacturing processes such as 
processing rate and heat treatment [9-12]. 

This study carried out heating-cooling tests under 
constrained strain condition, for studying the 
thermomechanical behavior of Ti-Ni-Cu alloy. 
Furthermore, electric characteristic were also 
investigated. 

2. EXPERIMENTAL PROCEDURES 
The chemical compositions of alloys are 

Ti-41.7Ni-8.5Cu and Ti-42.6Ni-7Cu (mol%). The 
specimen shape of Ti-41.7Ni-8.5Cu (mol%) alloy is a 
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Table I Transformation temperatures of Ti-41.7Ni-8.5Cu (mol%) 
alloy measured by DSC. 

Cold working ratio (%) Transformation temperatures (K) 

M, M, A. Ar 

10 331.5 312.2 333 345.7 

20 326.4 307.8 329 342.5 

30 319.8 302.7 322.4 337.2 

40 317 300.6 322.9 336.7 

wire with 1 mm diameter and 70 mm gauge length, and 
that of Ti-42.6Ni-7Cu (mol%) alloy a wire with 0.3 mm 
diameter and 70 mm gauge length. Also, the 
Ti-42.6Ni-7Cu (mol%) alloy wire is Furukawa 
NT-H7-TTR. The Ti-Ni-Cu alloy wires were 
processed in the following manner; the Ti-Ni-Cu alloy 
ingots were made using a high frequency induction 
vacuum furnace, and then were hot forged and hot 
extruded followed by cold drawing and intermediate 
annealing. Cold working ratio of the Ti-41.7Ni-8.5Cu 
(mol%) alloy wire was varied from 10% to 40%. 
Furthermore, the wires were heat treated at 673K for 
3.6ks in air. Martensite start temperature M., 
martensite finish temperature Mf, reverse transformation 
start temperature A. and reverse transformation finish 
temperature Af of the Ti-41.7Ni-8.5Cu (mol%) alloy 
wire measured by differential scanning calorimetry 
(DSC) are listed in Table I. 

To investigate the thermomechanical behavior of 
Ti-Ni-Cu alloy, heating-cooling tests under constrained 
strain condition were carried out using the T 
i-41.7Ni-8.5Cu (mol%) alloy wire. Figure 1 (a) shows 
a schematic diagram of the experiment to obtain the 
stress-strain curve in the heating-cooling test under 
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Fig.l Schematic drawing of experimental procedure. 

constrained strain condition. The specimen was loaded 
to given pre-strains ranged from 1% to 3% at the 
isothermal temperature of 273K lower than martensite 
start temperature Ms and was subsequently unloaded. 
And then, the specimen was heated at 3K/min and 
cooled at 4K/min under constrained strain condition. 
From the stress-strain curve and the stress-temperature 
relation during heating-cooling progress shown in Fig.l 
(b), the recovery stress oR, martensite start temperature 
Ms', reverse transformation start temperature As' and 
reverse transformation finish temperature Ar' after the 
pre-strain loading-unloading were obtained, 
respectively. 

Heating-cooling tests under constrained strain 
condition were also carried out using the 
Ti-41.7Ni-8.5Cu (mol%) alloy wire, for examining 
electric characteristic of Ti-Ni-Cu alloy. The variation 
of electric resistivity during heating at 3K/min and 
cooling at 4K/min progress was measured after the 
specimen was loaded to given pre-strain varied from 0% 
to 3% at room temperature followed by unloading. 

3. RESULTS AND DISCUSSION 
3.1 Effect of cold working ratio and pre-strain on 
recovery stress 

Figure 2 shows the variation of the recovery stress 
with cold working ratio in the Ti-41.7Ni-8.5Cu (mol%) 
alloy. The recovery stress increases with increasing 
cold working ratio. The recovery strain increases with 
increasing cold working ratio since the extra damage 
introduced into the specimen decreases with increasing 
cold working ratio. Therefore, an increase in the cold 
working ratio increases the recovery stress because there 
is an approximate linear relationship between the 
recovery stress and the recovery strain. An increase in 
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Fig.2 Variation of recovery stress with cold working ratio 
in the Ti-41.7Ni-8.5Cu (mol%) alloy. 
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Fig.3 The variation of M 1 (=A/-At) with cold working ratio 
in the Ti-41.7Ni-8.5Cu (mol%) alloy 
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Fig.4 The variation of ~M, (=M,'-M,)with cold working ratio 
in the Ti-41.7Ni-8.5Cu (mol%) alloy. 

the pre-strain also increases the recovery stress because 
it increases the recovery strain. These results show that 
the high cold working ratio and large pre-strain have 
efficacy for obtaining large recovery stress from the 
Ti-41.7Ni-8.5Cu (mol%) alloy. 

3.2 Effect of cold working ratio and pre-strain on 
transformation temperature hysteresis 

Figure 3 shows the variation of fiAr (=Ar'-Ar) with 
cold working ratio in the Ti-41.7Ni-8.5Cu (mol%) alloy. 
fiAr increases with increasing cold working ratio. As 
shown in Fig.2, the recovery stress increases with 
increasing cold working ratio. The recovery stress acts 
as the resistance to the reverse martensitic 
transformation since it acts as the reverse force against 
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Fig.S The variation of transformation temperature hysteresis 
N -Ms' with pre-strain in the Ti-41.7Ni-8.5Cu (mol%) alloy. 
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Fig.6 The variation M (=A' ,-A.) with pre-strain 
in the Ti-41.7Ni-8.5Cu (mol%) alloy. 

the shape recovery of the specimen. Therefore, an 
increase in the recovery stress increases a driving force 
needed to finish the reverse martensitic transformation. 
This is presumably the reason why !1Ar increases with 
increasing cold working ratio. !1Ar also increases with 
increasing pre-strain. This result suggests that the 
elastic strain energy stored in material is released by 
loading of pre-strain. 

Figure 4 shows the variation of tlM, ( =Ms' -M,) with 
cold working ratio in the Ti-41.7Ni-8.5Cu (mol%) alloy. 
Since M, raises up with the raising of Ar, there is an 
increase in tlM, with increasing cold working ratio and 
pre-strain. An increase in tlM, with increasing cold 
working ratio and pre-strain is a little smaller than that in 
Mr. 

Figure 5 shows the variation of transformation 
temperature hysteresis (Ar' -Ms') with pre-strain in the 
Ti-41.7Ni-8.5Cu (mol%) alloy. The transformation 
temperature hysteresis gently increased with increasing 
pre-strain up to 1.5%. However, the pre-strain more 
than 1.5% did not give further increase in the 
transformation temperature hysteresis (Ar' -Ms'). It is 
clear that an increase in the pre-strain slightly increases 
the transformation temperature hysteresis (Ar' -Ms') 
because an increase in tlM, with increasing cold 
working ratio is a little smaller than that in Mr as shown 
in Figs. 3 and 4. In addition, the transformation 
temperature hysteresis (Ar' -Ms') is little affected by cold 
working ratio. 
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Fig. 7 The variation of reverse transformation temperature 
difference Al-A.' with pre-strain in the Ti-41.7Ni-8.5Cu 
(mol%) alloy. 
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Fig.8 The variation of electric resistivity with temperature 
in Ti-42.6Ni-7Cu (mol%) alloy. 

3.3 Effect of cold working ratio and pre-strain on 
temperature responsive 

Figure 6 shows the variation !lA, (=A' ,-A,) with 
pre-strain in the Ti-41:7Ni-8.5Cu (mol%) alloy. M is 
small compared to !1Ar and ilM,. Also, there is little 
effect of cold working ratio and pre-strain on tlA,. 

In case of using the shape recovery and the recovery 
stress of SMAs, the smaller the heating quantity needed 
for finishing the reverse transformation is, the more the 
temperature responsive property increases. Figure 7 
shows the variation of the reverse transformation 
temperature difference (Ar' -As') with pre-strain in the 
Ti-41.7Ni-8.5Cu (mol%) alloy. There is an increase in 
the reverse transformation temperature difference 
(Ar' -A.') with increasing pre-strain. The increase in 
cold working ratio also gives an increase in the reverse 
transformation temperature difference (Ar' -A,'). This 
fact means that the temperature responsive property 
becomes lower with an increase in the pre-strain and 
cold working ratio. 

3.4 Effect of temperature and pre-strain on electric 
characteristic 

Figure 8 shows the variation of the electric resistivity 
with temperature in Ti-42.6Ni-7Cu (mol%) alloy. The 
variation of electric resistivity with temperature under 
the pre-strain of 0% and 1% shows negative resistance 
characteristics. However, the positive resistance 
characteristics are found under the pre-strain of 2% and 
3% because the electric resistivity increases with 
increasing temperature. Also, an increase in the 
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pre-strain increases the electric resistivity and decreases 
the electric resistivity hysteresis. Consequently, an 
increase in the pre-strain will facilitate the position 
control of the SMA actuator because it decreases the 
electric resistivity hysteresis. 

4. CONCLUSIONS 
Heating-cooling tests under the pre-strain was ranged 

from 1% to 3% were carried out using the T 
i-41.7Ni-8.5Cu (mol%) alloy wire at the isothermal 
temperature of 273K, for investigating the 
thermomechanical behavior of Ti-Ni-Cu alloy. 
Heating-cooling tests under the pre-strain was varied 
from 0% to 3% were also carried out using the 
Ti-41.7Ni-8.5Cu (mol%) alloy wire at room temperature, 
for examining electric characteristic of Ti-Ni-Cu alloy. 
The obtained results are summarized as follows; 
(1) The recovery stress has increased with increasing 
cold working ratio and pre-strain. Therefore, the high 
cold working ratio and large pre-strain have efficacy for 
obtaining large recovery stress. 
(2) An increase in the pre-strain has slightly increased 
the transformation temperature hysteresis (At' -Ms') 
(3) The reverse transformation temperature difference 
(At' -As') has increased with increasing cold working 
ratio and pre-strain. Therefore, the temperature 
responsive property becomes lower with an increase in 
the pre-strain and cold working ratio. 

( 4) The increase in the pre-strain will facilitate the 
position control of the SMA actuator because it 
decreases the electric resistivity hysteresis. 
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