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bstract

The electrical resistivities of Ti–Ni binary and Ti–Ni–X (X = Fe, Cu) ternary shape memory alloys (SMAs) are investigated. Experimental results
eveal that the Ti–Ni and Ti–Ni–X SMAs exhibit different electrical resistivity (ρ) characteristics due to their different martensitic transformation
ehaviors. The increase of ρ during the B2 → R transformation of Ti–Ni SMAs is about 10–16 �� cm, which is a change of about 12–20%. For a
wo-stage transformation of B2 ↔ R ↔ B19′, there is a sharp increase of ρ during B2 → R transformation, and then a rapid decrease of ρ during

→ B19′ transformation. However, for the Ti-40 at.%,Ni-10 at.%,Cu alloy, which exhibits a B2 ↔ B19 ↔ B19′ two-stage transformation, there

s a small variation of ρ during B2 → B19 transformation, but a significant variation of ρ during B19 → B19′ transformation. These phenomena
ay be ascribed to their different structures, deformation defects, accommodated twin variants and crystal distortions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Among many shape memory alloys (SMAs), TiNi-based
lloys are most popular because they have superior properties
n shape memory effect (SME) and pseudoelasticity (PE) [1–3].
hey have a fast and accurate shape memory response to temper-
ture change and are widely used in both medical and industrial
pplications, such as the orthodontic products, medical implants
nd stents, controllers and sensors. In addition to the applications
f SME and PE, Ti–Ni alloys can exhibit excellent performance
f mechanical damping, thermal expansion and electrical resis-
ivity (ER) variation due to their thermoelastic martensitic trans-
ormations. These unique properties are expected to have many
otential applications in the near future through further stud-
es. It is well known that the transformation behaviors of Ti–Ni
MAs, involving the variation of transformation temperatures
nd the occurrence of multi-stage transformation sequences,
an be affected by various thermo-mechanical treatments [4–7]

nd the addition of the third or fourth elements [8–11]. For
he investigations of Ti–Ni SMAs, ER measurement has been
well-known technique for understanding their transformation
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ehaviors [12–15]. There are distinguished variations of elec-
rical resistivity for different phases of Ti–Ni SMAs, including
he B2 parent, B19′ martensite, and intermediate R and B19
hases. Based on the change of the electrical resistivity versus
emperature, it is quite effective to identify the transformation
ehaviors of these phases. Due to the difficulty in the tempera-
ure control and the difference in the specimen dimension, the
R (ρ) is not easily measured in the early investigations by using

he four-probe DC current technique. However, these technical
roblems have been overcome in this study by using a precise
eating/cooling controller, an accurate measuring equipment of
lectrical resistivity and the meticulous preparation of testing
pecimens. Therefore, very precise ρ values for various phases
f Ti–Ni SMAs can be measured. The affecting factors on the ρ

alues and the martensitic transformations of various TiNi-based
MAs are also discussed in this paper.

. Experimental procedure

The conventional tungsten arc-melting technique was

mployed to prepare the Ti–Ni binary and Ti–Ni–X (X = Fe, Cu)
ernary alloys. Titanium (purity, 99.7%), nickel (purity, 99.98%),
nd iron (purity, 99.95%) or copper (purity, 99.9%), totaling
bout 120 g, were melted and remelted at least six times in an
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by 25 �� cm during the R → B19′ transformation.

Fig. 4 shows the curve of ρ versus temperature for the solu-
S.K. Wu et al. / Materials Science and

rgon atmosphere. The as-melted buttons were hot-rolled into
lates of 2 mm thickness at 800 ◦C. Specimens with a dimen-
ion of 2 mm × 2 mm × 40 mm were carefully cut from these
lates with a low-speed diamond saw. For Ti–Ni–X (X = Fe, Cu)
ernary alloys, some hot-rolled specimens were solution-treated
t 800 ◦C for 2 h and then quenched in water. For Ti-51 at.%Ni
lloy, the hot-rolled specimens were aged at 400 ◦C for 24 h
nd then quenched in water. The precise four-probe DC current
echnique was used to measure the ER (ρ) of Ti–Ni binary and
i–Ni–X (X = Fe, Cu) ternary alloys. The ER (ρ) is measured at

emperatures ranging from −150 to +150 ◦C under a controlled
ooling/heating rate of 10 K/min. A Keithley 2000 Multimeter is
sed to measure the voltage between the two inner probes while
constant current is passed through the two outer probes using
GP0250-3R DC power supply. The precision of the ER mea-

urement is ±0.1 �� cm. The recording of data is completely
utomatic; calculation and plotting points for the ρ versus tem-
erature are carried out by a digit computer. Thus the results
ith a rather good resolution can be obtained. The DSC mea-

urement was conducted with a DuPont 2000 thermal analyzer
quipped with a quantitative scanning system 910 DSC cell. The
ooling/heating rate was precisely controlled at 10 K/min.

. Results and discussion

Fig. 1 shows the curves of ρ versus temperature for the as
ot-rolled Ti-50 at.%Ni alloy. The curves exhibit the typical for-
ard and reverse martensitic transformations of Ti–Ni SMAs.
he notation for determining the transformation temperatures
n the ER curves follows the example established by Hwang
t al. [16]. In Fig. 1, we can find that the ρ values of both B2
hase and B19′ martensite decrease with decreasing tempera-
ure. This behavior is similar to that for the general pure metals
17]. Meanwhile, there is a significant increment of ρ value prior
o the Ms temperature in Fig. 1. This feature is considered to be
elated to the formation of R-phase prior to the martensitic trans-
ormation. As compared the ER curves in Fig. 1 with those of
he solution-treated Ti-50 at.%Ni specimens in a reported paper
18] and those of our unpublished data, the ER curves shown in
ig. 1 are quite similar to those of the solution-treated specimens.

t indicates that the formation of R-phase prior to the marten-
itic transformation may occur in both the as hot-rolled and the
olution-treated Ti-50 at.%Ni specimens. This phenomenon is
easonable because the internal stress introduced by hot-rolling

Fig. 1. The curve of ρ vs. temperature for the as hot-rolled Ti-50 at.%Ni alloy.

t
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Fig. 2. The DSC curve for the as hot-rolled Ti-50 at.%Ni alloy.

nd rapid-quenching after solution treatment will assist the for-
ation of R-phase. The increment of ρ value associated with the
-phase transformation will be discussed later.

Fig. 2 shows the DSC curves for the as hot-rolled Ti-
0 at.%Ni alloy. As carefully examining the transformation tem-
eratures in Figs. 1 and 2, one can find that the Ms temperature
n the DSC curve is a little higher than that in the ER curve.
his phenomenon can be explained as follows. Because the R-
hase and martensitic transformations can not be completely
eparated in the DSC curve for the as hot-rolled Ti-50 at.%Ni
pecimen in this study, there only appears an exothermic peak
n the cooling curve. This exothermic peak, being contributed
rom both R-phase and martensitic transformations, will exhibit
little higher Ms temperature than that in the ER curve, where

he Ms temperature only indicates the start of R → B19′ trans-
ormation.

It is well known that the thermal aging of Ni-rich alloys
t 300–500 ◦C will cause the formation of Ti3Ni4 precipi-
ates accompanied by the appearance of R-phase transformation
5,19]. Fig. 3 shows the curve of ρ versus temperature for the Ti-
1 at.%Ni alloy aged at 400 ◦C for 24 h. It shows that ρ increases
y 12 �� cm during the B2 → R transformation and decreases
ion treated Ti-48.5 at.%Ni-1.5 at.%Fe alloy. The curve of ρ

ersus temperature is similar to that for 400 ◦C, 24 h aged Ti-

ig. 3. The curve of ρ vs. temperature for the Ti-51 at.%Ni alloy aged at 400 ◦C
or 24 h.
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ig. 4. The curve of ρ vs. temperature for the solution treated Ti-48.5 at.%Ni-
.5 at.%Fe alloy.

1 at.%Ni alloy, except that ρ has a higher increase during
he B2 → R transformation, say, 16 �� cm. Fig. 5(a) shows
he curve of ρ versus temperature for the as hot-rolled Ti-
8.5 at.%Ni-1.5 at.%Fe specimen. As compared with Fig. 4,
he transformation temperatures of B2 → R and R → B19′ are
epressed to lower ones, but the transformation temperatures of
→ B2 and B19′ → R are raised to higher ones. It indicates that

he hot rolling will inhibit both forward and reverse transforma-
ions during the cooling and heating cycles, respectively. This
eature may be ascribed to the deformation defects introduced
y the hot rolling, and will increase the thermal hysteresis dur-
ng the forward and reverse transformations. After annealing of

50 ◦C for 1 h and then furnace cooling, the deformation defects
ill be died out, and hence the curve of ρ versus temperature,

s shown in Fig. 5(b), will recover to a normal one, which is
imilar to that of Fig. 4.

ig. 5. The curve of ρ vs. temperature for (a) the as hot-rolled and (b) the
ot-rolled and subsequently annealed (650 ◦C, 1 h) Ti-48.5 at.%Ni-1.5 at.%Fe
pecimen.
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ig. 6. The curve of ρ vs. temperature for the Ti-40 at.%Ni-10 at.%Cu alloy
20].

For the two-stage transformation of B2 ↔ R ↔ B19′, as
hown in Figs. 3–5, there is a sharp increase of ρ during
2 → R transformation, and then a dramatic decrease of ρ

uring R → B19′ transformation. However for the Ti-40 at.%Ni-
0 at.%Cu alloy, which exhibits a B2 ↔ B19 ↔ B19′ two-stage
ransformation, there is a quite different variation of ρ. As shown
n Fig. 6, the B2 → B19 transformation has a small variation ofρ,
ut there is a significant variation of ρ during B19 → B19′ trans-
ormation [20]. This phenomenon can be explained as below.
here are many planar twin variants in the B19′ martensite, but
ot in the B19 martensite [21]. Therefore, the variation of ρ dur-
ng B2 → B19 transformation is small because no planar twin
ariants are introduced. But the variation of ρ at B19 → B19′
ransformation is significant because a lot of planar twin variants
nd monoclinic distortion are introduced. During the B2 → R
ransformation, the accommodation of four R-phase variants
ith 〈1 1 1〉 elongated directions will introduce lots of twin
efects and rhombohedral distortion [22,23]. This rises up the
of R phase and then reduces to a lower ρ after R → B19′

ransformation because the ρ value of B19′ at Mf temperature
s almost the same as that of B2 parent phase, as indicated in
ig. 1. Based on the above discussion, the crystal structures,
eformation defects, accommodated twin variants and crystal
istortions of Ti–Ni SMAs will all have contributions to their
pecific electrical resistivity.

. Conclusions

The crystal structures, deformation defects, accommodated
win variants and crystal distortions will all have contribu-
ions to the electrical resistivity (ρ) of Ti–Ni SMAs. The
ncrease of ρ value during the B2 → R transformation is about
0–16 �� cm, which is about 12–20% change. For a two-stage
ransformation of B2 ↔ R ↔ B19′, there is a sharp increase of ρ
uring B2 → R transformation, and then a dramatic decrease
f ρ during R → B19′ transformation. However, for the Ti-
0 at.%Ni-10 at.%Cu alloy, which exhibits a B2 ↔ B19 ↔ B19′
wo-stage transformation, there is a small variation of ρ during
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2 → B19 transformation, but a significant increase of ρ during
19 → B19′ transformation.
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