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Abstract

The stress-induced martensitic transformation behavior and the microstructure of stress-induced martensite (SIM) in a

Ti36Ni49Hf15 high temperature shape memory alloy (SMA) have been investigated using tensile tests and transition electronic

microscopy (TEM) observations. It shows that, compared with the TiNi SMAs, there is no stress plateau in the stress-strain

curve as the TiNiHf alloy deformed in an austenite. The martensitic transformation enthalpy is calculated to be � 106.84 cal/

mol. The martensite variants mainly show preferential oriented morphologies for the TiNiHf alloy deformed to 8% at 523 K.

The substructure of SIM and deformed SIM in the present alloy are (001) compound twin. Martensite variants are (011) type I

twin related. Further, increasing the deformation temperature and deformation strain, the preferential oriented SIM variants

gradually develop to martensite variants with variant-crack/variant-intersect morphologies. The inexistence of stress plateau in

the stress-strain curve of TiNiHf may mainly result from the dislocation slip during the stress-induced martensitic

transformation. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The TiNiHf alloy is a kind of promising shape me-

mory alloy (SMA) for high temperature applications

due to its high transformation temperatures and low

cost [1–6]. Extensive studies have been focused on its

phase transformation [3], microstructure and substruc-

ture [5], mechanical properties [1] and aging behav-

iors [6]. Upon cooling, the transformation from B2

(parent phase) to B19V (monoclinic martensite phase)

occurs in the TiNiHf alloy with Hf content above 5%

[3]. The martensite variants mainly show the plate-

like, mosaic-like and wedge-like morphologies. The

substructure of martensite consists mainly of (001)

compound twins and (001) stacking fault [5]. How-

ever, in the previous papers, seldom results are

reported about stress-induced martensitic transforma-

tion behavior in TiNiHf alloy, which is important to

understand the high temperature properties of TiNiHf

alloy. So in the present paper, the stress-induced

martensitic transformation behavior and the micro-

structure of stress-induced martensite (SIM) in the
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Ti36Ni49Hf15 alloy have been studied by means of

tensile tests at high temperature and transition elec-

tronic microscopy (TEM) observations.

2. Experimental

The Ti36Ni49Hf15 alloy was prepared by the con-

sumable arc-melting in an argon atmosphere using

99.92 wt.% sponge Ti, 99.95 wt.% Ni plate and 99.90

wt.% Hf shot. The ingot was then remelted twice to

ensure the composition homogeneity by a levitation

method in an argon atmosphere, and the melt was

poured into a graphite mold of 35 mm in diameter.

After homogenizing at 1223 K for 1.5 h, the ingot was

hot-rolled into plates of 2.1-mm thickness. Specimens

cut along the direction parallel to the rolling surface,

in a form of 3� 0.5� 55 mm, were solution-treated

at 1273 K for 1 h in vacuum and then quenched into

water. The phase transformation temperatures of sol-

ution-treated specimen were determined by the differ-

ential scanning calorimeter (DSC) to be Mf = 425 K,

Ms = 457 K, As = 491 K, Af = 507 K. The following

lattice parameters of the monoclinic martensite (B19V)
were used for the analysis in this alloy: a= 0.2454 nm,

b = 0.4087 nm, c = 0.4791 nm, b = 99.32j.
Tensile tests were carried out in an Instron-1186

machine at a rate of 4.1�10� 4 S� 1. The specimen

was heated from room temperature to the test temper-

ature (523, 548 and 573 K, respectively) in the silicon

oil and kept for 2 min before the stress was applied,

subsequently deformed to 8%, 16%, respectively, and

then unloaded. The parts within the gauge portions

were cut and mechanically polished to 50 Am and

electrochemically polished by the twin-jet method in

an electrolyte of 20% H2SO4 and 80% methanol

around 253 K. TEM observations were performed

using an H-800 electron microscope operated at 175

kV.

3. Results and discussion

Fig. 1 shows the stress-strain curves of Ti36Ni49Hf15
alloy obtained at 523, 548 and 573 K, respectively. It

can be seen that these stress-strain curves are charac-

terized by continuous yielding and high work hard-

ening, which is similar to that in TiPdNi [7], FeMnSi

[8] and cold-worked TiNi binary alloys [9] and differ-

ent from that in the solution-treated TiNi alloys [10].

It is well known that, when the TiNi binary alloy is

deformed in a parent state, the stress-strain curve

exhibits a stress plateau, and the corresponding defor-

mation mechanism is stress-induced martensitic trans-

formation. However, for the experimental alloy, no

stress plateau is observed in the stress-strain curves

when that is deformed in an austenite state. The hard

work hardening may originate from the dislocation

slip during the stress-induced martensitic transforma-

tion.

Fig. 1. Stress-strain curves of the Ti36Ni49Hf15 alloy deformed at

high temperatures (above Af ).
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In addition, also no superelasticity behavior is

observed during the loading and unloading of the

Ti36Ni49Hf15 alloy. However, when the deformed

specimen was heated up to 673 K, an incomplete

recovery was observed, which indicates that plastic

deformation occurs simultaneously accompanied with

stress-induced martensitic transformation. Therefore,

the stability of SIM was increased strongly and the

superelasticity behavior was inhibited.

Fig. 2 depicts the variation of yield stress (r0.2)

with deformation temperature. When the experimental

alloy is deformed in the range of 523–573 K, the

yield stress increases rapidly with increasing the

deformation temperature due to the stress-induced

martensitic transformation. The linear variation of

r0.2 with deformation temperature satisfies Clau-

sius–Clapeyron equation as follow:

dr
dT

¼ � DH

DeT0

where De is martensite transformation strain, which is

determined by the maximum recoverable strain at Ms

Temperature (for the present alloy, De is about 3%);

Fig. 2. Effect of the deformation temperature on the yield stress r0.2
for the Ti36Ni49Hf15 alloy.

Fig. 3. (a) Bright field image of Ti36Ni49Hf15 alloy deformed to 8% at 523 K. (b) EDPs taken from area A, electron beam// [110]. (c) EDPs taken

from area B, electron beam// [100]. (d) Bright field image of Ti36Ni49Hf15 alloy deformed to 16% at 523 K.
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T0=(Ms +As)/2, is the temperature at which the Gibbs

chemical-free energy of parent phase is equal to that

of martensite; dr/dT is determined by the slope in Fig.

2 to be about 3 MPa/K, which is smaller than TiNi

binary alloys (5–20 MPa/K); DH is martensitic trans-

formation enthalpy. After calculation, DH for the pre-

sent alloy is � 106.84 cal/mol, which is similar to that

(� 76.63 cal/mol) of Ti44Ni47Nb9 alloy [11] and far

smaller than (� 433 cal/mol) Ti49.7Ni50.3 alloy [12].

This suggested that the stress-induced martensitic

transformation of the Ti36Ni49Hf15 is easier than the

other SMAs.

Fig. 3 shows the microstructure of SIM of Ti36Ni49
Hf15 alloy deformed to 8% and 16% at 523 K. The SIM

variants of Ti36Ni49Hf15 alloy deformed to 8% mainly

exhibit typical preferential oriented morphologies and

the intervariant boundary is straight and well-defined,

as shown in Fig. 3(a). The substructure of the SIM is

mainly (001) compound twin, which is the same to that

of thermal martensite [5], and the corresponding elec-

tronic diffraction patterns (EDPs) are shown in Fig.

3(b). Fig. 3(c) shows the EDPs taken from area A in

Fig. 3(a), which indicates that the SIM variants are

(011) type II twin related. Fig. 3(d) shows the micro-

structure of Ti36Ni49Hf15 alloy deformed to 16%. It can

be found that the SIM variants with preferential ori-

ented morphologies almost disappear, and most mar-

tensite variants show the variant-crashed/variant-

intersect morphologies.

Further, increasing the deformation temperature, the

SIM was deformed and mainly show variant-crashed/

variant-intersect morphologies. Fig. 4(a) and (b) show

the microstructures of Ti36Ni49Hf15 alloy deformed to

8% and 16% at 548 K, respectively. It can be seen that

the most martensite variants of Ti36Ni49Hf15 alloy

deformed at 548 K exhibit variant-crashed/variant-

intersect morphologies, which are similar to that for

severely deformed TiNi binary alloys [13]. With

increasing deformation temperature and strain, both

the interfaces of martensite variants and substructural

boundaries become seriously blurred and confused,

which suggested that the mobility of the variant boun-

daries is decreased. The features of the microstructures

of Ti36Ni49Hf15 alloy deformed to 8% and 16% at 573

Fig. 4. Microstructures of Ti36Ni49Hf15 alloy deformed to (a) 8% at 548 K; (b) 16% at 548 K; (c) 8% at 573 K; (d) 16% at 573 K.
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K is similar to that one deformed at 548 K, as shown in

Fig. 4(c) and (d). However, it should be noticed that the

substructure of SIM for the Ti36Ni49Hf15 alloy, (001)

compound twin, keeps unchanged despite of the var-

iation of the deformation temperature and strain. This

result is quite different from that for TiNi alloys [14]

and TiNiNb alloys [15].

For the Ti36Ni49Hf15 alloy, the critical stress for

dislocation slip of parent phase is almost equal to that

for stress-induced martensitic transformation [1].

Moreover, the slip system of the monoclinic martensite

for the TiNi based alloy is considered as [100] (001).

In accordance to the theory presented by Kudoh et al.

[16], the formation of (001) compound twin involves

in the slip of a/2 on (001) plane. Zheng et al. [5] also

reported that in the TiNiHf alloys, some defaults are

introduced to complement the twinning deformation

during the formation of (001) compound twins,

because the solution exists for the phenomenological

crystallographic theory when the (001) compound

twin acts as the lattice invariant shears. It is suggested

that the dislocation slip is easy to be introduced during

the stress-induced martensitic transformation. In other

words, dislocation slip occurs simultaneously during

the stress-induced martensitic transformation when the

Ti36Ni49Hf15 alloy is deformed in an austenite state.

Thus, the deformation mechanism of the TiNiHf alloy

in a parent phase is not only stress-induced martensitic

transformation but also the dislocation slip. And the

dislocation slip leads to strong work hardening. As a

result, there is no stress plateau in the stress-strain

curve when the Ti36Ni49Hf15 alloy is deformed at high

temperature (above Af), and the alloy also does not

exhibit superelasticity behavior. Otsuka et al. [7]

reported that the high temperature properties of the

TiPd and TiPdNi SMAs might be improved by

strengthening the parent phase. That maybe also suit-

able for the TiNiHf alloy and more studies is needed.

4. Conclusions

(1) As the Ti36Ni49Hf15 alloy is deformed in a

completely austenite state, no obvious stress plateau is

observed in the stress-strain curve. The Ti36Ni49Hf15
alloy also does not show superelasticity behavior in

spite of the variation of deformation temperature.

(2) The substructure of the SIM and the deformed

SIM in the Ti36Ni49Hf15 alloy is (001) compound

twin, and does not change with the variation of the

deformation temperature and strain. SIM variants of

the Ti36Ni49Hf15 alloy are (011) Type I twin related.

(3) The martensite variants mainly exhibit prefer-

entially oriented morphologies as the alloy is deformed

to 8% at 523 K. Further, increasing the deformation

strain and temperature, the most martensite variants

show variant-intersect/variant-crashed morphologies.

The inexistence of superelasticity and no plateau in the

stress-strain curve of the TiNiHf alloy at high temper-

ature are considered to be due to the dislocation slip

during the stress-induced martensitic transformation.
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