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Abstract

The microstructure of stress-induced martensite and its evolution in a Ti36Ni49Hf15 alloy have been

investigated by TEM techniques. And the reasons for no stress plateau in the tensile stress–strain curve of

the Ti36Ni49Hf15 alloy deformed in an austenite state have also been discussed. � 2001 Acta Materialia Inc.

Published by Elsevier Science Ltd. All rights reserved.
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Introduction

The microstructure of stress-induced martensite (SIM) and its evolution during de-
formation are very important for understanding the shape memory effect (SME) and
pseudoelasticity associated with the stress-induced martensitic transformation in the
TiNi based shape memory alloys (SMAs) [1–3]. For TiNi binary alloy, the mechanisms
of the stress-induced martensitic transformation and the microstructure of SIM have
been extensively studied [4,5]. However, no results have been reported about the SIM in
the TiNiHf alloy, which is a potential SMA for high temperature applications [6–9],
because of its high phase transformation temperatures and low cost. Extensive studies
have been focused on its manufacture process [9], constitutional phases [10], phase
transformation behavior [10,11], the structure [6] and interface structure [8] of mar-
tensite, mechanical properties [12] and the aging behavior [7,13]. In the Ti36Ni49Hf15
alloy, a kind of high temperature SMA with good workability, the (0 0 1) compound
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twin and (0 0 1) stacking fault are found to be the substructures of the thermal-induced
martensite [8].
It is well known that, when the TiNi binary alloy is deformed in an austenite state, the

stress–strain curve shows a stress plateau [14] due to the stress-induced martensitic trans-
formation [2]. But for TiNiHf alloy, the stress–strain curve does not show stress plateau
even though TiNiHf alloys exhibit SME at high temperature [12]. The microstructure of
the SIM is closely related to the lower SME at high temperature and inexistence of stress
plateau in the stress–strain curve for TiNiHf alloys. So the purpose of the present work
is to investigate the microstructure of the SIM in a Ti36Ni49Hf15 high temperature SMA
by transmission electron microscope (TEM) observations. On the basis of the experi-
mental results, the reasons for the inexistence of stress-plateau in the tensile stress–strain
curve when the TiNiHf alloy is deformed in an austenite state are discussed.

Experimental

A Ti36Ni49Hf15 alloy was prepared by melting the elements (P 99.90% purity) in a
consumable arc furnace under an Ar atmosphere. The ingot was homogenized at 1223
K for 1.5 h, hot rolled into plate of 2.1 mm thickness, and then spark-machined into
strips of 4� 0:5� 50 mm3. The specimens were solution-treated at 1273 K for 1 h in
vacuum and then quenched into water. The phase transformation temperatures under
this condition were determined by differential scanning calorimeter to be Mf ¼ 425 K,
Ms ¼ 457 K, As ¼ 491 K, Af ¼ 507 K. The tensile tests were carried out in an Instron-
1186 machine at a strain rate of 4:1� 10�4/s. The specimens were heated to and kept at
523 K (>Af ) in the silicon oil, subsequently deformed to the total strain of 8%, 16% and
24% respectively, and then unloaded. The corresponding tensile stress–strain curves are
illustrated in Fig. 1, with the unloading curves shown as dotted lines. The parts within

Fig. 1. The tensile stress–strain curve of Ti36Ni49Hf15 alloy deformed at 523 K. Separate specimens were deformed to the

point (a) 8%, (b) 16% and (c) 24% respectively, and unloaded. The unloading curves are shown as dotted lines.

1178 X.L. Meng et al./Scripta Materialia 45 (2001) 1177–1182



the gauge portions were cut and mechanically polished to 50 lm and electrochemically
polished using an electrolyte of 20% H2SO4 and 80% methanol around 253 K. TEM
observations were performed by an H-800 electron microscope operated at 175 kV.
The following lattice parameters of the monoclinic martensite (B190) were used for

the analysis in this alloy: a ¼ 0:2454 nm, b ¼ 0:4087 nm, c ¼ 0:4791 nm, b ¼ 99:32�.

Results and discussion

Fig. 2 shows typical morphologies of the SIM in the Ti36Ni49Hf15 alloy deformed to
8% at 523 K. It can be seen from Fig. 2(a) that the SIM variants mainly exhibit
preferentially orientated morphologies. The intervariant boundary is straight and well-
defined. In addition, some SIMs with self-accommodation and variant-crashed/variant-
intersected morphologies have also been observed, as shown in Fig. 2(b) and (c)
respectively. It can be seen from Fig. 2(c) that the variant A intrude into the variant B,
which suggests the variants in the favorable stress direction coarsen by combining with
the unfavorable variants. The substructure of the SIM can be found dominantly to be
(0 0 1) compound twin, which is the same to that of the thermal martensite in this alloy
[8]. Fig. 2(d) shows the electron diffraction pattern (EDP) of (0 0 1) compound twin
taken from area I in Fig. 2(a). The EDPs taken from area II in Fig. 2(a) is shown in Fig.
2(e), which implies that the SIM variants are (0 1 1) type I twin related.
By further increasing the deformation strain, the preferentially orientated SIMs are

gradually developed to those with variant-intersect/variant-crashed morphologies. The
microstructures of the Ti36Ni49Hf15 alloy deformed to 16% and 24% at 523 K are shown
in Fig. 3(a) and (b) respectively. The preferentially orientated SIMs almost disappear as
the experimental alloy is deformed to more than 16%, and the most martensite variants
exhibit variant-intersect/variant-crashed morphologies. The microstructures of the
Ti36Ni49Hf15 alloy deformed to 16% and 24% at 523 K are very similar to that of the
severely deformed TiNi alloys [15]. From Fig. 3(a), it can be seen that several martensite
variants intersect into each other. When the deformation strain reaches 24%, both the
intervariant boundary and the substructural boundary become seriously confused and
blurred, as shown in Fig. 3(b). It should be also noticed that the substructure of the
martensite is still (0 0 1) compound twin in the Ti36Ni49Hf15 alloys deformed to 16% and
24%. This implies that the substructure of the SIM in the Ti36Ni49Hf15 alloy does not
change with increasing the deformation strain, which is quite different from that in the
TiNi binary alloy [14] and TiNiNb alloy [16].
According to the results reported by Wang et al. [12], the critical stress for slip of

the dislocation is almost equal to that for stress-induced martensitic transformation at
523 K in the Ti36Ni49Hf15alloy. It is well known that in the TiNi based alloys, the slip
system of the monoclinic martensite is [1 0 0](0 0 1). The slip of a=2 on (0 0 1) plane is
involved during the formation of the (0 0 1) compound twin in accordance to the theory
proposed by Kudoh et al. [17]. As a result, it is inevitable that the stress-induced
martensitic transformation and dislocation slip occur simultaneously upon loading
for the experimental alloy. In other words, the plastic deformation is introduced, which
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results in that the magnitude of the SIM with variant-crashed/variant-intersected
morphology increases obviously. This also decreases the mobility of the interface of
martensite variants and leads to the deterioration of the SME at high temperature and

Fig. 2. Microstructures of Ti36Ni49Hf15 alloy deformed to 8%. (a) Typical morphology of preferentially oriented SIM

variants; (b) self-accommodated SIM variants; (c) SIM with variant-intersect/variant-crashed morphology; (d) corre-

sponding EDP of area I in (a), Electron beamk[1 1 0] and (e) corresponding EDPs of area II in (a), Electron beamk[1 0 0].

1180 X.L. Meng et al./Scripta Materialia 45 (2001) 1177–1182



the inexistence of the superelasticity. Similarly, in the TiPd high temperature SMA,
Otsuka et al. presented that the poor SME for the Ti50Pd50 alloy originated from the
low critical stress for dislocation slip [18]. And they also suggested improving the SME
of high temperature SMA by adding the ternary element to the alloy, aging and heat-
mechanical treatment. Those methods maybe also suitable to the TiNiHf alloy system
to improve its SME.

Conclusions

1. The substructure of the SIM in the Ti36Ni49Hf15 alloy is mainly (0 0 1) compound
twin and martensite variants are (0 1 1) type I twin related.

2. With increasing the deformation strain, the morphology of SIM changes from
preferentially orientated (as the deformation strain is smaller than 8%) to vari-
ant-crashed/variant-intersected, while no obvious change in the substructure of
SIM is observed.

3. The dislocation slip during the stress-induced martensitic transformation should
be responsible for the poor SME at high temperature and the inexistence of stress
plateau in the tensile stress–strain curve when the Ti36Ni45Hf15 alloy is deformed
in an austenite state.
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