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Abstract

The two-way shape memory effect (TWSME) induced by martensite deformation and the stabilization of martensite of a

Ti36Ni49Hf15 high temperature shape memory alloy (SMA) have been investigated. The experimental results indicated that the

martensite deformation is an effective method to get TWSME in the Ti36Ni49Hf15 alloy even with a small deformation strain.

During martensite deformation the martensite reorientation and the dislocation slip occur simultaneously. Thus an internal

oriented stress field is easily created to induce the TWSME. The TWSME of the Ti36Ni49Hf15 alloy shows poor stability during

the subsequent thermal cycling. In addition, the martensite stabilization is caused by the martensite deformation. The variation

of the elastic and irreversible energies should be responsible for this.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction in the aged TiNiHf alloy the obvious two-way shape
The TiNiHf ternary alloy has attracted significant

attentions in recent years as a potential shape memory

alloy (SMA) for application at high temperature due

to its high transformation temperatures and low cost

compared with other high temperature SMAs, and

many researches have been done on this alloy system

[1–4]. The maximum recoverable strain of the TiNiHf

alloy is about 3%. And it has been firstly reported that
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memory effect (TWSME) is observed after deforma-

tion at the martensitic state [5]. This would be

beneficial to the applications of the TiNiHf alloy on

the micro-actuators, micro-switches and so on. It is

known that a TWSME can be obtained in near-

equiatomic NiTi alloys through certain thermome-

chanical training procedures [6], including shape

memory training, stress-induced martensitic transfor-

mation training and thermal cycling training under a

constant stress [7–9]. In this letter, the effect of

martensite deformation on the development of the

TWSME in a Ti36Ni49Hf15 alloy has been investigated

by bending tests and differential scanning calorimetry

(DSC) measurement.
ts reserved.



Fig. 2. A typical curve of the variation of recovery strain with the

temperature for Ti36Ni49Hf15 alloy bent to 4.5% at room temper-

ature.
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2. Experimental

The preparation of the Ti36Ni49Hf15 alloy used in

our experiment has been described in the previous

papers [5]. After being homogenized at 1223 K for 1.5

h, the ingot was hot rolled into a plate of 2.1-mm

thickness. The specimens were cut in the rolling

direction with the size of 1� 0.5� 50 mm, mechan-

ically polished and solution-treated at 1273 for 1 h in

vacuum. The schematic illustration for shape memory

effect measurement is shown in Fig. 1. The specimens

were bent against the cylindrical rod to the deforma-

tion position at different temperatures, and then heated

up to 600 K. The bending deformation strain is

estimated by ed = d/(D + d). The bending deformation

strains in the present experiment are 2%, 3.3%, 4.5%,

5.7% and 7.1%, respectively. The shape recovery

strain is calculated by ere=(180j� hh)� ed/180j.
The two-way shape memory strain is measured by

the value of etw=(hc� hh)� ed/180j. The parts bent

against the cylindrical rod were cut for DSC measure-

ment. The DSC measurements were carried out on a

PERKIN ELMER DSC7 calorimeter at a heating/

cooling rate of 10 K/min.
3. Results and discussion

3.1. TWSME induced by martensite deformation

Fig. 2 shows a typical curve of the variation of

recovery strain with the temperature for a specimen

deformed to 4.5% at 293 K. It is seen that the shape

recovery proceeded slowly at the very beginning of

heating with increasing temperature. When the tem-
Fig. 1. Schematic illustration for the TWSME measurement in the

bending test.
perature exceeds a critical temperature, the shape

recovers rapidly. Upon cooling the obvious two-way

shape memory strain is observed. Fig. 3a shows the

variation of recovery strain and recovery ratio with the

bending deformation strain for the Ti36Ni49Hf15 alloy

deformed at room temperature. With increasing the

bending deformation strain, the shape recovery ratio

decreases, while the recovery strain increases. Dis-

similar to the previous results [10], the 100% com-

plete shape recovery is not detected even with a

deformation strain less than 3%, indicating that per-

manent plastic deformation might occur. The effect of

the bending deformation strain on the TWSME is

shown in Fig. 3b for the specimens deformed at

ambient temperature. The two-way shape memory

strain increases almost linearly with the increase of

the bending deformation strain. When the specimen

was deformed to 7.1%, the obtained maximum two-

way shape memory strain is 0.45%.

Fig. 4 depicts the effect of the bending deformation

temperature on the two-way shape memory strain of

the present alloy with a bending deformation strain of

7.1%. When the deformation temperature is below

457 K, the two-way shape memory strain almost does

not change when increasing the deformation temper-

ature. Further increasing the deformation temperature,

the two-way shape memory strain decreases rapidly

and reaches zero at about 600 K.

Fig. 5 shows the effect of thermal cycles on the

TWSME in the experimental alloy. The two-way



Fig. 4. Effect of the bending deformation temperature on the

TWSME.

Fig. 5. Effect of thermal cycling on the TWSME.

Fig. 3. (a) Effect of the bending deformation strain on the recovery

strain and recovery ratio. (b) Effect of the bending deformation

strain on the TWSME.
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shape memory strain decreases and becomes stable

with increasing the number of thermal cycles, similar

to the degradation of the two-way shape memory strain

during the thermal cycles in the TiNi alloy [11]. For the

Ti36Ni49Hf15 alloy specimen deformed to 7.1%, after

30 thermal cycles, the two-way shape memory strain

decrease to 0.29%, corresponding to the 59% of initial

value of two-way shape memory strain before thermal

cycling. Compared to the TWSME obtained by the

conventional training method in the TiNi alloy, the

TWSME of the Ti36Ni49Hf15 alloy obtained by mar-

tensite deformation shows poor stability. For the Ti–

51at.%Ni alloy aged at 773 K for 1 h with a training

deformation of 8%, the two-way shape memory strain

obtained by 30 shape memory training decreases

slightly from 3.37% to 3.3% after the subsequent

100 thermal cycles [12].

It should be noticed that a two-way shape memory

strain of 0.034% is detected for the Ti36Ni49Hf15 alloy

deformed to 2% at room temperature, and its corre-

sponding bending angle change is detected to be 3j.
This is quite different from that for other TiNi based

SMAs. It is well known that when the TiNi binary

alloy is deformed at full martensite state, its stress–

strain curve exhibits a stress plateau and the corre-

sponding deformation mechanism is the reorientation

of martensite variants. Deformed TiNi alloys within

the plateau range recover completely to their original

shape upon the subsequent heating process without

the permanent deformation. However, for the TiNiHf

alloy, no obvious stress plateau is observed in its



Fig. 6. (a) DSC curves of Ti36Ni49Hf15 alloy bent to different

strains. (b) Effect of the bending deformation strain on the

transformation temperatures.
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stress–strain curves [13]. When it is deformed at full

martensite state, its deformation mechanism is the

reorientation of martensite accompanied by disloca-

tion slip because the critical stress for the martensite

reorientation is almost equal to that for dislocation slip

in the TiNiHf alloy.

The TWSME of the Ti36Ni49Hf15 alloy is derived

from the oriented stress field created by the marten-

site deformation. Compared with TiNi alloys, the

TWSME is easy to be induced in TiNiHf alloy. On

the one hand, the strength of the martensite matrix is

so low that the dislocations are easy to be introduced

during deformation. On the other hand, some dis-

locations could be introduced to compensate for the

orientation mismatch among the preferentially ori-

ented martensite variants in the neighbouring grains

[12,14]. The introduction of the dislocations occurs

simultaneously accompanied by the preferential ori-

entation of martensite variants. Thus the internal

stress field created by the martensite deformation is

in the directions of the preferentially oriented mar-

tensite formed by deformation. Upon cooling, the

preferentially oriented martensite variants would

form under such an internal oriented stress field to

induce a TWSME.

3.2. Stabilization of martensite

The martensite is stabilized by the deformation in

the Ti36Ni49Hf15 alloy. Fig. 6a shows the DSC curves

of the Ti36Ni49Hf15 alloy specimens bent to the differ-

ent strains at room temperature. Clearly, the trans-

formation temperatures change remarkably when the

bending deformation strain increases. Fig. 6b summar-

ized the variations of the transformation temperatures

with the bending deformation strain. With increasing

the bending deformation strain, the martensitic trans-

formation temperatures (Ms, Mf: forward martensitic

transformation start and finish temperatures, respec-

tively; Mp: forward martensitic transformation peak

temperature during the DSC measurement) slightly

decrease, while the reverse martensitic transformation

temperatures (As, Af: reverse martensitic transforma-

tion start and finish temperatures, respectively; Ap:

reverse martensitic transformation peak temperature

during the DSC measurement) increase. For the speci-

men deformed to 7.1% at room temperature, its As

temperature increases by about 13 K. This value is
larger than that for the near-equiatomic TiNi alloy with

the same deformation strain. The increase of the

reverse transformation temperature implies that the

stabilization of martensite occurs. The critical temper-

ature of the reverse transformation can be expressed as

[15]

T ¼ DHM�A þ DEM�A
el þ DEM�A

ir

DSM�A
ð1Þ

where DH is enthalpy change, DEel and DEir are the

elastic and irreversible energies (including the creation

of structural defects and the frictional heat dissipated

as a result of the transformation boundary moving

through an imperfect matrix [15]) during the phase

transformation, respectively, DS is entropy change.



Fig. 7. Effect of the bending deformation strain on the thermal

enthalpy.
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The superscript ‘‘M–A’’ denotes the phase transfor-

mation from the martensite to the austenite.

The variation of the thermal enthalpy of the phase

transformation is detected by DSC measurements as

shown in Fig. 7. The thermal enthalpies of both

martensitic transformation and its reverse transforma-

tion for the deformed alloy decrease compared with

that for the undeformed alloy. However, the As temper-

ature of the deformed TiNiHf alloy increases as shown

in Fig. 6 indicating the variation of the thermal

enthalpy is not the main factor to affect the trans-

formation temperatures of the deformed TiNiHf alloy.

This stabilization of martensite is mainly attributed to

the variation in the elastic and irreversible energies

caused by deformation. The elastic energy is closely

relative to the structure of the martensite variants [15].

Deformation changes the accommodation configura-

tion of the martensite variants so that the elastic energy

increases. The irreversible energy includes the fric-

tional work due to the movement of the twinned

boundaries, the energy due to the introduction of

defects and other complex factors. All those factors

contributed to the irreversible energy are dependent on

the actual micro-process of the phase transformation.

So it is no doubt that the irreversible energy would

increase when the deformation changes the accommo-

dating martensite variants to the oriented ones.

As mentioned above, an oriented internal stress

field would be created by martensite deformation in

the Ti36Ni49Hf15 alloy. Thus an additional work is
needed to perform reverse martensitic transformation

of preferentially oriented martensite variants to over-

come the internal stress field. This part of work requires

the additional driving force for the transformation

leading to the increase in the reverse martensitic trans-

formation temperatures of reverse martensitic trans-

formation.
4. Conclusions

(1) Martensite deformation is an effective method to

induce the TWSME in the Ti36Ni49Hf15 high

temperature SMA. The two-way shape memory

strain increases almost linearly with increasing the

bending deformation strain. The two-way shape

memory strain almost keeps constant when the

bending deformation temperature is below 457 K

and then decreases when further increasing the

deformation temperature.

(2) Stabilization of martensite is caused by martensite

deformation. This stabilization effect is attributed

to the variation of the elastic and irreversible

energies during the phase transformation with the

deformation.

(3) The stability of the TWSME in the Ti36Ni49Hf15
alloy is poor compared with that of TiNi alloy.

This is attributed to the easy introduction of the

dislocation during the thermal cycling. The two-

way shape memory strain decreases rapidly with

increasing the number of thermal cycles at the

first several cycles and then becomes stable.
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