
Rapid communication

Superelasticity and its stability of an ultrafine-grained Ti49.2Ni50.8
shape memory alloy processed by equal channel angular pressing

Y.X. Tong a,n, F. Chen a, B. Guo a, B. Tian a, L. Li a, Y.F. Zheng a,b, Dmitry V. Gunderov c,d,
Ruslan Z. Valiev c

a Center for Biomedical Materials and Engineering, Harbin Engineering University, Harbin 150001, China
b Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China
c Institute of Physics of Advanced Materials, Ufa State Aviation Technical University, Ufa 450000, Russia
d Institute of Molecule and Crystal Physics RAS, Ufa 450075, Russia

a r t i c l e i n f o

Article history:
Received 10 May 2013
Received in revised form
25 July 2013
Accepted 26 August 2013
Available online 2 September 2013

Keywords:
Shape memory alloys
Equal channel angular processing
Martensitic transformations
Precipitation

a b s t r a c t

Superelasticity and cycling stability of an ECAP-processed Ti49.2Ni50.8 alloy were investigated as a
function of annealing temperature. After annealing at 400 1C for 30 min, Ti3Ni4 precipitates formed to
strengthen the matrix and yet the grain size kept constant. Such an annealing favors to optimize the
superelasticity.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently, TiNi-based shape memory alloys (SMAs) processed by
equal channel angular pressing (ECAP) have attracted much
attention due to their ultrafine-grained microstructure and
improved functional properties. To the best of our knowledge,
Pushin et al. [1] first employed ECAP to achieve a grain refinement
in TiNi-based alloys in 2002. The initial grain size of 50–80 μmwas
greatly reduced to 0.2–0.3 μm after ECAP at 400 1C for 8 passes.
Since that, numerous studies have been devoted to investigate the
as-ECAP processed TiNi-based SMAs [2–5]. Microstructure [6,7],
martensitic transformation [8–10], conventional mechanical prop-
erties [6,7], and shape memory effect [4,5] of the ECAP-processed
TiNi-based SMAs have been reported. However, to date, the effects
of ECAP and post-annealing on superelasticity and its cycling
stability remain unknown. From a microstructural point of view,
the as-ECAP processed TiNi SMAs are characterized by refined
grain size and a large number of lattice defects introduced during
processing [11]. This may result in a unique microstructural evolution
during annealing. For example, the ECAP-processed Ti49.2Ni50.8 alloy
does not show any precipitation after annealing at a temperature
between 450 1C and 600 1C for 30 min [2]. Therefore, it is necessary

to investigate the dependence of superelasticity and its cycling
stability on annealing in the ECAP-processed materials.

The present study aims at revealing the influence of post-ECAP
annealing and deformation cycling on superelasticity of as-ECAP
processed TiNi SMAs. Based on the experimental results, the
relationship between post-annealing and deformation cycling
and superelasticity was mainly discussed.

2. Experimental procedure

A Ti49.2Ni50.8 alloy was investigated in this study. The detailed
ECAP and annealing processing have been given in this paper [10].
Microstructure was observed on a Tecnai G2 F30 transmission
electron microscopy (TEM) operated at 300 kV with a double-tilt
sample stage. Martensitic transformation behavior was investi-
gated on a Perkin-Elmer Diamond differential scanning calori-
meter (DSC) at a constant heating/cooling rate of 20 1C/min. The
transformation temperatures are summarized in Table 1, in which
Ms, Mf, As and Af are martensitic transformation start temperature,
martensitic transformation finish temperature, reverse martensitic
transformation start temperature and reverse martensitic trans-
formation finish temperature, Rs and Rf are R-phase transformation
start temperature and R-phase transformation finish temperature,
respectively. Superelasticity was tested by an Instron 3365 tensile
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machine. The gauge length was fixed at 17 mm. The strain rate was
1.7�10�3 s�1.

3. Results and discussion

Fig. 1 shows the TEM images of microstructures of the samples
annealed at different temperatures. When the annealing temperature
was below 500 1C, the grain boundaries were decorated with bright
and dark irregular fringes, indicating the varying inclinations of the
boundaries to the foil surface. After annealing at 600 1C for 30 min,
these irregularities disappeared due to recrystallization. In order to
check the existence of Ti3Ni4 precipitates, the selected area electron
diffraction (SAED) was performed. The results of the sample annealed
at 400 1C are shown in Fig. 2(a) and (b). The pattern is characterized
by the 1/7 superlattice spots in the 〈213〉 direction, indicating the

presence of Ti3Ni4 phase. The intensity of the diffraction spots of Ti3Ni4
phase is very weak due to their small volume fraction. If the annealing
temperature was decreased or increased, the diffraction spots of Ti3Ni4
phase cannot be observed. As an example, the SAED pattern of the
sample annealed at 500 1C is shown in Fig. 2(c). This is consistent with
the reported work [2] in which no precipitates are observed in the
ECAP-processed Ti49.2Ni50.8 alloy annealed at a temperature higher
than 450 1C. Further work is carrying out to understand the unique
microstructure evolution.

In order to investigate the cyclic deformation behavior, cyclic
loading–unloading tensile tests were carried out at 43 1C at which
all the samples are in parent phase, as confirmed by the results
shown in Table 1. The tensile stress was applied until the strain
reached 6%, and then the stress was unloaded. The test was
repeated until the 40th cycle. Fig. 3 shows the cyclic stress–strain
curves of the as-ECAP processed sample and the samples annealed
at 400 1C and 600 1C, respectively. All the samples showed near
perfect superelasticity during the first cycle, indicating that a
stress-induced martensitic transformation occurred during defor-
mation. When the annealing temperature was below 500 1C, the
cyclic stress–strain curves of the samples were quite similar to that
of the as-ECAP processed sample. General features of the effect of
cyclic deformation are as follows: (1) the critical stress to induce
martensitic transformation decreases; (2) the slope of stress-
plateau increases; (3) the residual strain gradually increases
and (4) the stress hysteresis becomes smaller. They are quite
similar to the reported results [12]. After being deformed for 20
cycles, the stress–strain curves became stable. If the annealing

Table 1
Transformation temperatures and grain size of the differently treated
Ti49.2Ni50.8 alloy.

Sample
treatment

Ms Mf As Af Rs Rf Average grain size (μm) [10]

ECAPed �48 �63 5 12 21 �9 0.2970.02
ECAPþ300 1C �48 �64 11 16 34 2 0.2970.02
ECAPþ400 1C �43 �59 17 24 41 7 0.370.02
ECAPþ500 1C �27 �38 26 32 28 22 0.470.03
ECAPþ600 1C �11 �23 5 25 5 �10 370.15

Fig. 1. TEM bright-field images of the ECAP processed samples annealed at different temperatures for 30 min: (a) 300 1C, (b) 400 1C, (c) 500 1C and (d) 600 1C.
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Fig. 2. TEM bright-field image of the sample annealed at 400 1C for 30 min (a) and the SAED pattern of the region indicated by the circle (b). The SAED pattern of the sample
annealed at 500 1C from the circled region in Fig. 1(c) is given in (c). The incident beam is parallel to [111]B2.

Fig. 3. Cyclic deformation of Ti49.2Ni50.8 alloy at 43 1C: (a) as-ECAP processed sample; (b) annealed at 400 1C for 30 min; and (c) annealed at 600 1C for 30 min.
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temperature was increased to 600 1C, the stress–strain curves
showed the characteristics of linear superelasticity after five cycles
with a full linear recovery of 3%.

The magnitude of residual strain (εres) was plotted as a function
of the cycling number, as shown in Fig. 4. With increasing cycling
number, εres of the sample annealed at 600 1C increased drastically
until the 8th cycle and then saturated. εres of rest samples became
saturated after 30 cycles and showed better cycling stability than
the sample annealed at 600 1C. Fig. 5 shows the effect of annealing
temperature on εres after first and fortieth cycles, respectively. It is
seen that εres shows same tendency with the annealing tempera-
ture, irrespective of the cycling number. With increasing annealing
temperature, εres first decreased when the annealing temperature
was lower than 400 1C. Further increasing of annealing tempera-
ture resulted in the increase of εres. The sample annealed at 400 1C
showed the minimum εres, i.e. the best superelasticity and its
cycling stability, εres increased from 0.15% to 1.2% after 40 cycles.
For the as-ECAP processed sample, εres increased from 0.2% to 2.0%.

Based on the above results, we can conclude that the super-
elasticity and cycling stability of the as-ECAP processed sample can
be further optimized by a proper annealing at 400 1C. In the present
work, the superelasticity and its cycling stability were evaluated by
εres which is caused by the introduction of dislocations during cyclic
deformation [12]. Kockar et al. [5] once reported that the thermal
cycling stability under a constant stress depends on the strength
differentials between critical stress to induce martensitic transforma-
tion and yield strength of stress-induced martensite (Δs). Therefore,

it is suggested that the change of εres can be related to the
dependence of Δs on the annealing temperature. In order to
investigate the relationship between Δs and annealing temperature,
the tensile tests were carried out at a temperature of Afþ15 1C to
ensure the same thermodynamic conditions. The results are shown
in Fig. 5. It is seen that when the annealing temperature was below
400 1C, the Δs kept almost constant. If the annealing temperature
was increased to 400 1C, the Δs reached the maximum value. Further
increasing of annealing temperature resulted in the decrease of Δs.

In the present work, several influencing factors are considered to
be responsible for the evolution of Δs with annealing temperature,
including grain size, dislocation introduced during ECAP processing
and Ti3Ni4 precipitate. The dislocation density may be reduced by
annealing [2]. When the annealing temperature was below 400 1C, the
effect of change of dislocation density on Δs can be negligible since
the annealing temperature was low. The grain size does not show any
change, as shown by the results shown in Table 1 [10]. Therefore, the
Δs kept almost constant. When the sample was annealed at 400 1C,
the grain size kept almost constant and the precipitates of Ti3Ni4 phase
presented. The effect of Ti3Ni4 precipitates may take a dominant role in
determining the Δs as compared that of dislocations, resulting in the
maximum Δs. If the annealing temperature was increased to a
temperature higher than 500 1C, the precipitates were absent. The
dislocations density decreased with increasing annealing temperature,
at the same time, the grain size increased. Therefore, the Δs decreased
obviously.

4. Conclusions

After annealing at 400 1C for 30 min, Ti3Ni4 precipitates pre-
sent. The residual strain first decreases with increasing annealing
temperature to 400 1C and then increases with further increasing
annealing temperature, irrespective of the cycling number. The
dependence of superelasticity and its cycling stability on annealing
temperature can be attributed to a combined effect of grain size,
Ti3Ni4 precipitate and dislocation.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (51001035), Natural Science Foundation of
Heilongjiang Province (ZD201012), the Fundamental Research
Funds for the Central Universities (HEUCF201310016), the China
Postdoctoral Science Foundation funded Project (20110491027,
2012T50307), Postdoctoral Science Foundation of Heilongjiang
Province (LBH-Z11189), and the Russian Federal Target Program
within the state Contract no. 11.519.11.3016.

References

[1] V.G. Pushin, V.V. Stolyarov, R.Z. Valiev, N.I. Kourov, N.N. Kuranova,
E.A. Prokofiev, L.I. Yurchenko., Ann. Chim. Sci. Mater. 27 (2002) 77–88.

[2] I. Karaman, A.V. Kulkarni, Z.P. Luo, Philos. Mag. 85 (2005) 1729–1745.
[3] R.Z. Valiev, Nat. Mater. 3 (2004) 511–516.
[4] B. Kockar, I. Karaman, J.I. Kim, Y.I. Chumlyakov, Scr. Mater. 54 (2006)

2203–2208.
[5] B. Kockar, I. Karaman, J.I. Kim, Y.I. Chumlyakov, J. Sharp, C.J. Yu, Acta Mater. 56

(2008) 3630–3646.
[6] V.G. Pushin, V.V. Stolyarov, R.Z. Valiev, T.C. Lowe, Y.T. Zhu, Mater. Sci. Eng. A

410–411 (2005) 386–389.
[7] I.Y. Khmelevskaya, S.D. Prokoshkin, I.B. Trubitsyna, M.N. Belousov, S.

V. Dobatkin, E.V. Tatyanin, A.V. Korotitskiy, V. Brailovski, V.V. Stolyarov, E.
A. Prokofiev, Mater. Sci. Eng. A 481–482 (2008) 119–122.

[8] X. Zhang, B. Xia, J. Song, B. Chen, X. Tian, Y. Hao, C. Xie, J. Alloys Compd. 509
(2011) 6296–6301.

[9] X. Zhang, J. Song, C. Huang, B. Xia, B. Chen, X. Sun, C. Xie, J. Alloys Compd. 509
(2011) 3006–3012.

Fig. 4. Effect of cycling number on the residual strain of differently treated samples.

Fig. 5. Effect of annealing temperature on the residual strain and Δs of differently
treated samples.
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