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The orientation dependence of the functional and mechanical properties of quenched Ti-51.8at.%Ni single
crystals, undergoing a strain-glass transition upon cooling/heating was investigated. It was found that a
compressive stress above 800 MPa leads to the B2-B190 martensitic transformation (MT), regardless of
orientation. In the high-strength [001]-orientation, superelasticity (SE) was observed at 203–248 K, with
a reversible strain of 2.3%. Degradation of SE at deforming stresses r > 1000 MPa was associated with the
formation of {113}B2 twins during the reverse MT. In the low-strength 1 1 1

h i
-orientation, the formation

of stress-induced B190-martensite occurred simultaneously with the plastic deformation of the B2-phase
(due to the formation of reorientation bands and dislocation slip) and a reversible strain was not
observed.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Thermoelastic B2-B190 MTs are not observed upon cooling in
the high-nickel quenched TiNi alloys with CNi > 51.2at.% [1,2].
The B2-matrix contains numerous point defects (substitutional
defects, excess Ni atoms in the Ti sublattice), which form the local
deformations, disturb the long-range order and prevent the
appearance of martensite lamellae. In this case, a transition from
unfrozen strain-glass into frozen strain-glass occurs during
stress-free cooling down to Tg temperature [1,2]. Despite the
absence of thermal-induced MT, the stress-induced B2-B190 MTs
are possible in these alloys, and therefore, shape memory effect
(SME) and SE. In Refs. [3,4] the temperature dependences of stress
hysteresis and critical stresses along the SE temperature range
were investigated on strain-glass TiNi polycrystals. However, the
influence of orientation on stress-induced B2-B190 MT in strain-
glass TiNi single crystals is poorly studied. The authors know of
only one work dedicated to the orientation dependence of SE in
high-nickel TiNi crystals with CNi > 51.2at.% [5]. It focuses on the
SE in aged single crystals, in which the Ni content of the matrix
is CNi < 51.2at.% and thermal-induced MT is observed. Therefore,
the aim of the work is to investigate the stress-induced B2-B190
MT under compression in quenched Ti-51.8at.%Ni single crystals,
depending on the orientation and test temperature.
2. Materials and methods

Ti-51.8at.%Ni single crystals were grown by the Bridgman
method. Samples for compression had a parallelepiped shape with
sizes of (3 � 3 � 6)mm3. The strain-glass transformation was
investigated by a DMA/SDTA861 dynamic mechanical analyser
(preload 15 N, speed 2 K/min, tension, maximum strain 10 lm)
and by measuring the temperature dependence of the electrical
resistance. Mechanical tests were carried out on Instron VHS
5969. Two orientations were chosen for the study:

1) [001]-orientation, in which the Schmid factor for a h100i
{011} and a h001i{001} slip systems in the B2-phase is equal to
zero, |m|=0, and slip is suppressed [5], and so the deformation of
the B2-phase develops by twinning at high stresses [6]. For
[001]-oriented crystals in compression, no detwinning of B190-
martensite is observed (eCVP = eCVP+detw = 4.4% [7]);

2) 1 1 1
h i

-orientation, in which the Schmid factor |m|=0.47 for

a h100i{011} [5] and the detwinning of B190-martensite under
applied stress is observed (eCVP = 3.5%, eCVP+detw = 3.8% [7]). Single
crystals were preliminarily annealed at 1253 K for 1 h, followed by
water quenching. Electron microscopy studies were carried out on
a Philips CM-12 and HT-7700 Hitachi.
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3. Results and discussion

It was experimentally established that, upon cooling, thermal-
induced MTs were not observed in quenched Ti-51.8at.%Ni single
crystals (Fig. 1, a). Instead, a strain-glass transition occurs (Fig. 1,
b). The true temperature of strain-glass transition T0 was deter-
mined, as the temperature of the internal friction peak Tg at
x ? 0 Hz: T0 = 155 K is consistent with [1].

Fig. 2 shows the results of mechanical tests in loading/unload-
ing cycles at different temperatures T � T0. It is possible to observe
the SE at 203–248 K with a reversible strain of up to 2.3% during
compression along the [001]-orientation (Fig. 2, a). Above the tem-
perature T = 248 K, only partial reversibility was obtained. For

1 1 1
h i

-oriented crystals all the given strain was irreversible, even

after heating the sample (Fig. 2, b).
The temperature dependences of the critical stresses rcr(T)

were plotted using the r(e) curves at various temperatures
(Fig. 2, c). The level of deforming stresses at 200 K (near T0) was
very high rcr � 800 MPa and was weakly dependent on orienta-
tion. The absence of the orientation dependence of rcr near the
start temperature Ms of thermal-induced MT, was also observed
in TiNi alloys [8].

The rcr values grew with an increase in temperature from T0 to
Md, which is typical for stress-induced MTs and can be described
by the Clapeyron-Clausius equation drcr/dT = � DS/etr [8]. Based
on the theoretical strain values eCVP+detw, the a111 = drcr/dT should
be close or slightly higher than a001 = drcr/dT. However, the exper-
imental values of a111 = 2.4 MPa/K are two times lower than
a001 = 4.4 MPa/K (Fig. 2), which was also found in [5] during the
comparison of the high-strength (h001i, h110i, h012i ) and the
low-strength (h111i, h122i ) orientations. Therefore, the orienta-
tion dependence of a = drcr/dT is determined not only by the
transformation strain, but also by the entropy change DS. A possi-

ble reason for the weak growth of stresses rcr in the 1 1 1
h i

-

orientation, is associated with the influence of high stresses on
the elastic distortion of the B2-lattice, which in the case of the

1 1 1
h i

-orientation has rhombohedral distortions close to mono-

clinic. As a result, DS111 < DS001 and a111 < a001.
The stresses rcr reached a maximum value at T = Md, and, rcr

decreased at T > Md. For the 1 1 1
h i

-orientation Md = 353 K and

rcr(Md) = 1100 MPa, and for the [001]-orientation Md = 423 K
and rcr(Md) = 1675 MPa.
Fig. 1. The temperature dependence of the electrical resistance q(T) (a); frequency-tem
quenched Ti-51.8at.%Ni single crystals.
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The large {113}B2 twins were observed by electron microscope
after compression along the [001]-orientation at T0 < T < Md (Fig. 3,
a). These twins appear due to the forward and reverse B2-B190-
B2tw MTs [9] and could cause the degradation of SE. It is possible
to observe a good SE with a low irreversibility at deforming stres-
ses r < 1GPa. At r > 1GPa, the SE was accompanied by significant
irreversibility. It is assumed that at r > 1GPa, the high local stres-
ses are achieved and contribute to the formation of {113}B2 twins
during the reverse MT.

In the [111]-oriented single crystals, the reorientation bands of
the B2-matrix with a large number of dislocations (Fig. 3, b), and
the regions of residual B190-martensite, twinned by type I {111}
and type II {011} (Fig. 3, c-e) were observed by electron micro-
scope after compression at T0 < T < Md. Therefore, the formation

of the B190-martensite during compression along the 1 1 1
h i

-

orientation was experimentally confirmed.
Thus, in quenched Ti-51.8at.%Ni crystals, the stress-induced B2-

B190 MT with a reversible strain, can be realized in the high-
strength [001]-orientation in which the dislocation slip is sup-
pressed (in the a h100i{011} and a h001i{001} slip systems [5])
and no detwinning of B190-martensite is observed [7]. However,
it is not possible to stabilize B190-martensite in the [001]-
orientation for the same reasons.

In the low-strength 1 1 1
h i

-orientation, the B2-B190 MT

occurred simultaneously with the plastic deformation of the B2-
phase, due to the high stresses required for the MT (above
800 MPa), close to the yield strength of the B2-phase (maximum
is 1100 MPa). In this case, the dislocation slip [5] and the detwin-
ning of B190-martensite also occurs [7], which is accompanied by
the rotation of the habit plane and the stress relaxation, with the

formation of defects. Therefore, in 1 1 1
h i

-oriented crystals, no

reversibility could be obtained, but it is possible to stabilize the
B190-martensite.

At T > Md the residual martensite was not observed by the elec-
tron microscope, regardless of orientation. No dislocations were
found in the high-strength [001]-oriented crystals, and the defor-
mation of the B2-phase was developed by twinning. In the present
work the {114}B2 twins were found after compression along the
[001]-orientation at T > Md (Fig. 4, a), as in Refs. [10,11]. On the

contrary, in the low-strength 1 1 1
h i

-oriented crystals, only a high

dislocation density formed during deformation at T > Md (Fig. 4, b),
similar to [12].
perature dependences of the elastic modulus E and internal friction tan d (b) for



Fig. 2. r(e) curves (a, b); temperature dependences of critical stresses rcr(T) (c) in quenched Ti-51.8at.%Ni single crystals.

Fig. 3. TEM images of Ti-51.8an.%Ni single crystals after compression at 203 K along the [001]- (a) and [111]-orientations (b-e): bright field and SAEDP, demonstrated twins
in the B2-phase, zone axis [001]B2|| 1 1 1

h i
B2 (a); dark field and SAEDP, demonstrated deformed B2-phase, zone axis [012]B2 (b); bright field and SAEDPs, demonstrated

residual B190-martensite (c-e).
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Fig. 4. TEM images of Ti-51.8an.%Ni single crystals after compression at 473 K: [001]-oriented crystals, bright field and SAEDP, zone axis 101
h i

B2,M|| 111
h i

B2,tw (a); [111]-
oriented crystals, bright field (b).
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4. Conclusion

The orientation dependence of the functional and mechanical
properties of quenched Ti-51.8at.%Ni single crystals was investi-
gated. The yield strength of the B2-phase reached rcr(Md = 423 K)
= 1675 MPa, and the deformation of the B2-phase at T > Md

occurred by twinning ({114}B2 twins were observed) in the high-
strength [001]-orientation, in which the dislocation slip in
a h100i{011} and a h001i{001} systems is difficult. In the
[001]-oriented single crystals, the SE was obtained at 203–248 K
with a reversible strain of up to 2.3%, while the applied stresses
are less than 1GPa. At r > 1GPa the degradation of SE is associated
with the formation of {113}B2 twins during the reverse MT.

In the low-strength 111
h i

-orientation, where the dislocation

slip easily occurred, the yield strength of the B2-phase was less
than in the [001]-orientation, and was equal to rcr(Md = 353 K) =

1100 MPa. In the 111
h i

-orientation, the formation of stress-

induced B190-martensite occurred simultaneously with the plastic
deformation of the B2-phase and no reversible strain was
observed. The existence of stress-induced B2-B190 MT was con-
firmed by electron microscopic observations of residual B190-
martensite.
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