
Influence of crystalline phase volume fraction on the two-way shape
memory effect in amorphous–crystalline Ti40.7Hf9.5Ni44.8Cu5 alloy

N. Resnina a,n, S. Belyaev a, V. Slesarenko a, A. Shelyakov b

a Saint Petersburg State University, Universitetsky pr. 28, Saint Petersburg 198504, Russia
b National Research Nuclear University “MEPhI”, Kashirskoe sh. 31, Moscow 115409, Russia

a r t i c l e i n f o

Article history:
Received 6 October 2014
Received in revised form
29 December 2014
Accepted 30 December 2014
Available online 7 January 2015

Keywords:
Shape memory alloys
Amorphous–crystalline alloy
Two-way shape memory effect
Thin ribbons

a b s t r a c t

The two-way shape memory effect (TWSME) has been studied in an amorphous–crystalline thin ribbon
of Ti40.7Hf9.5Ni44.8Cu5 shape memory alloy with different volume fractions of the crystalline phase. It is
found that an increase in the volume fraction of the crystalline phase results in a non-monotonic
variation in the value of the TWSME. A maximum strain of 1.1% is observed in the thin ribbon with a 50%
crystalline phase. It is found that the TWSME in amorphous–crystalline Ti40.7Hf9.5Ni44.8Cu5 alloy is due to
two mechanisms: the formation of high internal stresses on the amorphous/crystalline interfaces due to
incompatible strain in amorphous and crystalline phases and the stress caused by defects induced in the
crystalline phase during deformation. If the volume fraction of the crystalline phase is 50% or less, then
the main contribution to the total TWSME is given by the formation of the internal stresses on the
amorphous/crystalline interfaces. In this case, the TWSME value depends on the density of the
amorphous/crystalline interfaces, plastic strain and volume fraction of the alloy undergoing a phase
transition. If the volume fraction of the crystalline phase is higher than 50%, then the TWSME is due to
the formation of the internal stresses on the defects in the crystalline phase and the TWSME value
depends on the plastic strain in the crystalline phase and the volume fraction of the crystalline phase.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Shape memory alloys demonstrate a unique ability for recovery
of large inelastic strain (up to 10%) and generation of high recovery
stress up to 1000 MPa [1–2]. This unusual mechanical behaviour is
the basis for the wide application of shape memory alloys for
space and aircraft engineering [3–7], civil engineering [8–10],
medicine [11–14], etc. Recently, a new area for the application
of shape memory alloys as active elements in microsystems and
microdevices [15–23] has been intensively developing. For
instance, the mechanical part of micro-electro-mechanical sys-
tems (MEMS) [15–18], microdampers [20] and nanotweezers
[22–23] are already produced using the TiNi-based shape memory
alloys. In these cases, the size of the shape memory elements
should be dozens of microns. To produce such small elements, thin
films or ribbons of shape memory alloys are usually used [15–23].

In many applications, the shape memory alloys act as a
microactuator. A shape memory actuator may be based on two
effects: the one-way shape memory effect or the two-way shape
memory effect (TWSME). If the actuator is based on the one-way

shape memory effect, then it consists of two parts – a preliminarily
deformed shape memory alloy element and a bias elastic element
[24]. On heating, the preliminarily deformed shape memory
element recovers its strain due to the one-way shape memory
effect. As two elements are connected to each other, then a strain
recovery in the shape memory element induces a deformation of
the bias element and elastic energy is stored in the system. On
subsequent cooling, the elastic energy stored in the system
induces a deformation of the shape memory element. Therefore,
the thermal mechanical actuator changes its sizes or position on
heating and cooling. This type of microactuator is used in nanot-
weezers described in [22–23], where a preliminarily deformed
shape memory alloy thin ribbon is connected with a platinum or
nickel elastic layer. At the same time, a repeating action of the
actuator may be achieved by using the TWSME. In this case, a
shape memory alloy demonstrates repeated spontaneous strain
variation on cooling and heating without any bias element, and
hence, the actuator consists of one part – a shape memory
element. According to [2,25], to initiate the TWSME, it is necessary
to subject a shape memory alloy to preliminary deformation up to
15–20%. After such a procedure, the TiNi alloy can demonstrate
spontaneous deformation of up to 4%.

Actuators using bias elastic elements or TWSME have their
advantages and disadvantages. An actuator using the one-way
shape memory effect provides a large displacement and force;
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however, it has large dimensions due to the existence of the bias
elastic element and it is necessary to solve the problem of the
connection of the shape memory element to the elastic element.
Meanwhile, the actuator using the TWSME has small dimensions,
and it demonstrates no more than 3% of recoverable strain [2].

According to [26], microactuators based on the TWSME are
preferable for microdevices due to their small size. The shape
memory element is usually produced from a thin ribbon with a
thickness of 20–80 μm, and it is deformed by bending or tension.
As mentioned above, to achieve a value of TWSME of 4%, it is
necessary to subject the ribbons or films to large preliminary
strain (15–20%) [2,25]. It is a very difficult procedure due to the
small thickness of the samples and the necessity for special and
expensive equipment. For instance, to provide a preliminary strain
of 15% during bending of the thin ribbon with a thickness of
40 μm, the bending radius should be 133 μm. Such a small
bending radius of the sample may be attained using special
devices.

In [27–30], the TWSME was found in amorphous–crystalline
shape memory thin ribbons. Spontaneous strain was observed on
cooling and heating of the ribbon, which consisted of two
amorphous and crystalline layers [27–28], without any prelimin-
ary deformation or, in the samples consisting of crystalline grains
embedded in the amorphous matrix, after small preliminary
deformation up to 5–7% [29–30]. In the sample that consisted of
two amorphous and crystalline layers, the maximum value of the
two-way shape memory effect was 0.4% [27]. At the same time, a
value of TWSME of about 1% was found in the amorphous–
crystalline samples where crystalline grains were embedded in
the amorphous matrix [29–30]. Comparison of the data published
in [27–30] shows that the lager TWSME may be observed in
amorphous–crystalline alloys with a random distribution of the
crystal grain in the amorphous matrix and that the value of
TWSME must depend on the volume fraction of the crystalline
phase. However, in [29–30], no dependence of the TWSME value
on the volume fraction of crystalline phase was found. Moreover,
for application of shape memory alloys in microactuators, the
stability of the value of the TWSME on repeated thermal cycling is
the other important property because it provides constant work-
ing parameters of the devices [31]. Thus, to design microactuators
based on shape memory alloy thin ribbons, it is necessary to
investigate the influence of the volume fraction of the crystalline
phase, preliminary deformation and the thermal stability on the
TWSME value. Such a study has been carried out in the pre-
sent work.

2. Materials and methods

An amorphous thin ribbon of the Ti40.7Hf9.5Ni44.8Cu5 alloy
obtained by melt spun was used for preparation of amorphous–
crystalline samples with different volume fractions of the crystal-
line phase during partial crystallization at a temperature of 470oC
in the differential scanning calorimetry (DSC) apparatus according
to the method described in [32]. Using this method, samples with
30%, 40%, 50%, 60%, 70%, 85% and 100% crystalline phase were
obtained. The volume fraction of the crystalline phase was
calculated as a ratio of heat released during partial crystallization
to the heat released during full crystallization. The samples had a
length of 5 mm, a width of 1.6 mm and a thickness of 40 μm.

To study the structure of the amorphous–crystalline sample,
transmission electron microscopy (TEM) was used in a scanning
regime at the Interdisciplinary Resource Centre for Nanotechnol-
ogy (Saint Petersburg State University) using a Zeiss Libra 200FE
TEM (operating at 200 kV). To prepare the sample for TEM, 3-mm
diameter plates were cut perpendicularly to the amorphous–

crystalline sample surface. The plates were polished by a Precision
Ion Polishing System (Gatan PIPS), with an angle of ion beam of 41,
and a voltage of 5 kV at the initial stage of polishing and 1.5 kV at
the final stage.

The martensitic transformation in the samples was studied by
DSC on cooling and heating in the temperature range of 373 K to
270 K, with a cooling/heating rate of 10 K/min. The temperatures
of the martensitic transformation were determined according to
the ASTM standard test method F 2004-00.

To study the influence of preliminary deformation on two-way
shape memory effect, the procedure described in [29] and con-
sisting of four steps was carried out. In the first step, the
amorphous–crystalline sample was deformed by bending between
two parallel plates at a constant temperature of 77 K. During the
second step, the sample was unloaded, and in the third step it was
heated up to 393 K. In the fourth step, the sample was subjected to
subsequent cooling and heating in the temperature range of 393 K
to 77 K. At each step, photographs of the bent sample profile were
taken on the font of scale substrate. The profile of the sample on
the image was digitized by ORIGIN software and the bending
radius was estimated, which allowed the strain of the sample at
each step to be calculated. The strain measured in the first step
was the given strain and the strain found in the second step was
the residual strain (εres). The strain measured in the third step was
the plastic strain (εp). The difference between strain measured
during the third and the second steps was the value of the shape
memory effect. The difference between the strain measured
during the fourth and the third steps was the value of the two-
way shape memory effect (εTWSME).

To study the stability of the TWSME on thermal cycling, two
thin ribbons with a volume fraction of the crystalline phase of 50%
and 70% preliminarily deformed up to 5.6% and 4.7% of residual
strain were subjected to 30 thermal cycles in the temperature
range of martensitic transformation (from 393 K to 77 K).

3. Results and discussion

Peculiarities of the crystallization of amorphous TiNi alloys thin
ribbons were studied previously [33–38]. It was found that during
crystallization spherical grains appeared in the amorphous matrix.
Fig. 1 shows the structure of the samples with 40%, 60% and 100%
of crystalline phase. All STEM images were analysed and a bi-
modal lognormal grain size distributions was found. Fig. 2 shows
the influence of the volume fraction of the crystalline phase on the
average grain sizes determined for both modes of lognormal
distribution. It can be seen that an increase in the volume fraction
of the crystalline phase leads to an increase in the average grain
size and growth in the small grains is slower than that of the large
grains.

Martensitic transformations in the amorphous–crystalline sam-
ple were studied by DSC. The temperatures of the phase transition
as well as the value of heat released on cooling during forward
martensitic transformation are given in Table 1. An increase in the
volume fraction of the crystalline phase led to an increase in the
transformation temperatures and transformation heat and it was
due to an increase in the average grain size (Fig. 2). These results
are in good agreement with the data published in [32,39–41].

To initiate the two-way shape memory effect, the procedure
described in Section 2 was used and the value of the TWSME was
measured as the spontaneous strain observed on cooling and
heating of the sample preliminarily deformed up to some residual
strain. The influences of the preliminary deformation and the
volume fraction of the crystalline phase on the one-way shape
memory effect have been studied before and published in [29–30].
Fig. 3 shows the dependence of the value of the TWSME (εTWSME)
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on residual strain (εres) obtained in the amorphous–crystalline
thin ribbons with different volume fractions of the crystalline
phase (Φcr). The shape of the εTWSME(εres) curves depends on the

volume fraction of the crystalline phase. If the volume fractionΦcr

is 50% or less, then an increase in residual strain results in a rise in
the value of the TWSME up to saturation. The larger the volume
fraction of the crystalline phase, the higher the value of strain
saturation. If the volume fraction is larger than 50%, then an
increase in residual strain results in an increase in the value of
TWSME without saturation. Analysis of the data presented in Fig. 3
shows that, independently of the value of Φcr there exists a lower
limit of residual strain imparted to the sample to observe the
TWSME. If the value of residual strain is lesser than the lower
limit, the sample is not able to demonstrate the TWSME.

To analyse the influence of the volume fraction of the crystal-
line phase on the value of the TWSME, the data presented in Fig. 3
have been re-plotted in new coordinates: εTWSME vs.Φcr. The value
of the TWSME was determined in the samples with different
volume fractions of the crystalline phase at a constant residual
strain. Five vertical lines were located in Fig. 3 at constant residual

Fig. 1. Transmission electron microscopy in scanning regime images of amorphous–crystalline sample of Ti40.7Hf9.5Ni44.8Cu5 alloys with 40% (a), 60% (b) and 100%
(c) crystalline phase.

Fig. 2. The dependences of average grain size on the volume fraction of the
crystalline phase.

Table 1
Temperatures of martensitic transformations in amorphous–crystalline Ti40.7Hf9.5-
Ni44.8Cu5 alloy with different volume fraction of crystalline phase. Φcr – volume
fraction of the crystalline phase. Ms, Mf – start and finish temperatures of the
forward martensitic transformation; As, Af – start and finish temperatures of the
reverse martensitic transformation; Efw – heat released during forward transition.

Φcr, % Ms, K Mf, K As, K Af, K Efw, J/g

0 – – – – 0
30 216 200 270 309 1.15
40 228 220 273 311 2.8
50 241 233 276 312 5.15
60 243 238 277 313 9.4
70 245 241 277 317 11.3
85 258 254 293 319 14.0

100 270 265 307 326 16.7

Fig. 3. Dependences of the value of the two-way shape memory effect (TWSME) on
the residual strain measured in the sample with different volume fractions of the
crystalline phase.
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strains: 1%, 2%, 3%, 4% and 4.9% (dashed lines) and the cross-points
of these lines and εTWSME(εres) curves were found. The depen-
dences of εTWSME on the volume fraction of the crystalline phase
obtained at constant residual strains are given in Fig. 4. The
dependences of εTWSME(Φcr) are non-monotonic and the max-
imum two-way shape memory value is observed when the volume
fraction of the crystalline phase is equal to approximately 45–50%.
An increase in residual strain results in an increase in maximum
εTWSME. In the sample pre-strained up to 2% of residual strain, the
maximum εTWSME is equal to 0.27%, and in the sample pre-strained
up to 4.9% of the residual strain, the maximum is equal to 1.1%. The
values of the TWSME measured in the fully crystalline sample
were much lower than the maximum value observed in the
sample with a 50% crystalline phase. So, in the fully crystallized
sample pre-strained up to 4.9% of the residual strain, the value of
the TWSME is equal to 0.34% and it is approximately three times
lower than in the sample with a 50% crystalline phase.

Thus, the results given in Fig. 4 show that more preferable
conditions for observation of the TWSME exist in the amorphous–
crystalline thin ribbons where the volume fraction of the crystal-
line phase is equal to 45–50%. As shown in Figs. 3 and 4, the
TWSME behaviour depends on the volume fraction of crystalline
phase and the samples may be divided into two groups. The first
group consists of the samples with 50% crystalline phase and in
which an increase in Φcr leads to a rise in TWSME. The second
group consists of the samples with a volume fraction of the
crystalline phase of more than 50%. In these samples, an increase
in Φcr results in a decrease in the TWSME. Apparently, the
difference in the influence of the volume fraction of the crystalline
phase on the TWSME is caused by the different mechanisms of
TWSME, which is why the thermal stability of the TWSME on
thermal cycling has been studied in the samples from these two
groups. Fig. 5 shows the dependences of the value of the TWSME
on the number of thermal cycles through the temperature range of
martensitic transformation observed in the thin ribbons with a
50% crystalline phase (from the first group) and with a 70%
crystalline phase (from the second group). Thermal cycling of
the sample with a 50% crystalline phase resulted in a very small
decrease in the value of TWSME in the first ten cycles. In the first
cycle, the value of εTWSME was equal to 1.1% and in the tenth cycle
εTWSME¼0.97%. Further thermal cycling did not affect the value of
the TWSME and in the thirtieth cycle the value of εTWSME was
equal to 0.97%. Thus, one may conclude that the TWSME is stable
during thermal cycling of the amorphous–crystalline sample with
a 50% crystalline phase. At the same time, thermal cycling of the
sample with a 70% crystalline phase through the temperature
range of martensitic transformation leads to a monotonic decrease
in the value of TWSME. In the first cycle, the value of εTWSME was
equal to 0.5%, in the tenth cycle εTWSME¼0.27% and in the thirtieth

cycle the value of εTWSME was 0.15%. Therefore, the samples from
the first group with a volume fraction of the crystalline phase of
50% or less demonstrate a stable TWSME, whereas a degradation
of the TWSME is found in the samples from the second group
where the Φcr is more than 50%, as is found for fully crystalline
TiNi-based alloys [31].

It is known that the strain variation during the TWSME is
caused by the action of the oriented internal stresses that act like
external stresses [1]. In fully crystalline TiNi alloys, such oriented
internal stresses appear during preliminary deformation due to
the formation of defects in the crystalline phase [2]. The formation
of defects in the crystalline phase results in a strain recovery on
heating is not complete and some plastic strain εp remains in the
sample. The value of this plastic strain is a measure of internal
stresses induce the TWSME, and thus the relation between εTWSME

and εp may be given as:

εTWSME ¼ Kεp; ð1Þ
where K is the constant [25].

Obviously, in the amorphous–crystalline sample, the value of
the two-way shape memory effect should depend on the volume
fraction of the crystalline phase because only crystalline grains are
able to undergo a martensitic transformation and residual stress
appears in the crystalline phase. Hence, the larger the volume
fraction of the alloy undergoing a martensitic transformation, the
higher the value of the TWSME. Thus, the dependence of εTWSME

on the volume fraction of the crystalline phase may be given as

εTWSME
cryst ðΦcrÞ ¼ εTWSME

100% Φtr; ð2Þ
where εTWSME

100% ¼0.34% is the value of the two-way shape memory
effect found in the fully crystalline sample at a residual strain of
4.9%, and Φtr is the volume fraction of the alloy undergoing
martensitic transformation on cooling and heating.

To estimate the volume fraction of the alloy undergoing a phase
transformation Φtr, the ratio of heat released during forward
transformation in the samples with different volume fractions of
the crystalline phase (Table 1, column 6, lines 1–7) to the heat
released during forward transformation in fully crystalline sample
(Table 1, column 6, line 8) is found. The dependence of theΦtr on the
volume fraction of the crystalline phase is given in Fig. 6. One could
predict that all crystalline grains in the sample undergo a phase
transition, thus the Φtr should be equal to Φcr. In this case, the
dependence between Φtr and Φcr should be linear and the linear
coefficient must be equal to 1. This linear relationship is shown in
Fig. 6 as a dashed line. However, it is seen that the experimental
data are located at values lower than the dashed line and the
dependence is not linear if the volume fraction of the crystalline
phase is less than 60%. It is due to in these amorphous–crystalline

Fig. 4. Dependences of the value of the two-way shape memory effect (TWSME) on
the volume fraction of the crystalline phase measured at five constant residual
strains: 1%, 2%, 3%, 4% and 4.9%.

Fig. 5. Dependences of the value of the two-way shape memory effect (TWSME) on
the number of thermal cycles measured in the amorphous–crystalline thin ribbons
with 50% and 70% crystalline phase preliminarily deformed up to 5.6% and 4.7%,
respectively.
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samples a fraction of the crystal grains with small size is very large
and the B2-B190 transformation does not occur in small grains
[39–41]. Hence in the samples with Φcro60% some part of the
grains do not undergo phase transition that is why the volume
fraction of alloy undergoing a phase transformationΦtr is less than
the volume fraction of the crystalline phase. In the samples with
60% and more crystalline phase, most of the crystals undergo a
martensitic transformation and the experimental values of Φtr are
equal to Φcr and Φtr(Φcr) is close to the dashed line.

Using the dependence of Φtr(Φcr) presented in Fig. 6, the
εTWSME(Φcr) dependence is estimated through the expression (2)
and given in Fig. 7 together with the experimental εTWSME(Φcr)
dependence taken from Fig. 4 (a residual strain of 4.9%). It is seen
that the simulated curve does not coexist to the experimental
curve. This means that the mechanism of the appearance of
internal stresses in the crystalline phase during deformation is
responsible for the TWSME in the fully crystalline alloy and gives a
small contribution to the formation of the TWSME in amorphous–
crystalline samples because the simulated data are much lower
than the experimental. Hence, it may be concluded that in
amorphous–crystalline samples, the additional mechanism for
formation of the internal stresses should take place.

In [29], it was suggested that high internal stress might appear
at the interfaces between amorphous and crystalline phases.
Mechanical properties of amorphous and crystalline phases differ
from each other. After preliminary deformation and unloading, a
high internal stress appears on the amorphous–crystalline inter-
faces as a result of a strain incompatibility in amorphous and
crystalline phases. These stresses may induce the TWSME on
subsequent cooling and heating. Hence, the value of the TWSME
should depend on the value of the internal stresses, the density of
the amorphous–crystalline interfaces and on the volume fraction
of the alloy undergoing a phase transformation. The dependence
of Φtr(Φcr) is known (Fig. 6) and thus, it is necessary to find the

dependence of the internal stresses and the density of the
amorphous/crystalline interfaces on the volume fraction of the
crystalline phase. As mentioned above, a plastic strain may be
considered as a measure of internal stress. The value of the plastic
irreversible strain was measured as the difference between resi-
dual strain (4.9%) and the value of the shape memory effect
observed during heating of the samples. In Table 2, it is seen that
an increase in Φcr leads to a significant decrease in plastic
irreversible strain.

To calculate the density of the amorphous/crystalline inter-
faces, the STEM images of the amorphous–crystalline sample
structure were analysed, and the length of the amorphous/crystal-
line interfaces was found. To determine the density of these
interfaces per square unit, the value of the total length of the
amorphous/crystalline interfaces was divided by the square of the
image. Fig. 8 presents the dependence of the density of the
amorphous/crystalline interfaces on the volume fraction of the
crystalline phase. This curve has a maximum at ΦcrE50% and DA/

C(Φcr) dependence may be successfully described by the poly-
nomic equation of the second order:

DA=C ¼ AΦ2
crþBΦcrþC; ð3Þ

where A¼�1.2578�10�6, B¼1.25�10�4, and C¼1.8142�10�4.
Therefore, the dependences of the volume fraction of the alloy

undergoing a phase transformation, plastic strain and amorphous/
crystalline interface density on the volume fraction of the crystal-
line phase have been found. Thus, the value of the TWSME
induced by the internal stresses at the amorphous/crystalline
interfaces may be estimated as

εTWSME
A=C ¼ KεpðΦeÞΦtrðΦcrÞ

DA=CðΦcrÞ
Dmax

; ð4Þ

where Dmax is the maximum value of the amorphous/crystalline
interfaces density measured at ΦcrE50%. The value of the εTWSME

A=C
was calculated according to Eq. (4) for different fractions of the
crystalline phase and the εTWSME

A=C ðΦcrÞ dependence is given in

Fig. 6. Dependence of the volume fraction of the alloy undergoing martensitic
transformation on the volume fraction of the crystalline phase.

Fig. 7. The εTWSME
cryst ðΦcrÞ curve simulated using expression (2) and experimental

εTWSME(Φcr) obtained at a residual strain of 4.9% (from Fig. 4).

Table 2
The values of the residual strain εres, shape memory effect εSM and plastic
irreversible strain εp measured in the amorphous–crystalline samples with differ-
ent volume fraction of the crystalline phase Φcr.

Φcr, % εres, % εSM, % εp, %

30 4.9 1.5 3.4
40 4.9 2.7 2.2
50 4.9 2.8 2.1
60 4.9 3.8 1.1
70 4.9 4.66 0.24
85 4.9 4.76 0.14

100 4.9 4.76 0.14

Fig. 8. Dependence of the amorphous/crystalline interfaces density on the volume
fraction of the crystalline phase in Ti40.7Hf9.5Ni44.8Cu5 alloy.
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Fig. 9. The parameter K was fitted to find a good correlation
between the theoretical and experimental dependences and was
found to be equal to 1.53. The data calculated using Eq. (4) are in
good correlation with the experimental data if the volume fraction
of the crystalline phase is 60% or less. At the same time, a huge
difference between the simulated and experimental results is
found at Φcr460%. It means that the mechanism of internal
stresses that appeared at the amorphous/crystalline interfaces is
responsible for the TWSME in amorphous–crystalline samples
where the volume fraction of the crystalline phase is less than 60%.

As mentioned above, in fully crystalline sample the TWSME is
due to a mechanism of oriented internal stress appearance owing
to the formation of defects in the crystalline phase (Fig. 7). It is
assumed that both mechanisms – formation of the oriented
internal stresses in crystalline phase and on the amorphous/
crystalline interfaces – are responsible for the TWSME in amor-
phous–crystalline samples and the total εTWSME may be found as:

εTWSMEðΦcrÞ ¼ εTWSME
cryst ðΦcrÞþεTWSME

A=C ðΦcrÞ; ð5Þ

where εTWSME
A=C ðΦcrÞ is calculated according to expression (2) and

εTWSME
A=C ðΦcrÞ is estimated according to expression (4). The

εTWSME
A=C ðΦcrÞ dependence has been calculated according to expres-

sion (5) and is given in Fig. 10. There is good agreement between
the simulated and experimental data. Moreover, it is clear that if
the Φcro60%, then the main contribution to the total TWSME
value gives the mechanism of the formation of the internal stresses
at the amorphous/crystalline interfaces. If the Φcr460%, then the
TWSME is due to the mechanism of the internal stresses in the
crystalline phase, as is observed in the fully crystalline sample.

There is clearly a difference in the strain behaviour on thermal
cycling of the amorphous–crystalline samples with a volume

fraction of the crystalline phase of 50% or less (the first group of
the sample) and more than 50% (the second group of the sample).
This is due to a difference in the mechanism inducing the two-way
shape memory effect. In the samples with 50% or less of crystalline
phase, the TWSME is caused by the appearance of oriented
internal stresses on the amorphous/crystalline interfaces due to
incompatibility of strains, and the value of this effect depends on
the density of the amorphous/crystalline interfaces, plastic strain
and volume fraction of the alloy undergoing a phase transition.
These parameters do not change during thermal cycling, which is
why the value of TWSME remains stable on repeating cooling and
heating through the temperature range of the martensitic trans-
formation. In the amorphous–crystalline samples with a volume
fraction of the crystalline phase of more than 50%, the main
mechanism of TWSME is due to the formation of defects in the
crystalline phase. On thermal cycling, the crystalline phase under-
goes the martensitic transformations at which the crystalline
lattice transforms from one phase to another, and it leads to
redistribution of the dislocation structure formed in the sample
during preliminary deformation. In this case, a relaxation of
oriented stresses induced by crystalline defects occurs and this
results in degradation of the TWSME.

4. Conclusions

Amorphous–crystalline thin ribbons of the Ti40.7Hf9.5Ni44.8Cu5
alloy demonstrate the two-way shape memory effect after pre-
liminary deformation. The value of the TWSME is determined by
the value of the preliminary strain as well as the volume fraction
of the crystalline phase. The dependence of the TWSME value on
the volume fraction of the crystalline phase is non-monotonic, and
a maximum of 1.1% is observed in the sample with a 50% crystal-
line phase at 4.9% of residual strain. This value is approximately
three times higher than the same value found in the fully crystal-
line sample.

TWSME behaviour in amorphous–crystalline alloys is caused
by two mechanisms: internal stresses induced by defects in the
crystalline phase and by the incompatible strain of the amorphous
and crystalline phases. If the volume fraction of the crystalline
phase is 50% or less, the TWSME is mostly caused by internal
stresses that appear at the amorphous/crystalline interfaces. In
this case, the TWSME value depends on the density of the
amorphous/crystalline interfaces, plastic strain and volume frac-
tion of the alloy undergoing a phase transition. An increase in the
volume fraction of the crystalline phase to larger than 50% results
in a decrease in the contribution of stresses formed at the
amorphous/crystalline interfaces and an increase in the contribu-
tion of the stress caused by the defects in the crystalline phase.
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