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The functional properties of shape memory alloys depend on the strain rate. However, there is no systematic investigation of 
the basic functional properties after high strain rate deformation; most of the published articles, including modern studies, 
focus on the mechanical properties and structure. This paper presents a study of the influence of strain rate on the one-way 
and two-way shape memory effects. The specimens were compressed at strain rates of 500, 1200, 1600 s−1 in the martensitic, 
austenitic, and mixed-phase state, using the Kolsky method for the split Hopkinson pressure bar. The one-way and two-way 
shape memory effects were measured after dynamic compression and compared with ones after quasi-static compression up 
to the same residual strains. The work shows that the strain rate has significant influence on the basic functional properties of 
the NiTi alloy. In some cases, the strain-temperature curves after the quasi-static and dynamic compression were completely 
different. The one-way shape memory effect after high-strain rate compression was less than after quasi-static compression, 
irreversible strain increased. After high-strain rate compression in the martensitic state, the martensitic two-way shape 
memory effect slightly grows, but in general, there is no significant improvement. The austenitic two-way shape memory 
effect after high strain rate compression occurred at lower test temperatures, and its value was higher than after quasi-static 
compression. Thus, in some cases, the functional properties of the NiTi alloy can be improved by an increase in the strain 
rate. The material behavior indirectly demonstrates that the reorientation of martensite and the formation of stress-induced 
martensite are sensitive to the strain rate.

Keywords: shape memory alloy, high strain rate, one-way shape memory effect, two-way shape memory effect, split Hopkinson-Kolsky bar.
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Влияние скорости сжатия при различных температурах 
на функциональные свойства сплава с памятью формы NiTi
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Функциональные свойства сплавов с памятью формы зависят от скорости деформирования, однако систематических 
исследований практически нет. Большинство работ посвящены исследованию механических свойств и структуры. 
Эта работа показывает влияние скорости предварительного деформирования на эффекты однократной и обратимой 
памяти формы в сплаве NiTi. Образцы деформировали в режиме сжатия методом Кольского для разрезного стержня 
Гопкинсона со  скоростями 500, 1200, 1600 с−1 в  мартенситном, аустенитном, предмартенситном и  смешанном 
фазовых состояниях. После деформирования измеряли эффекты однократной и  обратимой памяти формы 
и сравнивали с эффектами после квазистатического сжатия до соответствующих остаточных деформаций. Работа 
показывает, что скорость деформирования оказывает существенное влияние на функциональные свойства сплава 
NiTi. В  отдельных случаях кривые формовосстановления при  термоциклировании после квазистатического 
и высокоскоростного сжатия полностью различны. Однократный эффект памяти после высокоскоростного сжатия 
проявляется слабее, чем после квазистатического сжатия, необратимая деформация увеличивается. Это приводит 
к тому, что после высокоскоростного сжатия при комнатной температуре обратимая память формы мартенситного 
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типа слегка растет, но в целом существенного улучшения не наблюдается. Обратимая память формы аустенитного  
типа после высокоскоростного сжатия появляется при более низких температурах предварительного деформирова- 
ния и  проявляется сильнее, чем  после квазистатического сжатия. То  есть, в  отдельных случаях функциональные 
свойства сплава можно улучшить за  счет увеличения скорости деформирования. Поведение материала косвенно 
демонстрирует, что  процессы переориентации и  наведения мартенсита под  нагрузкой чувствительны к  скорости 
нагружения.
Ключевые слова: сплавы с памятью формы, высокоскоростное деформирование, эффект памяти формы, обратимая память формы, 
метод Кольского.

1. Introduction

Shape memory alloys (SMA) have a number of unique  
properties: high strength, corrosion resistance, biocompatibility 
and damping ability. Moreover, they have functional capabilities 
to recover from large deformations resulting from solid-to-
solid phase transformation: the one-way (SME) and two-way 
(TWSM) shape memory effects. They are used in various areas: 
medicine [1], aerospace technology [2], and engineering [3] as 
stents, implants, sensors, actuators, and so on. One of the most 
commonly used SMA is nickel titanium (NiTi).

The mechanical and functional properties of materials 
depend on the deformation technique and the strain rate. 
However, there are only a few published papers devoted 
to the functional properties of SMA after high strain 
rate deformation. For some reason, researchers focus on 
studying the influence of the strain rate on the mechanical 
properties and structure of martensite and austenite [4 – 6], 
including recent investigations [7 –10]. For example, in [9], 
the authors showed the influence of preliminary annealing 
on the mechanical behavior of the NiTi alloy under dynamic 
compression. In [10] they tested specimens of the NiTi 
alloy by high-strain rate compression at room temperature 
and at 100°C and showed the influence of the strain rates 
on the structure of the low-temperature (martensitic) and 
high-temperature (austenitic) phases, but they did not study 
the functional properties. In [11], the authors studied the 
influence of the strain rate on the mechanical behavior of a 
pseudoelastic NiTi alloy. The investigation of pseudoelasticity 
may be considered as an investigation of functional properties 
[11–13], since this effect is directly related to the forward and 
reverse martensitic transformations.

Among the works devoted to the SME and TWSM, the 
studies of Russian and Chinese researchers [14,15] should be 
mentioned. However, they used the recovery coefficients — 
the ratios of the SME and TWSM strains to the residual and 
irreversible strain and made conclusions based on these ratios, 
not on the values of the SME and TWSM effects themselves.

Based on the above, we can conclude that there are  
almost no systematic investigations of SMA basic functional 
properties after high strain rate deformation. Researchers 
almost keep ignoring the functional properties of the NiTi 
alloy, but investigate the mechanical properties, superelasticity, 
characteristic temperatures of martensite transformations, 
and the microstructure of martensite and austenite.

This work presents an investigation of the influence of 
high strain rate compression at various temperatures on the 
basic functional properties of the NiTi alloy: the one-way and 
two-way shape memory effects.

2. Methods

The objects of the study were cylindrical specimens of an 
equiatomic NiTi alloy with a diameter and height of about 
8  mm, made on a CNC Lathe from hot-rolled NiTi bars, 
annealed at 500°C for 1 hour to remove residual stresses, and 
furnace cooled. Characteristic temperatures were determined 
on a Mettler Toledo 822e differential scanning calorimeter: 
Ms = 78°C, Mf  = 55°C, As = 89°C, Af =110°C (Fig. 1).

Deformation was carried out at various temperatures: 
20, 103, 130, 87, 63°С (Fig. 1). Test temperatures of 20, 103, 
130°C were reached by heating and 87, 63°C were reached 
by cooling after preliminary heating to 140°C. Further we 
denote these temperatures as 140 → 87°C and 140 → 63°C. 
We chose the test temperatures so that the material was in 
different phase states: in the martensitic state at 20°C, in the 
austenitic state at 130°C, in the austenitic but “premartensitic” 
state at 140 → 87°С and in the mixed-phase state at 103 and 
140 → 63°C (peak temperatures of the calorimetry curve).

High strain rate tests were performed using the Kolsky 
method for the split Hopkinson pressure bar [16]. This 
method is well studied, theoretically justified, and has been 
well known since the 1950s. The setup consists of a gas gun 
with a control system, measuring bars, a striker and a set 
of measuring equipment [17]. The measuring bars with a 
diameter of 20  mm were made of high-strength maraging 
steel. The strain was measured using low-base foil strain gauges 
glued on the side surface of the measuring bars. Strain pulses 
were used to find the forces acting on the specimen and the 
history of the displacements of the specimen surface, using 
formulas proposed by Kolsky. More details about the Kolsky 
method and its modifications can be found in [17]. The setup 
was equipped with a thermocouple and a tubular removable 
furnace, which allowed testing at elevated temperatures. The 

Fig.  1.  (Color online) Calorimetric curves of the NiTi alloy:  — test 
temperatures that were reached by heating,  — test temperatures 
that were reached by cooling from 140°C.
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strain rate varied by changing the gas gun pressure: a change 
in pressure led to a change in the striker velocity. The residual 
strains (εres) varied depending on the strain rates. They were 
≈5, 10, and 17 % after compression at strain rates of 500, 1200, 
and 1600 s−1, respectively. Quasi-static compression at a strain 
rate of 0.001s−1 of similar specimens to the same εres (to one 
decimal place) was performed at the same test temperatures 
using an INSTRON universal testing machine, equipped with 
a thermal chamber. After deformation, all specimens were 
cooled to room temperature. After tests, we thermocycled 
the specimens through the temperature ranges of forward 
and reverse martensite transformations on a Netzsch TMA 
402 F1 Hyperion thermomechanical analyzer. We measured 
the strains caused by the SME on the first heating and by the 
TWSM on the second heating from the changes in the height 
of the specimens.

The shapes of the strain-temperature curves ε(T) during 
thermocycling depend on the preliminary deformation 
temperature. Two types of the TWSM are possible: martensitic 
and austenitic  [18]. The TWSM arises after incompatible 
irreversible strain, which generates internal stresses. These 
stresses cause the formation of oriented martensite upon 
cooling. Thus, on the subsequent thermal cycling, a martensitic 
or austenitic TWSM is observed. The first one appears after 
preliminary deformation in the martensitic state (Fig.  2 a). 
The first heating leads to the one-way shape memory effect, 
and the subsequent thermocycling leads to the martensitic 
TWSM, in which the strain changes upon cooling in the same 
direction as under pre-straining. The austenitic TWSM is 
observed after preliminary deformation in the austenitic state 
(Fig. 2 b). During cooling, the strain changes in the direction 
opposite to the pre-strain. The implementation of these two 
types of TWSM in the same temperature range results in the 
formation of a non-monotonic reversing TWSM [19].

In this study, we observed both TWSM effects. Fig. 3 shows 
the strain-temperature curves after dynamic compression 
at 20, 130, 103, and 140 → 87°C. Fig.  3 a demonstrates the 
SME during the first heating and the martensitic TWSM 
during the second heating. The austenitic TWSM appears 
after compression at 130°C (Fig. 3 b). The values of SME and 
TWSM of both types we measured as the distance between 
the tangent lines, as shown in Fig. 3 a, b.

Unusual strain-temperature dependences were observed 
when the specimens were in the mixed or premartensitic 
phase state during preliminary loading (Fig.  3 c, d). The 
contribution of both phases to the strain recovery leads to 
the appearance of a non-monotonic reversing shape memory 
effect. The ε(T) curves consist of two oppositely directed 
sections during the first heating. Section I is associated with 
the austenitic TWSM that arises due to the deformation of 
the austenitic phase, and section II is associated with the SME 
that occurs due to the deformation of the martensitic phase. 
We considered the contribution of these sections in the total 
strain recovery separately. The second heating leads to the 
austenitic TWSM.

3. Results and discussion

3.1. One-way shape memory effect

Fig.  4 shows the values of the one-way shape memory effect 
measured in the first thermocycle after compression with 
various strain rates at different temperatures. The solid marks 
represent the SME after dynamic compression and the hollow 
marks represent the SME after quasi-static compression. The 
blue marks indicate the test temperatures reached by cooling.

The diagrams show that the hollow marks are above the 
solid marks: an increase in the strain rate does not lead to 
an increase in the shape memory effect. The closest values 
were obtained after deformation in the martensitic state at 
20°C, but an increase in the strain rate up to 1600 s−1 leads to 
a decrease in the SME by 25 % (Fig. 4 c).

Martensite transformation is thermoelastic: stress 
can induce martensite. Loading in the mixed-phase, pre-
martensitic and austenitic states leads to the formation 
of oriented stress-induced martensite, so subsequent 
thermocyсles cause the SME and the martensitic TWSM 
(Fig. 5 a, с). Under loading in the austenitic state at 130°C, the 
proportion of stress-induced martensite decreases, that leads 
to small values of the SME (Fig. 4).

With an increase in the strain rate, the strain-temperature 
curves become completely different (Fig.  5 b, d). The SME 

              a     b
Fig.  2.  Schematic of ε(T) curves. P shows the direction of the 
preliminary deformation: SME and martensitic TWSM after 
compression in the martensitic state (a), austenitic TWSM after 
compression in the austenitic state (b).

             a      b              c     d
Fig.  3.  ε(T) curves after dynamic compression at a strain rate of 1200 s−1 up to 10 % residual strain at 20°С (a), 130°C (b), 103°С (c), 
140 → 87°С (d). (I — austenitic TWSM, II — SME).
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during the first heating decreases and the second heating 
leads to the austenitic TWSM.

These differences in the SMA behavior during 
thermocycling are related only to the strain rate, since all other 
parameters (test temperature, residual strain, thermocycling 
conditions) are the same. It is assumed that the reversible 
strain due to the martensite reorientation and the formation 
of the stress-induced martensite is sensitive to the strain 
rate. Under the high strain rate compression more strain is 
produced by irreversible straining mechanisms compared to 
the quasi-static compression.

3.2. Two-way shape memory effect

Fig.  6 shows the TWSM values measured in the second 
cycle of heating. The “positive” points on the diagrams 
above the zero line correspond to the martensitic TWSM, 
the “negative” points below the zero line correspond to the 
austenitic TWSM. The blue color marks the temperatures 
reached by cooling.

The martensitic TWSM behavior looks similar to the 
SME behavior, except for the case of room temperature. 
The TWSM arises from internal stresses that appear due to 
the incompatibility of the irreversible strain. These internal 
stresses lead to the transformation-induced plasticity during 
direct martensitic transformation. Under loading in the 
martensitic state (20°C), strain is conventionally divided 
into two types: reversible strain associated with martensite 
reorientation, and irreversible plastic strain. Under the 
condition of equal preliminary residual strains, if the SME 

decreases, then the irreversible strain increases. With an 
increase in the strain rate, the SME decreases. Consequently, 
with an increase in the irreversible strain, the martensitic 
TWSM slightly increases (by about 10 –12 %).

The austenitic TWSM after dynamic compression occurs 
at lower temperatures. Moreover, the increase in the strain 
rate has a positive effect on the values of the austenitic TWSM. 
Diagrams show that an increase in the strain rate at 130°C 
leads to an increase in the austenitic TWSM in comparison 
with the quasi-static case. The austenitic TWSM increases 
by 15 – 25 % at small residual strains (Fig. 6 a, b), and almost 
three times at large residual strains (Fig. 6 c) after the high 
strain rate compression.

As described above, the austenitic TWSM appears after 
deformation of the austenite. Quasi-static compression at 
elevated temperatures leads to the intensive formation of the 
stress-induced martensite that gives origin to the SME section 
during the first heating, for example see ε(T) curve after 
quasi-static compression at 130°С (Fig.  7). Both deformed 
phases, martensite, and austenite, form internal stresses, 
which counteract each other during cooling. Because of this, 
the value of the strain induced during the direct martensitic 
transformation, and consequently, the austenitic TWSM 
is smaller than after dynamic compression. Such intensive 
formation of stress-induced martensite does not occur in the 
case of dynamic pre-straining. Moreover, in the quasi-static 
case, the fraction of the stress-induced martensite increases 
with an increase in the residual strain from 5  to 17 %, so 
the austenitic TWSM decreases almost twice from 0.55 to  
0.28 % (Fig. 6).

        a                   b              c

Fig.  4.  Dependences of SME on test temperature. ○, □  — quasi-static compression ●, ■  — dynamic compression. 5 % residual strain, 
dynamic compression at a strain rate of 500 s−1 (a); 10 % residual strain, dynamic compression at a strain rate of 1200 s−1 (b); 17 % residual 
strain, dynamic compression at a strain rate of 1600 s−1 (c).

           a    b           c    d

Fig.  5.  ε(T) curves after compression at 140 → 87°С (a, b) and 103°C (c, d) up to 10 % residual strain. Quasi-static (a, c) and dynamic (b, d) 
compression. (I — austenitic TWSM, II — SME).
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As suggested above, the formation of the stress-induced 
martensite is sensitive to the strain rate. The proportion of 
the stress-induced martensite obtained in dynamic loading is 
less than in the quasi-static loading. For instance, we observe 
the pure austenitic TWSM after dynamic compression at 
130°C (Fig. 7 b). An increase in the residual strain from 5 to 
17 % leads to an increase in the austenitic TWSM from 0.6 to  
0.9 % (Fig. 6).

4. Conclusion

This study shows that the strain rate has a significant 
influence on the functional properties of the NiTi alloy. In 
some cases, the strain-temperature curves after quasi-static 
and dynamic compression are completely different.

•  The SME values after high strain rate compression 
are less than after quasi-static compression. For instance, 
the one-way shape memory effect after the high strain rate 
compression at room temperature up to 17 % residual strain 
is 25 % less.

•  The martensitic TWSM behavior is similar to the SME 
behavior, except for the case when pre-straining is performed 
at room temperature. With an increase in the strain rate, 
the SME decreases, and the irreversible strain increases. 
Consequently, the martensitic TWSM after compression at 
room temperature slightly increases (by about 10 –12 % in 
our experiments).

•  The austenitic TWSM after the high strain rate 
compression occurs at lower test temperatures, and its value 

is higher than after quasi-static compression. For instance, 
the austenitic TWSM after the high strain rate compression at 
130°C up to 17 % residual strain is almost three times higher 
than in the quasi-static case.

•  An unusual reversing shape memory effect appears 
after the high strain rate compression in the premartensitic, 
and the mixed-phase state. The strain-temperature curves 
consist of two sections directed oppositely. A similar behavior 
is observed after quasi-static deformation, but only at high 
pre-strain test temperatures (Fig. 7 a).

The results can be explained by the assumption that the 
structure of the material is inert: the martensite reorientation 
and the formation of stress-induced martensite, are not 
fully implemented with an increase in the strain rate. The 
proportion of the oriented martensite decreases with an 
increase in the strain rate. Thus, the SME is less after the high 
strain rate compression. For the same reason, the austenitic 
TWSM after high strain rate compression appears at lower 
test temperatures, and its value is higher than after quasi-
static compression. The combination of pre-deformed phases 
causes the reversing shape memory effect upon heating.
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        a                   b              c
Fig.  6.  Dependences of TWSM on test temperature.○, □ — quasi-static compression ●, ■ — dynamic compression. 5 % residual strain, 
dynamic compression at a strain rate of 500 s−1 (a); 10 % residual strain, dynamic compression at a strain rate of 1200 s−1 (b); 17 % residual 
strain, dynamic compression at a strain rate of 1600 s−1 (c).

      a             b
Fig.  7.  ε(T) curves after compression at 130°С up to 10 % residual strain. Quasi-static (a) and dynamic (b) compression. (I — austenitic 
TWSM, II — SME).
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