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Abstract: The influence of the cyclic loading on the functional properties of NiTi was studied. Cylindrical specimens with a diameter  
of 4 mm and a gage length of 12.5 mm were tested under uniaxial cyclic loading with control crosshead displacement at a temperature  
of 0°С. The dependences of the stress and strain range as well as dissipation energy on the number of loading cycles at different initial 
stress range were analysed. During the first 10 loading cycles, a rapid decrease in the strain range and energy dissipation was observed. 
Dissipation energy was invariant to the loading cycles’ number at N > 20 cycles and to the stress range that did not exceed the martensite 
finish stress level, was within the same scatter band and can be described by the single dependence. With the stress range growth  
at N < 20 cycles from 509 to 740 MPa, the value of dissipation energy increases and that of relative dissipation energy decreases. Loss 
coefficient, which characterises material damping ability, significantly decreases during the first 10 loading cycles and remains practically 
unchanged up to the failure of the specimens. At the stabilisation area, the loss coefficient is almost non-sensitive towards the stress 
range. 
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1. INTRODUCTION 

Shape memory alloys (SMA) are the functional materials 
characterised by the shape memory effects and pseudoelasticity. 
Their application depends on the phase transformation tempera-
tures, mechanical and functional properties, type of loading (static, 
cyclic, multiaxial and thermo-mechanical) (Sun L. et al., 2012; Hsu 

et al., 2019) and environment (Gamaoun et al., 2014; Iasnii et al 

2019). 
SMA are increasingly used in actuators (Nespoli et al., 2010), 

implants (Auricchio et al., 2015; Morgan, 2004; Chen and Thouas, 
2015), and in earthquake engineering (Qiu and Zhu, 2017) be-
cause of the high ability to energy dissipation, as well as damping 
devices (Ozbulut et al., 2011; Yasniy et al., 2017; Torra et al., 
2012; Isalgue et al., 2006) or other structural elements (Menna et 
al., 2015; Mohd Jani et al., 2014). As they are subjected to intense 
cyclic loading during operation, it is important to ensure their 
reliability and lifetime for low-cycle fatigue. 

The balance between energy dissipation and structural fatigue 
lifetime should be reasonably taken into account whilst designing 
damping devices made of NiTi alloy. 

It is known that with the increasing loading cycles, the SMA 
functional properties (pseudoelasticity) degrade. These properties 
can be characterised by the strain range, residual strain, dissipat-
ed energy (Kang et al., 2012; Predki, 2006, Iasnii and Yasniy, 
2018; Eggeler et al., 2004) and loss factor. This factor represents 
the ratio of dissipated energy per cycle to maximum potential 
energy and was considered by Predki et al. (2006), Piedboeuf and 
Gauvin (1998) and Pan and Cho (2008). An increase in the aver-
age stress significantly reduces the residual strain of NiTi alloy 

under strain-controlled cyclic test (Kang et al., 2012). The residual 
strain is regarded as related to some oriented martensite, which is 
not transformed back into austenite during the reverse phase 
(Auricchio et al., 2003). Repeated changes in forward and reverse 
phases produce some defects in the material (Abeyaratne and 
Kin, 1997), resulting in localised internal stress (Tanaka et al., 
1995) enabling two-way shape memory effect in SMA. 

Particularly, residual and transformation hardening increase 
with the increase in the number of loading cycles and strain rates 
from 3.3 × 10−4 s−1 to 3.3 10−2 s−1 in super-elastic NiTi SMA mi-
crotube (50.32 % Ni) specimens during strain-controlled testing 
(Kan et al., 2016). The dissipation energy decreases with the 
increase in loading cycles. However, with the increase in the 
strain rate from 3.3 × 10−3 s−1 to 10−3 s−1, the dissipation energy 
increases and further decreases. An increase in the residual strain 
is also observed at low-cycle fatigue of the NiTi wire under uniaxi-
al tension (Moumni et al., 2009). 

Therefore, in order to develop the behaviour models of struc-
tural elements and devices made of SMA, it is necessary to study 
the regularities of changing stress- and strain-based parameters, 
which characterise the functional properties. 

The effect of loading range on the stress–strain curve, residu-
al strain and dissipation energy of NiTi alloy was studied. 

2. MATERIAL AND EXPERIMENTAL SETUP 

Tests were carried out on commercial NiTi bar (8 mm, Wuxi 
Xin Xin glai Steel Trade Co., Ltd.). 

The influence of the cyclic loading on the functional properties 
of Ni55,8Ti44,2 in the form of the rod of 8 mm in diameter was 
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studied. The chemical alloy composition stated in the certificate is 
55.78% Ni; 0.005% Co; 0.005% Cu; 0.005% Cr; 0.012% Fe; 
0.005% Nb; 0.032% C; 0.001% H; 0.04% O; 0.001% N; 44.12% 
Тi. 

Phase transformation temperatures were identified using dif-
ferential scanning calorimetry (DSC) by Q1000 TAI (Iasnii and 
Yasniy, 2018; Iasnii and Junga, 2018). Mechanical properties and 
influence of cyclic loading on the functional properties were stud-
ied at a temperature of 0°C under the uniaxial tension. Cylindrical 
specimens with a diameter of 4 mm and a gage length of 12.5 mm 
were machined from 8-mm rod (Iasnii and Yasniy, 2018). The 
tests were carried out on servo-hydraulic testing machine STM-10 
(Yasniy et al., 2005) with automated control and data acquisition 
system under constant maximal crosshead displacement and 
sinusoidal load with a frequency of 0.5 Hz. Displacement ratio was 

𝑟 = 𝑆𝑚𝑖𝑛/𝑆𝑚𝑎𝑥 = 0, where 𝑆𝑚𝑖𝑛 , 𝑆𝑚𝑎𝑥  were the minimum and 
maximum value of crosshead displacement, respectively. During 

the tests at the first and following cycles at 𝑆𝑚𝑖𝑛 = 0, the stress 
in the specimens becomes zero. This was provided by the struc-
tural feature of the grips. Force, crosshead displacement and 
elongation of the gauge length were recorded during the testing. 
Longitudinal strain was measured by Bi-06-308 extensometer 
produced by Bangalore Integrated System Solutions (BISS); 
maximum error did not exceed 0.1%. The crosshead displace-
ment was determined by inductive Bi-02-313 sensor with an error 
not more than 0.1%. The tests were carried out in the chamber 
filled with ice and ice water. This provided the constant tempera-
ture of 0°C measured by chromel–alumel thermocouple mounted 
on the sample with an error not more than 0.5°C. 

Literature data analysis shows that water has complex influ-
ence on the NiTi alloy fatigue behaviour. The low-cycle fatigue of 
NiTi SMA under the rotating–bending fatigue tests in air, in water 
and in silicone oil was studied by Tobushi et al. (2000). The influ-
ence of corrosion fatigue in water did not appear in the region of 
low-cycle fatigue. The fatigue life of NiTi alloy at an elevated 
temperature in air coincides with the fatigue life at the same ele-
vated temperature in water. 

No clear influence of the air or water environment on the fa-
tigue life of NiTi alloys was found (Matsui et al., 2004). Rotating-
bending fatigue tests were carried out in air and in water at room 
temperature and at 303 K. 

Three conventional super-elastic NiTi instruments and two 
new CM wire instruments were subjected to rotational bending at 
the curvature of 35° in air and deionised water by Shen et al. 
(2012). The fatigue life of CM instruments was longer in water 
than in air. 

Instruments of one brand of NiTi engine file were subjected to 
rotational bending either in air or under water and the number of 
revolutions to fracture was recorded using an optical counter and 
an electronic break-detection circuit by Cheung and Darvell 
(2007). A significant effect of the environmental condition on the 
LCF life was observed, water being more detrimental than air. 

3. RESULTS AND DISCUSSION 

The DSC (Fig. 1) curves show the martensitic–austenitic and 
austenitic–martensitic phase transformations occurring in SMA 
during the heating and cooling cycles relatively (Iasnii and Yasniy, 
2018). Whilst heating the sample, the phase transformation takes 

place in the temperature range between −60.5°С and −38.7°С, 

and the transition temperature is −45.7°С. The reverse phase 

transformation during cooling is between −95.9°С and −69.4°С. 

 
Fig. 1. Enthalpy change during phase transformation in SMA whilst  

            heating (1) and cooling (2) (Iasnii and Yasniy, 2018) 

Mechanical properties were determined according to ASTM 
F2516-14 standard, (2014) in ice water at 0°С which is higher 
than the austenitic finish temperature (Af = −38.7°С): yield 

strength, 0,2 = 447 MPa, ultimate tensile strength, UTS = 869 
MPa (Iasnii and Yasniy, 2018). 

Typical hysteresis loops for different values of the stress 
range and different number of load cycles (N = 1, 10, 20 cycles) 
are shown in Figure 2. 

 

  

  

Fig. 2. Typical hysteresis loops for 1, 10 and 20 load cycles  
            and stress range Δσ1 = 509 MPa (a), 530 MPa (b), 605 MPa (c)    
            and 748 MPa (d)  

The dependences of the stress range (Fig. 3a) and the rela-
tive stress range (Fig. 3b) on the number of loading cycles at 
different initial values are shown in Figure 3. During the first cycle, 
all values of the initial stress range increase, that is, the material is 
strengthening. Then we can note weakening and stabilising re-
gions followed by the decrease in the stress range. An exception 
is only for specimen with the initial stress range Δσ1 = 748 MPa, 
where the value continuously decreases during testing. 

Using the maximum stress related to the first cycle and ignor-
ing the minor (up to 3%) deviation from the initial stress value, we 
can assume that the stress range remains constant and is equal 
to Δσ1 during the testing (Fig. 3b). 
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Fig. 3. Dependence of (a) the stress range and (b) the relative stress range  on the number of loading cycles. Δσ1 = 509 MPa (16), 530 MPa (13),   
           605 MPa (10) and 748 MPa (12). The specimen number is indicated in brackets  

 

 
 

Fig. 4. Dependence of (a) the residual strain and (b) the relative residual strain on the number of loading cycles. Δσ1 = 509 MPa (16), 530 MPa (13), 
            605 MPa (10) and 748 MPa (12)  

 

  
Fig. 5. Dependence of (a) the strain range and (b) the relative strain range on the number of loading cycles. Δσ1 = 509 MPa (16), 530 MPa (13),  
            605 MPa (10) and 748 Mpa (12) 

 
 

The functional properties of the pseudoelastic SMA can be 
characterised by residual strain. With the increase in the loading 
cycles, the residual strain (Fig. 4.a) and the relative residual strain 

𝜀�̅� = 𝜀𝑟/𝜀𝑟1, that is, the residual stress divided by the residual 
strain in the first loading cycle (Fig. 4b), grow. An increase in the 
stress range from 509 to 605 MPa increases the residual strain 



Volodymyr Iasnii, Petro Yasniy           DOI 10.2478/ama-2019-0013 
Degradation of Functional Properties of Pseudoelastic NiTi Alloy under Cyclic Loading: an Experimental Study 

98 

that leads to the degradation of pseudoelasticity. However, with 
the further increase in the initial stress range to Δσ1 = 740 MPa, 
the dependence of residual deformation on the number of loading 
cycles shifts below the same dependence for Δσ1 = 605 MPa (Fig. 
4a). The relative dependence of residual strain on the loading 
cycles’ number at Δσ1 = 740 MPa is the same as that at Δσ1 = 
509 MPa (Fig. 4b). The indicated inversion from the general law 
could be due to the fact that the strain range at Δσ1 = 740 MPa in 
the first cycle is 8.7% that exceeds the maximum strain  under 
which the superelastic effect is still visible. 

The functional properties of the superelastic SMA can also be 
characterised by the strain range per cycle. 

The dependences of residual strain (Fig. 5a) and relative re-
sidual strain (Fig. 5b) on the number of loading cycles for different 
stress range values in the first load cycle are shown in Figure 5. 

For all values of the initial strain range during the first 10 load-
ing cycles, a rapid decrease in the strain range, followed by the 
stabilisation area of strain range, or its less intensive reduction 
was observed.  

 

 
Fig. 6. Dependence of (a) dissipation energy and (b) relative         
           dissipation  energy on the number of load cycles. Δσ1 = 509  
           MPa (16),  530 MPa (13), 605 MPa (10) and 748 MPa (12) 

With the increasing in the stress range from 509 to 748 MPa, 
the strain range in the first cycle increase from 3.7% to 7.7%  
(Fig. 5b). 

In general, the difference of strain range at a different stress 
level decreases with the increases in the number of loading cy-
cles. 

Dependences of dissipation energy and relative dissipation 
(energy) on the loading cycle number are given in Figure 6. For all 
values of the initial stress range as well as in the case of strain 
range, during the first 10–20 load cycles, a rapid decrease in the 
dissipation energy and relative dissipation energy passing into the 
stabilization region is observed. As the stress range increases in 
the first load cycle from 509 to 740 MPa, the value of the dissipa-
tion energy at the initial deformation stage increases up to 20 
cycles (Fig. 6a) and that of the relative dissipative energy de-
creases before the failure specimens (Fig. 6b). The experimental 
values of the dissipation energy on the loading cycles’ number (at 
N > 10 cycles) that are invariant to the stress range, which does 
not exceed the stress levels at which the martensite transfor-
mation completes, are located within the same scatter range and 
can be described by a single dependence. 

The loss coefficient η, an effective parameter for measuring 
the device damping ability, is defined as the specific damping 
capacity per radian of the damping cycle (Pan and Cho, 2008): 

η =  Δ𝑊 / (π (2𝑊 –  Δ𝑊)) (1) 

where ∆W is the dissipated energy and W is the maximum 
potential energy of damping element. 

 

 
Fig. 7. The dependence of the loss coefficient on (a) the number of  
             load  cycles and (b) the stress range at N = 0.5Nf – b. Δσ1 =  
             509  MPa (16), 530 MPa (13), 605 MPa (10), 748 MPa (12) 

At the initial stage of loading, with the increase in the cycles’ 
number, the loss coefficient of NiTi alloy decreases, provided that 
the fastest drop in the loss coefficient is observed during the first 
10 load cycles (Fig. 7a). 
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After 30–40 load cycles, the loss coefficient curves reach the 
plateau without regard to the applied value, the experimental 
points are located within the range of one scatter band of 0.01–
0.02 (Fig. 7a). 

According to the results of experimental investigations, the di-
agrams of cyclic alloy deformation for lifetime (Fig. 8) were built. 

 
Fig. 8. Stress–strain curves of pseudoelastic NiTi alloy under cyclic  
           loading for lifetime 0.5 Nf  

These curves are important for the refined calculation of the 
stress–strain state of the structural elements made of SMA sub-
jected to cyclic loading, as well as for the recalculation of power 
criteria of fatigue failure into deformation criteria and vice versa. 

4. CONCLUSIONS 

At the temperature higher than the temperature of the SMA, 
martensitic–austenitic transformation was completed under the 
conditions of controlled grips shifting; the dependence of the strain 
range on the cyclic operating time in general can be characterised 
by areas of strengthening, weakening and stabilisation. 

The rapid decrease in the strain range observed during the 
first 10 loading cycles, without regard to the initial value of the 
strain range, is replaced by the stabilisation area that changes into 
the area of continuous strain range reduction of the extent of the 
strain resulting in specimen fracture. The residual strain and the 
strain range increase with the increase in the stress range for the 
same number of loading cycles. 

Dissipation energy is invariant to the loading cycles’ number at 
N > 20 cycles and to the strain range that does not exceed the 
martensite finish stress level, is within the same scatter band and 
can be described by the single dependence. With the stress range 
growth at N < 20 cycles from 509 to 740 MPa, the value of dissi-
pation energy increases and that of the relative dissipation energy 
decreases before the failure specimens. 

Loss coefficient, which characterizes material damping ability, 
significantly decreases during the first 10 loading cycles and 
remains practically unchanged up to the failure specimens. At the 
stabilisation area, the loss coefficient is almost non-sensitive 
towards the strain range. 
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