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Abstract: This paper presents experimental studies on low cycle fatigue (LCF) life of super 

elastic shape memory alloy (SESMA) wires. The effect of frequency of the loading and 

amplitude of the strain on the fatigue life has been studied individually. Various loading 

frequencies have been considered to study the effect of frequency, by keeping the amplitude 

constant. From the experimental data, it was found that the low cycle fatigue life of the 

SESMA reduces with increase in the frequency. The effect of amplitude on the low cycle 

fatigue life of SESMA has also been studied and it was found that the SESMA cycled at 

lower net strain has more fatigue life than the one cycled at higher net strain. Further, the 

plastic strain accumulation is also more in the samples tested at the higher net strain loadings. 

The modulus of austenite is found to be by and large independent of the frequency and 

amplitude of the loading. Further, martensitic unloading modulus is same for all the 

minimum strain amplitudes.     

 
Nomenclature 
 
Af  : Austenite finish temperature 
As  : Austenite starting temperature  
Mf   : Martensite finish temperature  
Ms  : Martensite starting temperature 
εmax  : Maximum strain of the cycle 
εmin  : Minimum strain of the cycle 
 
 
1. Introduction: 
 
It is well known that the shape memory alloys (SMA) undergo phase transformation with the 

application of external stimuli. At high temperature this material is in austenite phase and the 

phase transformation to the lower temperature martensitic phase is effected either by 

reduction in the temperature or by applying the mechanical load. If the transformation takes 

place from austenite to matensite phase with the application of mechanical load, the 

transformation is referred to as stress induced transformation. In this kind of transformation, 

there are large recoverable strains (8% to 10%) induced in the material. Hence, these 

transformations are also called as super elastic transformations. In many of the applications, 



super elastic shape memory alloys are used in the cyclic loading conditions.  It was found that 

shape memory alloys subjected to cyclic loading, generate high density of dislocations in the 

martensitic variants before failure [1].  Eggeler et al. [2] have experimentally studied the 

structural and functional fatigue behavior of NiTi SESMA wires and concluded that the 

plateau stresses and the area of the stress-strain hysteresis decreases with increase in cycle 

number. Further, it has been found that the irreversible strain accumulates during strain 

controlled tension tests. Pieczyska et al. [3] have used infrared thermography for measuring 

the thermal signatures during mechanical cycling. The IR measurements were helpful in 

identifying the phase transformation in Ni-Ti wires. 

 
Figure 1 Typical hysteretic behavior of SESMA 

  
Chen et al. [4] have studied the compressive stress-strain behavior of SESMA wires under 

quasi-static loading and high strain loadings. It was found that the plateau stress is strain-rate 

dependent. Heller et al. [5] have developed a testing procedure for thin wires under tension, 

torsion bending and combined loads. It has been concluded that the SESMA has good 

damping capabilities at low frequency loading. The effect of strain amplitude on fatigue life 

of the SESMA has been evaluated for 0.5 Hz frequency on dog-bone specimens by Maletta et 

al. [6]. It was observed from the experiments that there is a variation in fatigue life of the 

specimens for constant strain amplitude. 

 

The stress-strain behavior of the super elastic material exhibits a hysteretic behavior as shown 

in the Figure 1. The initial austenitic elastic loading region is represented by the segment 

from point 1 to 2. The stress induced forward transformation from austenite to martensite 

which is exothermic in nature is represented by the plateau segment from 2 to 3.  The region 



joining 3 to 4 is the martensitic unloading segment. The reverse transformation from 

martensite to austenite is endothermic in nature and is given by the segment 4 to 5. Finally, 

the segment from point 5 to 6 represents the elastic unloading of the austenite. The super 

elastic transformation depends on the frequency (strain rate) of the loading and amplitude of 

the strain. The area of the hysteresis also reduces with the increase in the strain rate [7-11]. 

Nemat-Nasser and Guo [7] have studied the super elastic behavior of SMA for various 

annealing temperatures and strain rates under compressive loading. It was reported that the 

accumulated residual strain increases with increase in the number of cycles. Further, the 

dissipated energy reduces drastically in the first 100 cycles and then stabilizes.     

It has also been observed that at the high loading rates, the segment from the reverse 

transformation plateau and martensite unloading merges [9]. Further, the matensite plateau 

stress (stress corresponds to 2 to 3) and the reverse transformation plateau stress (4 to 5) 

increases with increase in the strain rate. In addition, it was also found that there is a shift in 

the hysteresis behavior with change in frequencies. This is due to the fact that the 

transformation stress depends on the temperature of the wire. As the frequency/strain rate is 

higher, there is no time available for the wire to convect the latent heat of transformation.  

From the experimental studies DesRoches et al [10] have found that the wire form of the 

SESMA exhibits more damping and strength properties than bars. Further, it is found that the 

damping property of the SESMA reduces with the increase in the strain rate.  

 

The properties of shape memory alloys were observed to vary with the number of cycles [12] 

and found to stabilize after couple of hundred cycles. In the previous work [13], the present 

authors have estimated the fatigue life of SESMA based on the dissipated energy of the first 

few hundred cycles.  The effect of ambient temperature, strain amplitude and frequency of 

loading on the damping behavior and loss factor for the SESMA under cyclic loading is 

studied experimentally by Piedboeuf and Gauvin [14]. It has been concluded from the study 

that the energy dissipation during the cyclic testing will decrease with increase in frequency if 

the frequency is above 0.1 Hz. Further, the maximum dissipation is found in the 0.1 Hz 

frequency. In addition, the ambient temperature has negligible effect on the dissipative 

energy. In Ref. [15], cyclic studies have been carried out on thin tubes. The transformation 

temperature and deformations have been recorded on these tubes using IR cameras and video 

extensometer. It is observed from the thermal imaging that during the austenite deformation 

stage, there is a homogeneous temperature distribution over the tubes and the transformation 

is inhomogeneous. Many researchers have studied the fatigue behavior of SESMA [13-17]. 



The prediction of fatigue failure of SESMA has also been attempted by using acoustic 

emission technique [17].  

 

This paper focuses on the experimental investigations on low cycle fatigue life of SESMA 

subjected to various frequencies and net strain amplitudes. In addition, the effect of frequency 

and amplitude of strain on the plastic strain have also been studied. The plastic strain accrues 

largely due to slip between the cell boundaries [17]. To study the effect of net strain 

amplitudes on low cyclic fatigue life, the minimum strain amplitude (εmin) of the cycle is 

varied by keeping the maximum strain (εmax) of the cycle as constant at 6%. The details of the 

experiment are as follows. 

 

2. Experimental details:     
 
The composition of the wire considered for this study is 54.3% Ni and 45% Ti by weight. 

The diameter of the wire considered for the testing is 0.6 mm. Before the test, the sample is 

heat treated at a temperature of 5000C for 15 min and then water quenched. The 

transformation temperatures of the wire are found to be Mf = 6.80C, Ms=12.50C, Af =17.70C 

and As= 11.90C and the corresponding DSC report of the specimen is shown in Figure 2. 

 

 
Figure 2 DSC report for 0.6mm dia. wire 

 
Tension- tension cyclic tests have been carried out to study the low fatigue behavior of the 

super elastic shape memory alloy wires. The experiments have been performed on the 

computer controlled thermo-mechanical fatigue (Bose Electroforce 3330) testing machine in 



displacement control mode. This is because the wire will bend as the sample is thin, if clip on 

extensometer is mounted on sample. Hence, the extension of the wire is taken as the cross 

head movement and the strain is calculated as ratio of extension of the wire with the original 

gauge length. To maintain the constant and uniform ambient temperature, the entire tensile 

testing equipment is housed in a temperature controlled chamber. The temperature is 

maintained at 22 ±0.50C during the testing which is well above the austenite finish 

temperature of 17.7 deg. C. The fatigue life of SESMA wires is evaluated under two different 

loading conditions. In the first set of constant amplitude experiments (strain range 1.5% to 

6%), the frequency is varied. For the second case, the frequency of the testing is kept constant 

at 0.1 Hz and the minimum strain amplitudes are varied (from 0 to 3%) while the maximum 

strain amplitude is fixed at 6%. Therefore, the net strain amplitudes are varied from 6% to 

3%. In both the cases, the sinusoidal wave form of the displacement is considered. The low 

cycle fatigue testing has been carried out until the sample fails.   

 
3. Results and discussion 
 
The resulting stress-strain behavior and fatigue life of the super elastic shape memory alloys 

subjected to various frequencies and amplitudes are described below. The plastic strain 

produced during each cycle is also calculated and given.  

 
3.1 Effect of frequency on low cycle fatigue life 

 

The effect of frequency on the low cycle fatigue life has been studied by testing the specimen 

at various frequencies keeping the strain constant. The frequencies considered for the testing 

are 0.01, 0.05, 0.1, 1, 5, 10, 20, 25 and 30 Hz.  The strain amplitude range is kept constant 

(i.e. 1.5% to 6%). The cyclic stress-strain behavior forms a hysteresis loop and the resulting 

relation is shown in the Figure 3 for 0.01 Hz loading frequency for first three cycles. The 

corresponding displacement input signal for the first three cycles is shown in the Figure 4. 

This figure demonstrates the loading procedure. The steps followed to induce the desired 

strain range for cycling is as follows; initially the strain is taken to the level of 6% then 

reduced to a minimum strain of 1.5% and oscillated between 1.5% to 6% strain for three 

cycles.  

 



 

Figure 3 Stress-strain relation of SESMA at 0.01 Hz  

 

 

Figure 4  Input displacement signal for 1.5% to 6% strain amplitude 

 
The minimum strain amplitude is considered as 1.5% to keep the test specimen straight 

during the cycling by absorbing the plastic strain. The stress-strain relation for the 

frequencies 0.01, 0.1, 1, 10, 20 and 30 Hz is given in the Figure 5. To plot the stress strain 

relations, the data corresponding to the first cycle, wherein, the strain amplitude between 1.5 

to 6% is considered. From the Figure 5, the area of the hysteresis loop for various frequencies 

has been calculated and given in the Table 1. The area of the hysteresis is higher for the 

frequency corresponding to 0.1 Hz when compared to 0.01 Hz. It can be seen that the area of 

the hysteresis loop decreases with increase in the frequency from 0.1 Hz. Further, it also can 

be seen that the area of the hysteresis loop significantly reduces once the frequency crosses 

10 Hz.  Similar observations can also be found in the Ref. [5], [15]. In addition, the austenite 

modulus at various frequencies is also given in the Table 1. It can be seen from the Table 1 

that the variation of austenite modulus with the frequency is very less in the tested range of 

frequencies. In the literature ([13], [15]), the austenite modulus is reported as 20 to 50 GPa. 

In the Ref. [13], the austenite modulus is calculated by considering the strain from the cross 

head movement and is given as 25 GPa. The slope of the martensite transformation plateau 



increases with increase in the frequency. The reason behind this is the transformation stresses 

increase with increase in the temperature. The area of the hysteresis indicates the energy 

dissipated in that cycle in the form of heat. At the high frequencies, the time available for 

heat transfer from the wire is less when compared to the samples tested under low 

frequencies [19]. This causes heat buildup on the wire and hence, the transformation 

temperature will also rise which in turn leads to increase in the slope of the martensitic 

plateau. Similar observation has been reported in Refs. [14] and [20]. The reverse 

transformation plateau is also a function of frequency. In case of the high frequency loading, 

the martensitic unloading and reverse transformation are inseparable (per eg. 35 Hz); hence 

there is no distinct difference between reverse transformation plateau and martensitic 

unloading [7].  

 

 

Figure 5 Hysteresis loops of SESMA for various frequencies 

 
Table 1 Area of the hysteresis and austenite modulus for the first cycles subjected to various 
frequencies  

Frequency 0.01 0.1 1.0 10 20 30 

Area of 

hysteresis 

N-mm 

997.5 
 

1010.9
 

788.4 
 

628.7 
 

593.2 
 

427.4 
 

Austenite 

modulus (GPa) 
31.25 

 
33 
 

  32.5 
 

31.25 
 

33.33 
 

32.5 
 



The cumulative plastic strain corresponding to each cycle until the failure is shown in the 

Figure 6. This plot gives an indication about shift of the hysteresis loop at the nth cycle when 

compared to the first cycle. The net plastic strain of each cycle can be calculated by the 

difference in the cumulative plastic strain of two consecutive cycles. From the Figure 6, it can 

be seen that the major plastic strain accumulation is from the first 500 cycles. As can be seen 

from the figure at lower frequencies (0.01 Hz for eg.) the stabilized plastic strain remains 

more are less constant after 500 cycles. However at the higher frequencies i.e. above 10 Hz, 

the plastic strain does not stabilize until the failure. The similar observation is found in a 

previous study [15]. Further, accumulation of plastic strain is less at 30 Hz frequency when 

compared with the frequencies up to 20 Hz. The reasons can be explained as follows. The 

deformation of the wire is due to three phenomena, viz; distortion of the austenite phase, 

phase transformation and slip in the cells boundaries.   

 

In the sample tested above 20 Hz frequency, there is inadequate time available for the 

complete transformation as compared to lower frequency loading. The martensitic variants 

that are not transformed and there by trapped within the austenitic phase will not contribute to 

the reverse transformation. The strain due to the entrapped martensitic variants manifests as 

slip which in turn results in plastic strain in the material. Part of this plastic strain can be 

recovered by applying the heat to the sample. In case of frequencies higher than 20 Hz, there 

is inadequate time for the latent heat to dissipate from the sample (as already stated), which 

results in heating up the sample. This heat helps in recovering the plastic strain of the sample 

to some extent. Hence, 30 Hz and 35 Hz frequencies loading show less accumulation of 

plastic strain than that of the frequency with 20 Hz. After about 40 cycles the plastic strain 

recovers due to the heat build up on the wire. This can be clearly seen in the Figure 7 where, 

the cumulative plastic strain for 25, 30 and 35 Hz are plotted.      



 

Figure 6 Relation between cumulative plastic strain with number of cycles  

 

 
Figure 7 Relation between cumulative plastic strain with number of cycles till failure for the 

frequencies of 25, 30 and 35 Hz 

 
 
 
 
 
 
 
 
 



 
 
 

 

Figure 8  The relation between the frequency and No. of cycles to failure 

 
The relation of low cycle fatigue life of SESMA with the frequency is shown in the Figure 8 

[13]. It can be seen that the frequency of the loading reduces the low cycle fatigue life of the 

SESMA. The extent of phase transformations is partial when the sample is subjected to 

higher frequencies. The untransformed phases could give rise to slip driven dislocations in 

the sample. These dislocations could possibly act as high stress zones leading to propagation 

of the crack and consequently contribute to the failure at the lower number of cycles.  

 

3.2 Effect of amplitude on low cycle fatigue life  

 
The effect of amplitude on the fatigue life of SESMA is studied by limiting the maximum 

strain amplitude at 6% and the minimum strain is varied to different amplitude levels. The 

procedure to induce the desired strain range for cycling is as follows; initially the strain is 

taken to the level of 6% then reduced to a minimum strain of 1.5% and oscillated between 

1.5% to 6% strain until the failure. The frequency considered for the testing is 0.1 Hz. The 

typical input displacement and corresponding stress-strain relation is shown in the Figure 4 

and Figure 3, respectively. Similarly the cycling is carried out at different minimum strain 

levels, namely, 0, 0.5, 1%, 1.5%, 2% and 3%. The difference in the maximum strain and the 



minimum strain is referred as net strain, i.e. εmax - εmin, where, εmax is the maximum strain and 

εmin is the minimum strain of the cycle.  

 

The resulting stress-strain relation for various strain amplitudes is given in the Figure 9. It can 

be seen that the slope of the martensitic plateau is same for the all strain amplitudes in the 

tested range. The variation of the austenite modulus is almost negligible for all the 

amplitudes. The path of the martensitic unloading and reverse transformation are same for  all 

the amplitudes except for amplitudes 0.5% to 6% and 1.5% to 6% until reloading takes place. 

Further, the specimen cycled in the strain range 0 to 6% (net strain:6%) shows more plastic 

deformation  compared to the specimen cycled in the strain range of 1% to 6% and other 

samples cycled at the lower net strains.  
 

 

Figure 9  Stress-strain relation of SESMA subjected with various amplitudes of strains under 
0.1 Hz frequency loading 

 

The shift in the hysteresis loops on the strain axis for 0 to 6%, 1% to 6%, 1.5% to 6%, 2% to 

6%  and 3% to 6% with respect to the first cycle (cumulative plastic strain) is shown in the in 

the Figure 10. It can be seen that the samples tested with lower net strains viz; 5%, 4.5%, 4% 

and 3% show a stabilized behavior after first 50 cycles, whereas in the case of 0 to 6% 

loading, there is a shift observed until the failure of the wire. In addition, the accumulation of 

plastic strain for the sample with the strain range 6 % (i.e. 0-6% strain) is several orders more 



than that of the samples with low net strain amplitudes. Further, the samples tested with net 

strains less than 4.5% develop same plastic strain amplitude. If the net strain increases more 

than 4.5%, the plastic strain also increases.  In most of the literature [9, 10], studies have been 

carried out to relate the maximum strain to the plastic strains. From this study, it can be seen 

that the plastic strain accumulation is not only function of maximum strain amplitude but also 

a function of minimum strain (which needs to be judiciously chosen).   

 

 
 

Figure 10 Cumulative plastic strain accumulated during the cyclic loading 
 

Similar observations can also be made from the Figure 11, where, the hysteresis loops for 

various amplitudes of strains have been plotted for 500th cycle. This cycle is considered to 

study the stress strain relation after the stabilization. It can be seen from Fig. 11 that the 

transformation stress reduces due to the accumulation of slip induced deformations [17].  

These slip induced deformations lead to stress concentration pockets, which aids in reducing 

the critical stress to trigger the transformations. It is very clear from the Fig. 11 that the 

critical transformation stress reduces with increase in number of cycles. Further, it can be 

seen from the same figure that the slope of the martensite plateau increases due to the strain 

hardening effect caused by accumulation of dislocations with number of cycles. The 

implication of this is a reduction in the area of the hysteresis with increase in the number of 

cycles.  



 

 
Figure 11 Stress-strain relation of SESMA at 500th cycle subjected to 0.1 Hz frequency 

 

 
 

Figure 12 Net strain versus no. of cycles to fail 

 

Figure 12 shows the relation between net strain versus the number of cycles to failure. It can 

be seen from the figure that the specimens cycled at lower net strains show more life cycles, 

except for the specimen tested at the strain varying from 0 to 6% (6% net strain). This can be 



attributed to the fact that the cumulative plastic strain of the sample tested with 6 % net strain 

strain is much higher than that of the sample where the strain is varied from 1% to 6% (i.e 5 

% net strain). The initial plastic strain in the very first cycle reduces the effective straining of 

the sample. Hence, the life of the sample with net strain of 6% is higher compared with the 

sample cycled at 5 % net strain.  

 
4. Conclusions:  

 
Low cycle fatigue life of super elastic shape memory thin wires is studied experimentally for 

various loading conditions such as frequency and amplitude of the loading.  The effect of 

frequency on the low cycle fatigue life is studied by keeping the amplitude of the strain 

constant and varying the frequencies. It was found from the study that the low cycle fatigue 

life of SESMA reduces with increase in the frequency.  Further, the austenitic modulus is 

largely independent of the frequency. However, the martensitic plateau changes its shape and 

slope with the change of frequency. In addition, reverse transformation plateau is a function 

of frequency. In case of the higher frequency loadings, the martensitic unloading is coupled 

with the reverse transformation plateau.  

The effect of strain amplitude has also been studied by varying the minimum strain and 

keeping the maximum amplitude and frequency constant. It was observed from the 

experimental data that the samples with high net strains show more plastic strains and 

consequently have less number of cycles to failure. The austenitic modulus and the 

martensitic unloading are insensitive to the minimum strain.   
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