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Abstract 

Structural fatigue is the major obstacle that prevents practical applications of the elastocaloric 

effect (eCE) in cooling or heat-pumping devices. Here, the eCE and fatigue behaviour of Ni-

Ti sheets are systematically investigated in order to define the material’s fatigue strain limit 

and the associated eCE. Initially, the eCE was evaluated by measuring adiabatic temperature 

changes at different strain amplitudes and different mean strains along the loading and 

unloading transformation plateaus. By comparing the eCE with and without pre-strain 

conditions, the advantages of cycling an elastocaloric material at the mean strain around the 

middle of the transformation plateau were demonstrated. In the second part of this work, we 

evaluated the fatigue life at the mean strain of 2.25% within the loading plateau and at the 

unloading plateau after initial pre-straining up to 6% and 10%, respectively. It is shown that 

on polished samples, durable operation of 105 cycles can be reached with a strain amplitude 

of 0.50% at the loading plateau, which corresponds to adiabatic temperature changes of 

approximately 5 K. At the unloading plateau (after initial pre-strain of 10%), durable 
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operation was reached at a strain amplitude of 1.00%, corresponding to adiabatic temperature 

changes of approximately 8 K. The functional fatigue was analysed after the cycling and it is 

shown that once the sample has been stabilized there is no further degradation of the eCE, 

even after 105 cycles. These results present guidelines for the design and operation of 

efficient and durable elastocaloric devices in the future.   
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1. Introduction 

1.1. Background and motivation 

Elastocaloric cooling based on the elastocaloric effect (eCE) in shape memory alloys 

(SMA) is emerging as one of the most promising alternatives to the widely used vapour-

compression cooling technology [1], which is relatively inefficient and employs gaseous 

refrigerants with high Global Warming Potential that can leak and harm the environment. 

SMAs have been studied extensively over the past couple of decades due to their unique 

properties, such as the shape memory effect and superelasticity, associated with temperature-

induced and stress-induced martensitic transformation, respectively. Nowadays, SMAs are 

widely applied in many biomedical and other engineering applications [2]. Recently, a 

significant focus has also been put on the eCE of SMAs, related with the latent heat of the 

stress-induced martensitic transformation (superelasticity). The eCE can be characterised as a 

positive temperature change or negative entropy change during the forward martensitic 

transformation when a superelastic SMA is loaded at its transformation plateau; and as a 

negative temperature change or positive entropy change during reverse martensitic 

transformation upon unloading [3]. Generally, all SMAs can be considered as potential 

elastocaloric materials when they undergo a stress-induced transformation, and their 

transformation temperatures are below the operating temperature for the desired application. 

The most commonly used SMA is binary Ni-Ti alloy (Nitinol), which was first reported in 

1963 [4] and remains by far the most widely applied SMA due to its superior fatigue 

behaviour (over other SMAs) and biocompatibility [2]. Due to the prevalence of Ni-Ti alloys 

over other SMAs, the eCE is thus the most extensively studied in Ni-Ti alloys, where 

adiabatic temperature changes up to 25 K have been reported in several studies [5-10]. It was 

shown that doping Ni-Ti with Cu and Co or Fe may improve functional and structural fatigue, 

while retaining relatively high adiabatic temperature changes (up to 10 K) [11, 12]. A 
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comprehensive evaluation of transformation temperatures and latent heats of transformation 

of ternary and quaternary Ni-Ti-based alloys was performed by Frenzel et al. [13]. It was 

further shown that a Ni-Ti-Cu-V alloys exhibit good functional stability, high latent heat and 

very low hysteresis width and are therefore a very promising candidate for elastocaloric 

cooling [14].  Recent comprehensive reviews on elastocaloric materials can be found in [15, 

16].       

Theoretical studies based on experimental characterisation of elastocaloric materials show 

that elastocaloric cooling can be potentially significantly more efficient than vapour-

compression technology [6, 12, 17-20] as well having a lower environmental impact. 

Recently, the first prototypes demonstrating a high potential of the eCE as a cooling or heat-

pumping mechanism have been developed and tested [21-24]. The most promising results to 

date were obtained using a regenerative elastocaloric cycle based on a porous elastocaloric 

material composed of a stack of dog-bone shaped Ni-Ti sheets working as an active 

elastocaloric regenerator loaded in tension [24]. In addition to the positive aspects of the 

reported prototype, such as high temperature span, high heating/cooling power and 

potentially high efficiency, limited durability with a fatigue life of only up to 6,000 cycles 

was reported [25]. This is insufficient for any practical application where fatigue life well 

above ten million cycles is required [5]. The fatigue life can potentially be improved if the 

elastocaloric regenerator is loaded in compression [23]. It is known that the fatigue life 

during compression loading can be significantly better compared to tension loading, as cracks 

and defects in the material have limited potential to grow and propagate [26]. Longer fatigue 

life is a big advantage of compression loading for elastocaloric cooling, yet on the other hand, 

tension loading enables applications of thin elastocaloric elements (which would buckle 

under compression), that allows for efficient and rapid heat transfer between the elastocaloric 

material and heat sink/heat source, which is crucial for an efficient elastocaloric device.  
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Since it has been demonstrated that an elastocaloric regenerator loaded in tension can be 

very efficient with high specific cooling/heating power [24], the aim of this study is to define 

the maximum applied strain at which long-term, durable operation (above 105 cycles) is 

reached and to evaluate the associated eCE of commercial Ni-Ti sheets loaded in tension at 

the fatigue strain limits. The results present guidelines for the design and operation of 

efficient and durable elastocaloric devices in the future.  

 

1.2. Overview of SMA fatigue behaviour from an elastocaloric perspective  

Despite numerous studies of the eCE in the last years, only minor attention has been put 

on evaluation of structural fatigue of the elastocaloric materials – despite being crucial for 

practical applications. Most of the studies (with few exceptions as discussed below) 

concentrated on the eCE at a very low number of cycles (below 1,000). Therefore, there is a 

lack of systematic analysis of the fatigue strain limits and related eCE for durable operation 

of elastocaloric materials. However, Chluba et al. [12, 27] demonstrated an ultra-low fatigue 

Ni-Ti-Cu-Co thin film made by sputtering deposition that can withstand 10 million loading 

cycles in tension with a strain up to 2.50% and adiabatic temperature changes up to 10 K. 

This highly encouraging result already meets the demands of practical applications, but the 

disadvantage is that the applied sputtering deposition technique is still too time-consuming 

for large-scale production of this material that would be required in practical cooling or 

heating applications. Engelbrecht et al. [28] compared fatigue life and eCE of Ni-Ti sheets 

with different surface finishes and different stabilization methods loaded in tension. They 

showed that a better surface finish leads to longer fatigue life (as expected), but even polished 

samples failed prior to 5,000 cycles when loaded up to 4%. Very recently, fatigue life and 

eCE of Ni-Ti, Ni-Ti-Cu, Cu-Zn-Al and Ni2FeGa alloys during tension and compression 

loading were studied by Wu et al. [26]. They showed that when loaded in compression, all 
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evaluated alloys reached runout (>104 cycles), while during tension loading this was the case 

only for the Ni2FeGa alloy.  

As the fatigue of SMAs is generally a major challenge for all its applications, it has been 

widely studied in the recent years. Following the pioneering work of Melton and Mercier 

[29], there are several state-of-the-art papers that address different crucial aspects of SMA’s 

fatigue behaviour, such as surface finish [30], inclusions [31, 32], pre-strain conditions [33-

36], operating conditions (test temperature, frequency, strain-rate) [37-40], heat treatment 

during cycling (healing) [41], etc. Since the failure in these materials takes place shortly after 

the crack nucleation, the interest in the current state-of-the-art is mainly to control crack 

initiation that is usually caused by surface roughness and/or inclusions [42]. Surface finish is 

an extremely important parameter for greater fatigue life - polishing (electro-polishing or fine 

mechanical polishing) or etchings are thus highly recommended [28]. Launey et al. [31] 

demonstrated that a Ni-Ti alloy with a low inclusion rate showed a 5-fold improvement in 

fatigue resistance (with an impressive 107-cycle fatigue strain limit of 2.50%) compared with 

standard grade Ni-Ti. Urbano et al. [32] performed a comprehensive study on the impact of 

inclusions in Ni-Ti wires on their fatigue life. They showed that, in particular, large 

inclusions (above 20 μm) of carbide and/or oxide near the surface of the sample, which 

effectively act as cracks, can drastically reduce the fatigue life. It was further demonstrated 

that an applied pre-strain may also significantly influence the fatigue life of SMAs. As 

reported by Tolomeo et al. [33] and Pelton et al. [34], the fatigue life of Ni-Ti can be 

increased if the sample is loaded with a mean strain around the middle of the transformation 

plateau and the total applied strain remains within the plateau. It was shown that a fatigue 

limit of 107 cycles can be reached with a strain amplitude of 0.50% at a mean strain of 3% for 

tension loading [34]. On the other hand, Mahtabi and Shamsaei [35] demonstrated 

detrimental effects of applying tensile pre-strain on the fatigue behaviour of a superelastic Ni-
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Ti sample, despite findings from other studies [33, 34] showing benefits. The impact and 

benefits of pre-strain on structural fatigue of Ni-Ti alloys are therefore not yet fully 

understood. Furthermore, Ong et al. [36] showed that if a Ni-Ti wire is initially pre-strained 

up to 11% and then cycled at the unload plateau, this can increase the fatigue strain limit (at 

107 cycles) to a strain amplitude of 0.50% (compared to 0.12% at pre-strain up to 4%). They 

argued that large pre-straining generates compressive residual stresses around inclusions and 

reduces the stress state, which delays the crack initiation process. Interestingly, Wagner et al. 

[41] demonstrated that periodic annealing of the Ni-Ti samples well above the austenitic 

finish temperature (also called healing) retransforms the residual martensite accumulated 

during the superelastic cycling back to the austenitic phase and therefore enhance both 

structural and functional fatigue. This approach can be a promising method to increase the 

fatigue life of elastocaloric materials and, by retransforming the residual martensite, to 

improve the eCE during the cycling. Comprehensive reviews on the fatigue life of SMAs can 

be found in [42-45]. 

It is important to distinguish between cycling in the elastic region, where the material is 

always austenitic, and in the plateau, where the martensitic transformation occurs. As 

demonstrated by Zheng et al. [46, 47], the failure in superelastic Ni-Ti strips always occurs in 

the part of the sample where the martensitic transformation with Lüders-like bands occurs. 

They showed that cyclical loading in the transformation region results in a significantly lower 

fatigue life compared to cyclical loading in the purely elastic (i.e. austenitic) region [46]. It is 

known from literature [44, 45] that for superelastic SMAs a fatigue limit exceeding 107 

cycles can be reached with strain amplitudes up to 0.75%, but in most cases this relates 

mostly with the elastic region, where no phase transformation takes place. It must be 

emphasized that straining the SMA in the elastic region is useless for elastocaloric 

applications, as it does not generate the eCE, which is only associated with the austenitic-
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martensitic transformation (if neglecting R-phase transformation [9, 10]). Furthermore, it 

should be noted that the great majority of studies that concluded that the strain amplitude 

limit of Ni-Ti was up to 0.75% were performed on wire specimens with a rotary-bending test 

with fully reversed tension-compression loading (except where pre-strain was applied, e.g. 

[33, 34]) or with a diamond-shaped specimen, where stresses and strains are highly 

inhomogeneous over the sample [44, 45]. These experiments cannot be directly applied for 

elastocaloric cooling, where uniaxial tension-tension or compression-compression loading 

with a homogenous stress/strain distribution is required. As discussed in [45], the major 

difference between the rotary-bending and uniaxial fatigue testing is the distribution of 

stress/strain over the sample. In the rotating-bending test, the surface of the specimen 

experiences the maximum amount of stress/strain, while the stress/strain values are 

proportionately smaller in the inner layers as also demonstrated theoretically in [48]. On the 

other hand, in uniaxial tests the entire specimen’s cross section experiences the same amount 

of stress/strain (if neglecting stress/strain gradients due to Lüders-like martensitc bands in 

austenitic/martensitic interfaces during the transformation in tension loading – see [49-51] for 

details). Due to the difference in stress/strain distribution across the section, the effects of 

surface finish quality on fatigue behaviour may be more pronounced in the rotary-bending 

tests, while in uniaxial tests the impurities and inclusions in the material may govern the 

fatigue behaviour of the specimen to a greater degree [45].  

 

The aim of this work is to fill the existing gap in the understanding of the durability limits 

during uniaxial tension loading of elastocaloric Ni-Ti sheets by performing comprehensive 

analysis of the maximum applied strain at which durable operation is reached together with 

the associated eCE at the fatigue strain limits. Defining the maximum applied strain (and 

therefore maximum eCE) that allows for durable operation of Ni-Ti elastocaloric sheets is 
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crucial for practical elastocaloric applications and has not yet been systematically analysed. 

As the mean strain corresponding to the middle of the transformation plateau has two very 

important advantages for elastocaloric cooling (i. potentially improved fatigue life and ii. 

avoiding useless straining of the material prior to the transformation plateau in a purely 

austenitic phase with no eCE – as shown in Section 3.3), this work focuses on the fatigue life 

and the eCE under pre-strain conditions. 

  

2. Methodology 

Initially, the eCE (i.e. the adiabatic temperature changes) of a Ni-Ti plate was measured 

at different mean strains along the loading and unloading transformation plateaus with 

different strain amplitudes. Based on the eCE measurements we defined the optimal mean 

strain and the strain amplitudes that result in sufficient adiabatic temperature changes (at least 

5 K), interesting for practical applications and thus for further fatigue-life investigations. The 

fatigue life was evaluated at different strain amplitudes between 0.50% and 1.25% (and thus 

different adiabatic temperature changes), two different surface finishes and different pre-

strain conditions (at loading and unloading plateaus). Runout was set at 105 cycles. One 

should note that in most cases (i.e. in rotary-bending tests) the Ni-Ti samples withstanding 

105 cycles also reach 106 or even 107 cycles as shown in e.g. [32, 37, 40]. 

 

2.1. Material  

The material under consideration in this work is a Ni-Ti alloy with 49.1 at.% Ti in the 

form of 200 μm-thick sheets with an austenite finish temperature (Af) of approximately 270 

K. The material was obtained from Memry Corporation (a SAES Group company). Before 

cutting the sheets into dog-bone-shaped sheets (see Fig. 1(a.)) by Electrical Discharge 

Machining (EDM), the sheets were etched to remove oxide from the surface. The sheets were 
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cut such that the strain is applied along the rolling direction, which results in more 

pronounced superelasticity (larger transformation plateau) than when cut normally to rolling 

direction [52]. After cutting, all sheets were tumbled (barrel polishing) in a hexagonal drum 

for 15 hours. Furthermore, the sheets (except three of them) were additionally manually 

polished, starting from fine grit sandpaper and moving to wax compounds and a buffing 

wheel (using abrasive papers with up to P2500 grit). Polishing was performed in the direction 

of strain application to avoid any minor scratches in the direction perpendicular to the loading 

direction. Figures 1(b.) and (c.) show the comparison of surface quality at the edge of the 

sample before and after manual polishing. The roughness was measured using a 3D optical 

microscope Infinite Focus G4, while the maximum valley depth (shown in Fig. 1(b.) and (c.)) 

was calculated according to the ISO 25178 standard. It is evident that additional polishing 

removed most of the remaining cracks from the edge of the sample and significantly reduced 

maximum valley depth.   

 

2.2. Training (stabilization) and measurements of the adiabatic temperature changes 

The adiabatic temperature changes were measured using a FLIR A655sc infrared camera 

with absolute accuracy of ±2% of the reading, equipped with a 24.6 mm focal length lens and 

a 640 x 480 pixel IR sensor. It should be emphasized that the camera provides a noise 

equivalent differential temperature (NEDT) that is below 30 mK. The measurement 

uncertainty of the temperature difference between individual pixels is therefore much lower 

than the absolute temperature uncertainty. In order to capture fast temperature changes at 

high strain-rates, the thermal images were captured with a frame-rate of up to 50 Hz (and 

spatial resolution of 17 μm). The sample was coated with a thin layer of flexible paint (Spray 

Dye+) with an emissivity of 0.95. The testing was performed on a Zwick/Roell Z50 universal 

testing machine, using a 5 kN XForce P load cell with uncertainty of ±0.20%, while the strain 
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was measured with a long-stroke Zwick extensometer with uncertainty of ±0.002 mm. Prior 

to the measurements, the sample(s) were trained for 125 cycles up to a strain of 6% with a 

strain-rate of 0.002 s-1 in order to stabilize the mechanical behaviour and to assure 

reproducible results. All tests were performed using position control on the testing machine 

while the temperature was maintained at 300±1 K. Once the sample was trained, the adiabatic 

temperature changes were measured with a strain-rate of 0.06 s-1, which results in well-

approached adiabatic conditions for bulk material as shown in [53]. A detailed study on 

approaching adiabatic conditions in elastocaloric materials is reported in [54]. After each 

adiabatic loading and unloading, the sample rested at both final positions for 60 s to stabilize 

its temperature with the surrounding temperature. At each of the evaluated conditions, three 

cycles were repeated. Since the temperature changes during the loading and unloading can be 

highly inhomogeneous over the sample [3, 7, 55], the adiabatic temperature changes 

presented in this work are obtained by averaging the temperature values from the thermal 

images over the entire gauge section of the sample.    

 

2.3. Fatigue testing 

The fatigue testing was performed on an Instron 8802 universal servo-hydraulic testing 

machine. The force (stress) was measured with a load cell with a 25 kN capacity and 

uncertainty of ±0.50%, while strain was calculated using a position displacement (with 

uncertainty of ±0.01 mm). Prior to testing each sample was stabilized as described in Section 

2.2. All the samples were cycled with a strain-rate of 0.02 s-1 (with no hold time at final 

positions) until they failed or reached the runout (105 cycles). The fatigue life was evaluated 

at different strain amplitudes, namely, 0.50%, 0.75%, 1.00% and 1.25 %, corresponding to 

different cycling frequencies: 1 Hz, 0.67 Hz, 0.50 Hz and 0.40 Hz, respectively. A total of 21 

samples were tested for fatigue life.    
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3. Results and Discussion 

3.1.Mechanical training (stabilization) 

Figure 2(a.) shows the typical evolution of the superelastic response during training, 

where functional fatigue (also called mechanical training or stabilization) takes place during 

initial cycling. After 125 cycles steady conditions with a well reproducible superelastic 

response were approached. The details of the training effect and the reasons for this 

phenomenon are explained in various studies, e.g. [7, 56, 57]. In addition to mechanical 

stabilization, training also results in spatial homogenization of the eCE (adiabatic temperature 

changes) over the sample as shown and explained in [7, 55], which is highly desirable for 

elastocaloric cooling. Supplementary video 1 and Supplementary video 2 show the 

temperature changes during loading and unloading at the first five and the last five training 

cycles, respectively. One can see that in the first few cycles the transformation is very 

inhomogeneous with highly pronounced Lüders-type transformation bands [49-51], which 

becomes more homogenously distributed over the sample as it is stabilized. 

 

3.2. The elastocaloric effect at pre-strain conditions 

Before the adiabatic temperature changes were measured, a quasi-isothermal cycle at a 

strain-rate of 0.0002 s-1 was performed. Based on this the start, middle and end of the loading 

and unloading transformation plateaus were defined (see Fig. 2(b.)). The start and the end of 

the transformation plateau are defined at the strains corresponding to stresses that are 15 MPa 

lower or higher than the flat section of the plateau (demonstrated with horizontal lines in Fig. 

2(b)). The adiabatic temperature changes were measured at three evenly distributed mean 

strains along the loading as well as the unloading transformation plateaus. Mean strains of 

1.75%, 2.50%, 3.25% and 1.25%, 2.00%, 2.75% were evaluated at the loading and unloading 
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transformation plateau, respectively. The stress-strain curves for each evaluated strain 

amplitude at different mean strains are shown in Fig. 3.     

As seen from Fig. 3 and 4, the adiabatic temperature changes at the strain amplitudes 

from 0.25% to 1.00% were measured at all six evaluated mean strains, while at larger strain 

amplitudes the adiabatic temperature changes were measured only at the mean strains, which 

resulted in the minimum strain above 0.25% and maximum stress below 450 MPa. The 

reasons for that were to prevent buckling (if compressed) and not to exceed the maximum 

stress reached during the training (450 MPa). The adiabatic temperature changes for all 

evaluated strain amplitudes as a function of mean strain are shown in Fig. 4. Each value 

represents an average for three repeated cycles at each condition, with negligible standard 

deviations – error bars are smaller than circle marks in Fig. 4 and thus are not visible. The 

results are shown separately for loading where positive adiabatic temperature changes occur 

(Fig. 4(a.)), and unloading with negative adiabatic temperature changes (Fig. 4(b.)). One can 

see that adiabatic temperature changes for loading are larger compared to unloading in 

particular for larger strain amplitudes, which is due to hysteresis energy dissipation. It must 

be noted that the larger the hysteresis, the larger the temperature irreversibilities [7]. It is also 

evident from Fig. 4 that as long as the total strain does not exceed the transformation plateau, 

the adiabatic temperature changes are practically constant for all evaluated mean strains. One 

can also see that as long as the applied strain remains inside the transformation plateau, the 

adiabatic temperature changes are independent whether the cycling was performed at the 

loading or at the unloading plateau. It can be concluded that for all strain amplitudes the 

largest adiabatic temperature changes occur at the mean strains from around 2.00% to 2.50%, 

which corresponds to the middle of loading and unloading transformation plateau. 

As the adiabatic temperature changes were measured with thermography, we are able to 

evaluate also the spatial distribution of the eCE over the sample at different strain amplitudes 
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and different mean strains. Fig. 5 shows the temperature distribution over the sample for 

different strain amplitudes at mean strain of 2.50% at the loading plateau, while Fig. 6 shows 

the temperature distribution at different mean strains along the loading and unloading 

plateaus at a strain amplitude of 1.00%. All images in Fig. 5 and 6 have been taken 

immediately after the loading and unloading processes. It is evident from Fig. 5 and 6 that 

even in the well-stabilized sample the transformation propagates through a number of rather 

small Lüders-type transformation bands. One can see from Fig. 5 that the transformation is 

relatively well homogenized over the sample with the same pattern regardless of the applied 

strain amplitude. One can also see that the transformation has the same pattern during 

forward (loading) and reverse (unloading) transformation. On the other hand, when 

comparing spatial distribution of the eCE at different mean strains (Fig. 6) it is evident that 

the transformation pattern over the sample strongly depends on the mean strain and shows the 

highest homogeneity around the middle of the transformation plateau.  

Based on these results, a mean strain of 2.25% (the average value of the middle of the 

loading and unloading transformation plateau) and a strain amplitude above 0.50% were 

selected for further investigation on fatigue life (see Section 3.4). The selected strain 

amplitude was chosen as the minimum strain required for generating at least 5 K of adiabatic 

temperature change (see Fig. 4), as any smaller adiabatic temperature changes are likely too 

low for practical applications. 

 

3.3. The elastocaloric effect at no pre-strain conditions 

To demonstrate the impact and benefits of pre-strain conditions for elastocaloric 

applications, adiabatic temperature changes were also measured without applying any pre-

strain. The sample with no pre-strain was tested for strains from 0.50% to 4.00 % (with a step 
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of 0.50%) as shown in Fig. 7. Other testing conditions as well as the training were the same 

as explained in Section 2.2.  

Figure 7(b.) shows and compares adiabatic temperature changes as a function of (total) 

strain at no pre-strain conditions and at a mean strain of 2.25% at the loading plateau (error 

bars show a standard deviation of three repeated cycles at each condition). In the case of the 

mean strain corresponding to the middle of the transformation plateau, the adiabatic 

temperature changes are significantly larger when compared to the no pre-strain conditions, 

especially at smaller strains. The reason for that lays in the loading and unloading in the 

austenitic phase with no eCE, which occurs at strains below 0.50% when no pre-strain is 

applied. This austenitic phase loading that is useless for elastocaloric cooling is avoided when 

a mean strain around the middle of the transformation plateau is applied. Applying mean 

strain corresponding to the middle of the transformation plateau results in larger adiabatic 

temperature changes at the same applied strain compared to the case without applying a pre-

strain. One can see from Fig. 7(b.) that for the same adiabatic temperature change 

approximately 0.50% smaller (total) strain is required in the case of a mean strain of 2.25% 

compared to the no pre-strain conditions. However, the temperature irreversibilities (the 

difference between positive adiabatic temperature change during loading and negative during 

unloading), in particular at smaller strains, are larger when the pre-strain is applied as the 

hysteresis that causes energy dissipation is larger when compared to no pre-strain conditions 

(see Fig. 3 and 7(a.)).          

 

3.4. Fatigue testing 

3.4.1. Impact of surface quality 

As a first step, the impact of the surface quality on fatigue life was evaluated. Six 

samples were tested at a strain amplitude of 0.50% and a mean strain of 2.25% at the loading 

15 
 



plateau (see Fig. 9(a.)). Three of them were tested without being manually polished, while 

three were manually polished prior to the testing (see Fig. 1). As shown in Fig. 8, the samples 

that were not polished failed between 5,000 and 10,000 cycles, while all three polished 

samples reached runout (>105 cycles). It can be concluded that the manual polishing reduced 

the surface cracks below the critical value at the evaluated strain amplitude, which resulted in 

significant improvement of the fatigue resistance. Based on fractography analysis (see 

Supplementary material) the crack initiation on non-polished, as-received samples occurred 

in one of the surface cracks at its edge.  Therefore, all the samples for further fatigue testing 

were manually polished in the same way (see Section 2.1). 

 

3.4.2. Impact of strain amplitude  

The fatigue behaviour was tested also at larger strain amplitudes, namely at 0.75%, 

1.00% and 1.25%, as shown in Fig. 9 (again at the mean strain of 2.25% at the loading 

plateau). Three, four and two samples were tested at the strain amplitudes of 0.75%, 1.00% 

and 1.25%, respectively. It is evident from Fig. 9 that even though all the samples were 

trained (see Section 2.2) before fatigue testing, there was still some further stabilization 

process going on in the material as the first cycle is quite significantly different than the 

steady-state cycle, which occurred before or at the 10,000th cycle approximately (see Fig. 10). 

The evolution of the hysteresis loop during fatigue cycling is shown in Fig. 10, where one can 

see that during the first hundreds of cycles the hysteresis area decreases until steady-state 

conditions are reached. The larger the strain amplitude, the larger the number of cycles 

required for the steady-state conditions. However, as shown in Fig. 9, the samples cycled 

with the strain amplitudes from 0.75% to 1.25% did not reach the runout and they failed 

between 10,000 and 30,000 cycles. The larger the strain amplitude, the sooner the sample 

fails. Fractography analysis (see Supplementary material) was performed on two samples 
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tested with a strain amplitude of 1%. In both cases the crack initiation occurred at the front 

surface of the sample, or near the surface. However, no inclusions were detected, so the crack 

initiation most probably occurred due to voids near the surface or due to surface 

imperfections (e.g., scratches due to polishing). 

   

3.4.3. Cycling at the unloading plateau 

Next, we tested fatigue behaviour at the unloading plateau after initial pre-straining up to 

6%, again at the mean strain of 2.25%, but this time only at a strain amplitude of 1.00% (Fig. 

11(a.)). Three samples were tested in the same way and, interestingly, one sample reached the 

runout, while the other two failed at approximately 15,000 cycles. Therefore, it seems that 

cycling at the unloading plateau after an initial pre-strain of 6% does not really contribute to 

the enhancement of the fatigue life as the stresses associated with cycling are in the same 

range as stresses on the loading plateau for the same strain amplitude (see Fig. 9(a) and 

11(a)). Fractography analysis (see Supplementary material) shows that two of the samples 

that failed have very similar fracture surfaces as for the case of the two samples cycled at the 

loading plateau (see Section 3.4.2.), with a crack initiation at (or near to) the front surface of 

the sample. 

As shown in [36], the partial stabilization of martensite due to a larger initial pre-strain 

before cycling at the unloading plateau could significantly increase the fatigue life. Thus, 

other three samples were pre-strained up to 10% before cycling at a mean strain of 2.25% at 

the unloading plateau. As shown in Fig. 11(b.), after the partial recovery of the martensite at 

the first cycle, the stresses associated with cycling are lower than in the other cases. All three 

samples tested in this way reached the runout (>105 cycles), confirming the results shown in 

[36] and enabling the durable operation of elastocaloric Ni-Ti sheets also at larger strain 

amplitudes and therefore larger adiabatic temperature changes.   
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Figure 8 also shows the trend line and empirical correlation that describes the expected 

number of cycles at the range of strain amplitudes from 0.75% to 1.25% at the mean strain of 

2.25%. The trend line is based on all manually polished samples that did not reach the runout 

tested both at the loading and unloading plateau. Interestingly, as evident from Fig. 8, if the 

sample (regardless of the cycling conditions) withstands 30,000 cycles, it also reaches the 

runout (105 cycles), however, more tests are needed to confirm this.    

 

3.5. Functional fatigue of the elastocaloric effect after the cycling 

For the evaluation of the functional fatigue, which is crucial for long-term operation of 

elastocaloric materials, the adiabatic temperature changes were measured also after the 

cycling. For the samples that reached the runout, the adiabatic temperature changes shown in 

Fig. 12 were measured after the 100,000th cycle, while for the samples that failed the 

measurements were performed at around the 10,000th cycle where, according to Fig. 10, full 

steady-state conditions are reached. It is evident from Fig. 12 that when comparing the 

adiabatic temperature changes before and after the cycling there is practically no, or very 

little, degradation of the eCE even after 105 cycles. It should be noted that the adiabatic 

temperature changes shown in Fig. 12 were not measured on a single sample, which might 

cause some differences in the results. It is not to be expected that all samples have identical 

mechanical and thermal responses. The adiabatic temperature changes before the cycling 

were measured on the sample that was not further tested for the fatigue life, while adiabatic 

temperature changes after cycling were measured on different samples for each evaluated 

conditions.  

It is further evident that in particular for the sample that was initially pre-strained up to 

10% and then cycled at the unloading plateau, the adiabatic temperature changes are smaller 

compared to other samples tested at a strain amplitude of 1.00%. This large pre-strain caused 
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an additional amount of locked-in martensite in the material (which according to [36] 

contributes to the fatigue life enhancement) that did not transform and contribute to the eCE 

during the cycling, which reduces the adiabatic temperature changes. Although the samples 

that are initially pre-strained to 10% can tolerate a larger strain amplitude than those with a 

lower pre-strain, their adiabatic temperature change is lower at a given strain amplitude. 

However, the adiabatic temperature change at the highest strain where the samples could 

reach runout is higher for the 10% pre-strained samples, proving this to be a promising 

technique for preparing durable Ni-Ti sheets for elastocaloric cooling as well as other SMA’s 

applications.  

 

4. Conclusions 

The eCE and the fatigue behaviour of Ni-Ti sheets were investigated under different pre-

strain conditions. Initially, with the aim was to demonstrate the beneficial effects of cycling 

the elastocaloric material around the mean strain that corresponds to the middle of the 

transformation plateau, the adiabatic temperature changes as a function of the applied strain 

with and without a pre-strain were compared (Fig. 7). It is shown that for all applied strains 

the adiabatic temperature changes are significantly larger when the sample is cycled around 

the middle of the transformation plateau, as in this case the loading and unloading in the 

purely austenitic phase where there is no eCE is avoided. This is an important advantage for 

elastocaloric cooling.  

In the second part of this work, the fatigue behaviour of Ni-Ti sheets at a mean strain of 

2.25% at the loading and unloading plateaus was evaluated for different strain amplitudes. 

First, the importance of surface quality was demonstrated at a strain amplitude of 0.50%, 

which corresponds to adiabatic temperature changes of approximately 5 K. At these 

conditions all three manually polished samples reached runout (105 cycles), while as-received 
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samples failed much earlier as expected due to poorer surface quality [28, 30]. Then, the 

strain amplitudes were increased up to 1.25 % at the same pre-strain conditions at the loading 

plateau (for polished samples only) and the samples failed between 10,000 and 30,000 cycles 

(see Fig. 8). The fatigue-life of polished samples was also evaluated at the unloading plateau 

(again at the mean strain of 2.25%) with a strain amplitude of 1.00%. When the mean strain 

was reached after an initial pre-strain of 10% all three evaluated samples reached the runout, 

with adiabatic temperature changes of approximately 8 K. Therefore, it was demonstrated 

that a large initial pre-strain (up to 10%) and cycling at mean strain around the middle of the 

unloading transformation plateau is a promising technique to increase the fatigue strain limit 

and the associated eCE for a long-term operation. However, in the future, a more 

comprehensive, systematic analysis of fatigue behaviour and related eCE, also at different 

initial pre-strains and larger strain amplitudes, is required to confirm these results and to 

demonstrate the fatigue strain limits and maximum eCE using this pre-straining technique for 

practical (durable) elastocaloric and other superelastic applications.     

In the last part of this work, functional fatigue of the Ni-Ti sheets after cyclical loading 

was evaluated (Fig. 12), and it is shown that there is practically no or very little degradation 

of the eCE even after 105 cycles, which is very important for practical applications.                 

Based on the most comprehensive evaluation of fatigue behaviour of elastocaloric 

materials to date (regarding the number of tested samples as well as the number of cycles at 

runout), the results of this work, for the first time, show that it is possible to achieve a 

relatively large eCE (adiabatic temperature changes of approximately 8 K) in the high-cycle 

fatigue regime [58] of Ni-Ti sheets loaded in tension. An adiabatic temperature change of 8 K 

is the largest reported adiabatic temperature change at durable operation of Ni-Ti alloys and 

is significantly larger than adiabatic temperature changes of the known electrocaloric and 

magnetocaloric materials at realistic conditions for practical solid-state cooling applications. 
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For example, magnetocaloric materials at realistic magnetic fields for practical applications 

(up to 1.5 T) exhibit adiabatic temperature changes up to 5 K [59], while multi-layered 

electrocaloric ceramic materials exhibit adiabatic temperature changes up to 1.5 K in 

conditions that allow for durable operation (> 106 cycles) [60]. The results of this work 

therefore present an important guideline for the design and operation of efficient and 

powerful elastocaloric regenerators as the key element of elastocaloric cooling and heat-

pumping devices.  
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Figure captions 

Fig. 1. Dimensions of evaluated sample in mm (a.) and a comparison of surface quality at the 

edge of the sample before (b.) and after (c.) manual polishing. 

Fig 2. The stabilization of the superelastic response during training cycling (a.). The 

stabilized isothermal superelastic cycle with marked start, middle and end of the loading and 

the unloading transformation plateau (b.). 

Fig. 3. Stress-strain characteristics for different strain amplitudes at different mean strains 

along the loading and unloading transformation plateau. 

Fig. 4. Positive adiabatic temperature changes during loading (a.) and negative adiabatic 

temperature changes during unloading (b.) as a function of the mean strain for different strain 
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amplitudes. Closed circles mark the adiabatic temperature changes measured at the loading 

plateau, while open circles at the unloading plateau.   

Fig. 5. Temperature distribution (in °C) over the sample immediately after the loading and 

unloading with strain amplitudes from 0.25 % to 2.00% at mean strain of 2.50% at the 

loading plateau. 

Fig. 6. Temperature distribution (in °C) over the sample immediately after loading and 

unloading with a strain amplitude of 1.00% at mean strains of 1.75%, 2.50%, 3.25% at the 

loading plateau and 1.25%, 2.00%, 2.75% at the unloading plateau, respectively. 

Fig. 7. Stress-strain characteristics at no pre-strain conditions (a.). A comparison of adiabatic 

temperature changes as a function of total strain at no pre-strain conditions and at a mean 

strain of 2.25% at the loading plateau (b.).  

Fig. 8. Strain-life fatigue data for all evaluated samples. 

Fig. 9. Stress-strain characteristics of the first and the last cycles during fatigue testing at 

different strain amplitudes at the mean strain of 2.25% at the loading plateau.  

Fig. 10. The energy of hysteresis area during fatigue testing as function of cycle number for 

different strain amplitudes (at the mean strain of 2.25% at the loading plateau). 

Fig. 11. Stress-strain characteristics of the first (two) and the last cycle during fatigue testing 

at the strain amplitude of 1% and the mean strain of 2.25% at the unloading plateau after the 

initial pre-strain up to 6% (a.) and 10% (b.).  

Fig. 12. Comparison of adiabatic temperature changes before and after fatigue cycling.  
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